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Earth Abundant Electrocatalyst

Kartick Chandra Majhi, Paramita Karfa and Rashmi Madhuri

Abstract Altering/replacing the rare elements and noble metal like platinum (Pt),
iridium (Ir) and ruthenium (Ru) with the earth abundant materials towards the energy
devices have extended a lot of attention for the improvement of efficient electrocata-
lyst. In this chapter, we have focused on the earth abundant electrocatalysts primarily
used for overall water splitting, oxygen reduction reaction (ORR) in fuel cells, O2C
reduction, N2 reduction and detection of pollutants in water samples. The problem
related to the non-noble metals electrocatalysts are their poor electrocatalytic activ-
ity, restricted active sites and also small mass transport properties. However, recent
studies show that earth abundant materials can be a suitable/efficient candidate for
these applications with optimized composition and nano-scale particle size, which
will definitely accelerate their catalytic activity. In this chapter, we have focused on
all these aspects of earth abundant electrocatalysts (EAEs) and discussed their future
perspectives also.

Keywords Electrocatalyst · Earth abundant · Overall water splitting · Oxygen
reduction reaction · Carbon dioxide reduction · Nitrogen dioxide reduction

1 Introduction

Electrocatalysts are one type of catalysts, which involves in electrochemical reac-
tions. Electrocatalysts can enhance the electrochemical reactions rate, without alter-
ing the electrocatalyst or catalyst remains intact. At the time of electrochemical
reaction the rate electron transfer between the electrode and reactants accelerated
with electrocatalyst, which lead to required lower onset potential values. A better
electrocatalyst can always have lower overpotential in electrochemical reactions.

With the increase of worldwide population and growing industrialization lead to
depletion of fossil fuels and crisis of energy is the major concerns in future. Year to
year the energy consumption largely increased collected from United States Energy
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Information Administration (EIA). For instance, whole world energy consumption
will be 549, 629 and 815 quadrillion British thermal units (Btu) in the year of 2012,
2020 and 2024, respectively [16]. It means, the consumption of energy will increase
48% in the year of 2024 than 2102. But the 78% energy consumption will be derived
from different fossil resources like coal, natural gas, liquid fuels etc. Consumption of
fossils release some harmful gas like CO2, SOx and NOx, which affect the environ-
ment. For instance, in the year of 2012, worldwide CO2 emission was 32.2 billion
metric tons, whereas in 2040, it will be predicted to be 43.2 billion metric tons
known from International Energy Outlook 2016 (IEO2016). Therefore, from 2012
to 2040 the CO2 may increase 34% [16]. For that reason, making the world green
and improving the sustainable and renewable energy technologies for the future, we
need the safe alternatives, which is not an easy task.

Earth abundant electrocatalytic energy storage and conversion has been the most
effective and freshest pathways to convert the form of energymainly electrical energy
into chemical energy or vice versa and store the energy [30, 38, 73]. Several elec-
trochemical reactions like overall water splitting which consists hydrogen evolution
reaction (HER) at cathode and oxygen evolution reaction (OER) at anode for con-
version of energy and another important reactions like oxygen reduction reaction
(ORR) function in fuel cell. The complete water decomposed is the combination of
HER and OER, which can enable to convert the electrical energy to hydrogen [83].
Moreover, hydrogen is a suitable candidate as energy carrier, which can effectively
transfer the chemical energy into the electrical energy in fuels cells, simultaneously,
water is formed as a byproduct [56, 104]. On the other way, coupling of OER and
ORR, enable for energy conversion i.e. chemical energy into electrical energy, which
is used in metal-ion batteries [5, 62, 66]. However, in HER process two electrons
transfer is observed, which is kinetically possible but in OER and ORR multi elec-
trons are required (like four electrons for OER) to carry out the reactions and it is
kinetically slow, which requires large overpotential to success the reaction, which is
the disadvantages towards their practical applications or industrial applications.

To enhance the reactions rate of OER and ORR a suitable catalyst is required.
Till date, the highly effective catalyst for ORR/HER is platinum (Pt), for OER RuO2

and IrO2 are well known. However, due to the RuO2, IrO2 electrode materials are
unstable in alkaline and acidic medium these catalysts have some limitations. More-
over, RuO2 and IrO2, itself get oxidized to RuO4 and IrO3, respectively, and also
these are low abundant, have scarcity and high cost. This is the reason the researcher
pressing to investigate the highly effective, suitable and benchmark electrocatalysts
to enhance the electrochemical performance towards OER, ORR and HER. Other
than these, earth abundant materials came up as replacement and suitable candidate
for OER,HER andORR than noblemetal-based catalysts. This ismainly due to some
distinctive chemical properties and physical properties mainly mechanical, thermal
stability and good electrical conductivity [19, 20, 43, 99]. Other than energy storage
and conversion the earth abundant electrocatalyst have been also used for the reduc-
tion of inactive trivial molecules like O2C and N2 into carbon monoxide, ammonia,
methane, methanol and ethylene with high conversion value.
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Earth abundant materials have been broadly studied last few years ago as electro-
catalyst for OER, HER andORR. In general, the electrocatalysts involves three steps,
(1)mass diffusion, (2) surface interaction and (3) electron transfer. To obtain themax-
imum catalytic activity of electrocatalyst must possesses abovementioned steps. The
earth abundant materials are the efficient candidate for electrocatalyst owing to their
small particle size with good surface morphology, abundant, inexpensive, have large
surface area and possess synergic effect [78].

2 Role of Earth Abundant Electrocatalyst (EAEs) Towards
Various Applications

In overall water splitting have been consists two cell reactions HER and OER, on
other hand OER and ORR have been plays in metal air batteries. Prior to discussing
the role of earth abundant catalysts in electrochemical reactions. In the next section,
we have discussed the fundamentals of some popular reactions like OER, HER and
ORR.

2.1 Role of EAEs Towards Hydrogen Evolution Reaction
(HER)

Hydrogen evolution reaction is the important half-cell reaction of water splitting
take place in both the acidic and alkaline medium at cathode. The reaction of water
splitting can be represented by reaction (1).

2H2O → 2H2 + O2 (1)

Water electrolysis is the only method, which offered high purity hydrogen gas
without emission of any harmful toxic reagents to the environment [44]. The HER
in acidic and basic condition are represented by reaction (2) and (3), respectively.

2H+ + 2e− → H2 Acidic condition (2)

2H2O + 2e− → 2OH− + H2 Basic condition (3)

The reaction mechanism steps of HER in acidic and basic condition are different
and the reaction steps are depicted in the following equation (M indicates the avail-
able active site of the catalyst). From the literature study, the most common accepted
mechanisms consist of two steps such as Volmer–Heyrovsky steps and Volmer–Tafel
steps [34]. In Volmer step i.e. first step, the proton adsorbed on the catalyst surface
(shown in Eq. 4). The second step i.e. Tafel step, consist of self-combination of
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adsorbed hydrogen atom (M-Hads), shown in Eq. (5) or the Heyrovsky step combina-
tion of hydrogen ion and M-Hads to form hydrogen by one electron transfer (shown
in Eq. 6).

The HER mechanism steps in acidic condition

Volmer step: M + H+ + e− → M − Hads (4)

Ta f el step: 2M − Hads → H2 (5)

Heyrovsky step: M − Hads + H+ + e− → H2 (6)

Similarly, the mechanism step of HER in alkaline condition also consists of two
mechanisms, which is Volmer–Tafel and Volmer–Heyrovsky steps [22]. But in alka-
line condition, in the first step i.e. Volmer step, water molecule dissociate in presence
of catalyst to form M-Hads (shown in Eq. 7). In second step hydrogen gas is formed
by two-ways, (a) self-combination of M-Hads (Tafel step, shown in Eq. 8) and (b)
combination of water and M-Hads by electron transfer (Heyrovsky step, shown in
Eq. 9). The Gibbs free energy (�G) of M-Hads is almost low value i.e. zero, if this
value is too high or too low, which directly affect the adsorption or desorption steps
[46].

The HER mechanism steps in basic condition:

Volmer step − water dissociation: M + 2H2O + 2e− → 2M − Hads + 2OH−
(7)

Ta f el step: 2M − Hads → H2 (8)

Heyrovsky step: H2O + M − Hads + e− → H2 + OH− (9)

Determination of rate determine step is solely depends upon the Tafel slope value.
Based on the Tafel slope value, the Tafel slope value of each mechanism steps such
as, Heyrovsky, Tafel steps and Volmer are 30, 40 and 120 mV/dec, respectively [45].
Platinum and its analogue have been widely used as HER catalyst with higher cat-
alytic activity and low overpotential [1] but it’s has some limitation such as low
abundance and high cost. This is why, researcher try to explore the suitable inex-
pensive, stable, good electrocatalyst. Recently, earth abundant materials have been
widely studied as an electrocatalyst for HER due to their eco-friendly nature, less
expense, higher activity. In the next section, we have discussed the role of earth
catalysts in HER.
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2.1.1 Monometallic EAEs for HER

In 2015, Zhang et al. has developed polymorphic cobalt diselenide, CoSe2 through
electrodeposition at 300 °C towards HER in acidic condition [95]. They found out-
standing performance of catalysts with little overpotential and low Tafel slope −
70 mV@ten mA/cm2 and 30 mV/decade respectively. In 2017, another research
group has developed bi anionic monometallic, CoPS through chemical vapor trans-
port for HER in acidic condition [80]. Authors have studied theoretical and experi-
mental aspects of CoPS and found (111) facet has higher catalytic activity than that
of (100) facet. The overpotential of (111) facet has low overpotential than (100), and
Tafel slope of (111) and (100) facet were found 86 and 109 mV/decade, respectively.
In the same year (2017),Wu et al. has synthesized iron phosphosulfide anchored with
carbon nanotube (CNT) nanoparticles for HER where 0.5 M H2SO4 used as an elec-
trolyte [82]. The synthesized system offered small overpotential 260 mV and little
Tafel slope. In the year of 2019, Zhang and co-workers has first time developed nickel
sulfide boron via electrodeposition method towards hydrogen evolution reaction in
pH 14 [81]. The developed system offered little onset potential, low overpotential
and also low Tafel slope 0.027 V, 240 mV@ten mA/cm2 and 140.7 mV/decade
respectively. The earth abundant Ni0.85Se have been used as an electrocatalyst for
HER in acidic condition by Yu et al. [90]. The prepared Ni0.85Se offers low over-
potential of -275 mV@30 mA/cm2 and very low Tafel slope of 49.3 mV/decade. In
2017, Qi et al. has synthesized rhenium diselenide, ReSe2 and ReS2 through nucle-
ation method designed for hydrogen evolution reaction in pH 14 [65]. The prepared
ReSe2 and ReS2 nanoparticles has offered low overpotential 300 mV@8 mA/cm2

and 300 mV@3mA/cm2 respectively and their corresponding small Tafel slope 67.5
and 143.3 mV/decade respectively. The field emission scanning electron microscope
(FESEM) of ReSe2 and polarization curve of ReSe2 and ReS2 are shown in Fig. 1
[65].

Fig. 1 Schematic representation showing synthesis of ReSe2 (A). FESEM images of ReSe2 (a, b),
LSV polarization curve (c) and Tafel plot (d) of ReSe2 for HER in 0.5 M H2SO4. Permission taken
from [65]
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Role of monometallic earth abundant electrocatalyst for complete water splitting
i.e. combination of HER and OER is also reported in the literature. For example,
in 2019, Lu et al. have synthesized cobalt phosphide grown on nitrogen graphene
nanosheets by simple hydrothermal method followed by phosphorization for bifunc-
tional OER and HER in acidic and alkaline medium [55]. The synthesized cobalt
phosphide grown on nitrogen graphene nanosheets have displayed outstanding per-
formance towards HER and exhibited little onset potential of −0.087 V and small
Tafel slope 63.8mV/dec in acidicmedium and−0.114V and 59.6mV/dec in alkaline
medium. It also showed the excellent performance of catalysts towards OER with
low onset potential 1.48 V, overpotential potential and Tafel slope were 354mV@ten
mA/cm2 and 63.8 mV/dec respectively with long term stability for OER as well as
HER in both the medium (acidic and alkaline).

2.1.2 Bimetallic EAEs for HER

Recently, earth abundant materials have been greatly explored as an electrocatalyst
for HER due to their have admirable electrical conductivity, great melting point,
high corrosion resistance, and high stability. In 2019, He et al. have first time syn-
thesized one-dimensional iron-tungsten carbide nanorods reduced graphene oxide,
Fe3W3C NRs/RGO for HER [29]. Fe3W3C NRs/RGO revealed outstanding HER
performance with almost zero onset potential like platinum and little Tafel slope
50 mV/decade. Hierarchical microsphere molybdenum nickel porous nanosheets
exhibited outstanding performance towards HER in 1.0 M KOH developed by Yang
et al. [89]. Molybdenum nickel porous nanosheets offered small onset potential,
overpotential and Tafel slope−0.007mV, 72mV@tenmA/cm2 and 36.6 mV/decade
respectively. In 2019, Abdullah et al. successfully synthesized earth abundant nickel
doped cobalt hollow nanoparticles via facile ultrasonic-assisted chemical reduction
method for HER in 1.0 M potassium phosphate buffer (pH = 7) [2]. The syn-
thesized nanoparticles employed very outstanding performance towards HER with
minor overpotential 41 mV to drive the current density ten mA/cm2 and Tafel slope
35mV/decade, which is found stable up to 20 h. Liu and co-workers have synthesized
tungsten disulfide-tungsten (WS2/W) heterojunction using bottom up approach via
simple ultra-sonication method and employed as an electrocatalyst for HER [47].
WS2/W offered small onset overpotential 30 mV, little overpotential 108 mV to
drive the 10 mA/cm2 and low Tafel slope 81.4 mV/decade. Hou et al. [31] has
developed NiSe2–Ni0.85Se and wrapped by reduced graphene oxide by hydrother-
mal method and employed as an electrocatalyst for HER with highly durable 18 h
[31]. It has low onset potential (−175 mV), overpotential (240 mV@ten mA/cm2)
and Tafel slope (31.3 mV/decade). In 2018, Choi and co-workers have synthesized
sulfur doped in nickel cobalt, NiCo on carbon quantum dot via simple hydrothermal
method for hydrogen evolution reaction [4]. It has low overpotential and Tafel slope
232 mV@ten mA/cm2 and 80.2 mV/decade respectively with highly stable up to
20 h without changing the current density. In 2017, Cao et al. has developed first
time theMoS2/Ni3S2 nanocomposite grown on nickel foamvia hydrothermalmethod
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for [12]. They found small onset potential (145 mV), little overpotential (76 mV) and
small Tafel slope (56 mV/decade), stable up to 24 h. The admirable electrocatalytic
activity of the prepared nanocomposite can be described on the basis of their syner-
gistic effect, electrical coupling between Ni, MoS2, and Ni3S2, the super hydrophilic
interface, and large active edge sites. In 2019, Chen et al. has first time developed
a composite of CoP3 and CoMoP nanosheet array through hydrothermal method
and studied the catalytic activity towards HER [36]. They found low overpotential
125 and little Tafel slope 61.1 mV/decade. In addition, some of the earth abundant
electrocatalyst towards HER in acidic and alkaline medium is portrayed in Table 1.

2.2 Role of EAEs Towards Oxygen Evolution Reaction (OER)

Oxygen evolution reaction is another half-cell reaction ofwater electrolysis, chemical
reaction of OER is as follows: 2H2O → O2+4H+ +4e−, therefore for the formation
of O=O, required four electrons. This is the reason the OER is kinetically sluggish
and to enhance the OER activity a selective suitable catalyst has been required. The
thermodynamic potential for H2O decomposed is 1.23 V, but in practical some extra
potential needed to success the reaction (oxygen evolution) called overpotential. The
reaction mechanism of OER is greatly affect by the pH of the medium. Therefore,
the OER mechanism is different for acidic and basic medium. Till date the exact
mechanism is still under debate. But all the proposed mechanism proceeds through
the same intermediate like FO and F–OH (where, F represents the active site of
catalyst). The most accepted mechanism for OER in acidic and basic medium is
presented below in following equation.

Probable mechanism for OER in acidic condition:

F + H2O → F − OHads + H+ + e− (10)

F − OHads + OH− → F − Oads + H2O + e− (11)

F − OHads + F − OHads → 2F + O2 (12)

Or

F − OHads + H2O → F − OOHads + H+ + e− (13)

F − OOHads + H2O → F + O2 + H+ + e− (14)

Possible mechanism for OER under aqueous basic condition:

F + OH− → F − OHads + H+ + e− (15)
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F − OHads + OH− → F − Oads + H2O + e− (16)

F − OHads + F − OHads → 2F + O2 (18)

F − OHads + OH− → F − OOHads + e− (19)

F − OOHads + OH− → F + O2 + H2O (l) + e− (20)

The hydroxyl ion fromwater molecule adsorbed on the active site of catalyst (rep-
resented as F) to formF–OHads. Twoway the oxygen can formed (a) self-combination
of F–OHads (shown in Eq. (12) for acidic condition and Eq. (18) for basic condition,
(b) formation of another intermediate F–OOHads from F–OHads (shown in Eqs. (13)
and (19) for acidic and basic condition, respectively) followed to produce oxygen
(shown in Eqs. (14) and (20) for acidic and basic condition, respectively).

From the OER mechanism (discussed above), it is very clear that catalyst plays
vital role in each step. The well-known state of the art noble metal such as platinum,
iridium dioxide and ruthenium dioxide have been used as an effective catalyst for
OERwith small onset potential as well as small overpotential [44]. But these electro-
catalysts have some limitation for the industrial application, because of low stability
in acidic and basic condition (itself oxidized), high cost, and scarcity [44]. Presently,
developing the efficient expensive stable electrocatalysts have been great challeng-
ing task for researcher. The earth abundant materials have been broadly explored for
OER, due to high abundance, low cost, stability under acidic and basic condition and
offered benchmark performance towards OER with small overpotential.

2.2.1 Monometallic EAEs for OER

Last few years, different monometallic based earth abundant materials have been
widely used for OER in alkaline medium. In 2014, Tian et al. have synthesized cobalt
phosphide with nanowire morphology developed on carbon cloth, CoP/CC using
hydrothermal process towards OER in pH 14 [75]. The synthesized CoP/CC exhib-
ited benchmark performance towards electrocatalytic activity with overpotential and
Tafel slope of 67 mV and 51 mV/decade respectively. In 2018, Marje et al. was first
time synthesized by hydrous pyrophosphateNi2P2O7.8H2Oby chemical bath deposi-
tionmethod forOER in pH 14 [60]. The preparedNi2P2O7.8H2O offered outstanding
performance with low overpotential 239@ten mA/cm2 and 308 mV@25 mA/cm2.
They have found lowTafel slope of 51.5mV/decadewith higher stability of 9 h. Jiang
et al. [37] first time prepared nickel phosphorous (Ni–P) films by electrodeposited
method and studied OER activity [37]. Ni–P films exhibited good OER performance
in alkaline condition with pH 14 with overpotential and Tafel slope 344 mV and
49 mV/decade respectively. Nickel selenide, NiSe2 employed good electrocatalyst
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for OER in pH 14 reported by Cai et al. [10, 12]. NiSe2 exhibited outstanding perfor-
mance with overpotential, Tafel slope 299mV and 68mV/decade respectively. In the
year of 2017, Babar et al. was reported oxidized nickel oxide, NiO used as electro-
catalyst towards OER in pH 14 [6]. NiO shows excellent performance for OER with
overpotential and Tafel slope 310 mV@ten mA/cm2 and 54 mV/decade respectively
and good durability 24 h. Guo et al. [28] have prepared cobalt sulfide grown on nickel
foam (CoS/NF) by hydrothermal process for OER [28]. CoS/NF revealed overpo-
tential and Tafel slope were 297 mV@ten mA/cm2 and 106 mV/decade respectively
and stable up to 40 h without degradation. In [84], Xiang and co-workers devel-
oped 2D nickel thiophosphate, NiPS3 nanosheets by simple hydrothermal method
and studied electrochemical performance towards OER [7]. Catalysts has shown
overpotential and Tafel slope 320 mV and 51 mV/decade respectively and highly
stable up to 36 h. Liu et al. (2019) have synthesized NiPS3 nanosheets by chemical
vapor deposition (CVD) process towards OER [52]. The prepared NiPS3 nanosheets
exhibited remarkable electrocatalytic performance with low overpotential and Tafel
slope 320 mV and 51 mV/decade in alkaline medium. The schematic representation,
FESEM images and polarization curve of NiPS3 nanosheets are shown in Figs. 2 and
3 (Permission from Liu et al. [52]).

2.2.2 Bimetallic EAEs for OER

Recently, bimetallic based earth abundant electrocatalyst have also been greatly used
in OER. Some of the recently reported earth abundant materials used as an electro-
catalyst for OER discussed in this section. In the year of 2017, Zhang et al. has
first time synthesized earth abundant MnCo2S4 nanowire array grown on titanium
mesh by sulfurization method for OER in basic condition [100]. The bimetallic sul-
fide MnCo2S4 nanowire array exhibited benchmark performance for OER with low
overpotential 325mV@50mA/cm2 and great turnover frequency (TOF) 0.81mol O2

per second. The electrocatalyst also offered a Tafel slope 115 mv/decade with higher
stability 100 h. The higher catalytic activity of nanowire array due to higher number
of exposed active sites [50]. Nsanzimana et al. [63] has prepared trimetallic boride,
FeCo2.3NiBwith particle size 30–40 nm for OER as an electrocatalyst [63]. Trimetal-
lic boride electrocatalyst materials offered admirable electrocatalytic performance
with onset potential and overpotential 1.46 V and 274mV@10mA/cm2 respectively.
They have also found the prepared catalyst was highly stable up to 10 h and offered
small Tafel slope 38 mV/dec. The excellent catalytic activity towards OER, owing to
the formation of distinctive amorphousmultimetal-metalloid complex nanostructure.
In the year of 2018, Lin et al. have synthesized CaCo2O4 nanoplate by simple sol-gel
method and studied electrocatalytic activity for OER [51]. The synthesized bimetal-
lic oxide offered low overpotential and Tafel slope were 371 mV@ten mA/cm2

and 71 mV/decade respectively. The excellent performance, owing to the distinctive
electronic structure obtained from Ca and Co, improved the electrical conductiv-
ity. Teng and co-workers have synthesized MoCoO4 different shaped like nanorods
and nanosheets by simple hydrothermal method and used it towards OER [54]. They
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Fig. 2 a Schematic representation showing synthesis of NiPS3 nanosheets. b–e FESEM images of
NiPS3 nanosheets in different magnification. Permission taken from Liu et al. [52]

have found that nanorods ofMoCoO4 has seven-time greater surface area (49.3m2/g)
than nanosheets (7 m2/g) and 5.7 times higher current density (8.93 mA/cm2) than
nanosheets shaped bimetallic nanomaterials (1.56mA/cm2) at potential 550mV. The
obtained Tafel slope were found 72 and 98 mV/dec for nanorods and nanosheets of
MoCoO4, respectively. In 2015,Kargar et al. has first time developedCoFe2O4 grown
on three dimensional carbon fiber papers (CFPs) by hydrothermal method employed
as an electrocatalyst for OER [39]. They have found low overpotential (378 mV)
and Tafel slope (73 mV/decade). In 2018, Akbar et al. has synthesized nickel cobalt
selenide, NiCoSe2 grown on 3D nickel foam through electrodeposition method [3].
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Fig. 3 Different crystal structure of NiPS3 (a, b), LSV polarization curve (c) and Tafel plot (d) of
synthesized electrocatalysts for OER in 1.0 M KOH. Permission taken from Liu et al. [52]

The prepared NiCoSe2/3D NF offered outstanding performance with small overpo-
tential and Tafel slope 183 mV@ten mA/cm2 and 97 mV/decade respectively with
long term stable up to 50 h. In 2019, Tran et al. was first time prepared NiCoP via
simple hydrothermal method and studied for overall water splitting [76]. The synthe-
sized earth abundant material has offered excellent activity for both HER and OER
in alkaline medium. The obtained overpotential were 57 mV for HER and 330 mV
for OER. The synthesized materials also offered little Tafel slope 170 mV/decade
for HER and 113 mV/decade for OER. The water splitting by electrochemically is
depicted in Fig. 4 [25, 76]. Moreover, some of the reported efficient earth abundant
electrocatalyst for OER in acidic and basic medium is summarized in Table 2.
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Fig. 4 a Schematic representation showing overall water splitting using two electrode system in
presence of earth abundant electrocatalyst and b graphical presentation showing role of FeCo2S4/NF
electrode as high-performance electrocatalyst for water splitting under electrochemical reaction
conditions. Permission taken from [25, 76]

2.3 Role of EAEs Towards Oxygen Reduction Reaction
(ORR)

ORR is the key reaction related to energy conversion, fuel cell, and metal-ion bat-
teries [23, 24]. Similar to OER, ORR also have slow reaction kinetics. To succeed
the reaction high overpotential is needed, which is the limitation for the practical
applications of fuel cells. The most common efficient platinum and platinum-based
materials are the best candidate for ORR, which offers low overpotential and oxy-
gen reduced via four electron transfer reaction. But disadvantage of these catalyst is
their expensive nature, scarcity and poor stability for prolonged period of time and
working conditions [15, 94]. In order to resolve these problems, the earth abundant
materials are the best candidate for ORR in both alkaline and acidic medium. Earth
abundant catalysts are most abundant materials, which have high electrical conduc-
tivity, durability, inexpensive, and non-toxicity. The proper mechanism of the ORR
is still under study but the probable mechanism of ORR is solely depending upon
the adsorption of oxygen over catalyst surface. The oxygen molecule can be reduced
by two pathways: (a) straight 4e− transfer and (b) two step 2e− pathways.

(A) Straight 4e− transfer path

In this pathway, the oxygen molecule can reduce directly via four electron transfer
process. The oxygen molecule is reduced into two molecules of water in acidic
condition via four electron transfer (shown in Eq. 21), but in alkaline condition
oxygen is reduced into four hydroxyl ions (displayed in Eq. 22). The reduction of
oxygen in acidic and basic condition is depicted in the following equation:
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O2 + 2H2O + 4e− → 4OH− (basic condition) (21)

O2 + 4H+ + 4e− → 2H2O (acidic condition) (22)

(B) Two step two electron transfer path

In this pathway, the two intermediate H2O2 and OOH are produced from oxygen
reduction in acidic and alkaline condition, respectively (presented in Eqs. 23–26)
[92, 97].

Acidic condition: O2 + 4H+ + 4e− → H2O2 (23)

Acidic condition: H2O2 + 2H+ + 4e− → 2H2O (24)

Basic condition: O2 + H2O + 2e− → OOH− + OH− (25)

Basic condition: OOH− + H2O + 2e− → 3OH− (26)

Moreover, the two step two electrons pathway offered the lower onset potential
than four electron transfer pathway. That is why, the two step two electrons have
been used in fuel cells with high efficiency.

In this section, we have summarized few previously reported earth abundant elec-
trocatalyst for ORR. In 2018, Xue et al. has developed cerium lanthanum carbide,
CeLa2Cx-NC for ORR in alkaline medium [88]. In 2018, Zhang et al. developed
bamboo like nitrogen doped carbon nanotubes by simple single pyrolysis method
for ORR [98]. They have found that oxygen has been reduced by four electron trans-
fer pathways with smaller Tafel slope 57.5 mV/decade in comparison to standard
commercial Pt/C i.e. 72.8 mV/decade. In 2015, Nguyen et al. has successfully syn-
thesized cobalt phosphide, Co2P and employed it as electrocatalyst for ORR [18].
In 2018, Xing et al. has successfully synthesized [Mn4V4O17(OAc)3]3 developed on
reduced graphene oxide by simple hydrothermal process and applied it as a bifunc-
tional catalyst of OER and ORR [86]. They have found excellent performance of
bifunctional catalyst towards ORR and HER with long period of durability [86].
They have also calculated the number of electrons required during the reduction
of oxygen by Koutecky-Levich equation i.e. two to three, at all potentials. This
information confirms that oxygen molecule can reduced via two step two electron
pathway with the intermediate OOH−. Zhao and Chen [101] has used carbon doped
born nitride nanosheet as an electrocatalyst ORR and showed excellent performance
[101]. In 2014, Ma et al. has successfully prepared sulfur doped graphene and used
as an electrocatalyst for ORR and revealed excellent catalytic activity [58]. In 2016,
Masud and Nath has developed durable, efficient Co7Se8 for ORR [61].
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2.4 Role of EAEs Towards Carbon Dioxide Reduction
Reaction

In the last few decades, the carbon dioxide reduction by electrocatalysis have been
attracted attention of researchers owing to its used fuels and removing the harmful
impact ofCO2. The oxidation sate of carbon atom inCO2 is four i.e. stable. Therefore,
the reduction of CO2 demands large overpotential, due to stable oxidation state of car-
bon and presence of stable double bond of carbon oxygen [78]. The development of
suitable efficient electrocatalysts have been required for the CO2 reduction, although
it is challenging. In this section wewill summarize recently published earth abundant
electrocatalyst for CO2 reduction. The mechanism of CO2 reduction in presence of
catalyst consists of three steps. In first step, CO2 molecules adsorbed on the cat-
alyst surface, in second step electron and or proton transfer occurred followed by
formation of intermediate and last step is the formation of different products after
desorption from the catalyst surface. The formation of different products from CO2

by reduction is shown in Eqs. (27–33) and each steps of CO2 is described in Fig. 5
[17].

O2C + 2H+ + 2e− → HCOOH (27)

O2C + 2H+ + 2e− → OC + OH2 (28)

O2C + 4H+ + 4e− → HCHO (29)

Fig. 5 Steps involved in carbon dioxide (CO2) reduction reaction. Reproduced with permission
taken from [17]
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O2C + 6H+ + 6e− → H3C − OH + OH2 (30)

O2C + 8H+ + 8e− → H4C + OH2 (31)

2O2C + 12H+ + 12e− → H5C2 − OH + 3OH2 (32)

2O2C + 12H+ + 12e− → H4C2 + 4OH2 (33)

In 2018, Hu et al. has first time developed earth-abundant transition metal nitro-
gen doped porous carbon electrocatalysts (L–N–C, where L=Ni, Fe and Co) using
silica template for the carbon dioxide to carbon monoxide [33]. They have found that
electrocatalytic activity of nickel and iron, nitrogen doped carbon materials are high
compared to cobalt with maximum faradic efficiency of 93%. In 2017, Gratzel and
co-workers have successfully synthesized SnO2 deposited on copper oxide, CuO and
employed for the formation of CO from CO2 with efficiency of 13.4% [68]. In 2014,
earth abundant copper gold nanoalloys, Cu63.9Au36.1 on nanoporous copper films
were prepared through electrodeposition method using copper films as a template
for the reduction of CO2 to CH3–OH and C2H5–OH [35]. The prepared electrocat-
alyst offered excellent performance with faraday efficiency of 15.9 and 12.5% for
methanol and ethanol, respectively. In 2014, Manthiram et al. has developed copper
nanoparticles and employed it for the reduction of CO2 to CH4 [59]. They have found
faraday efficiency of 80% at potential −1.25 V.

2.5 Role of EAEs Towards Nitrogen Reduction Reaction

Currently, reduction of N2 by electrocatalysis using catalyst have become very popu-
lar. Nitrogen is one of the most abundant elements in atmosphere and most inert also
[13, 70]. The production of ammonia from nitrogen by reduction has been widely
used in fertilizer and industrial applications. The reduction of nitrogen is most dif-
ficult than the carbon dioxide reduction, due to presence of three covalent bond
between nitrogen atoms, which have high bond energy of 941 kJ/mol and therefore
very difficult to perform. For the reduction of nitrogen suitable electrocatalyst is must
require and in order to develop the suitable electrocatalyst, earth abundant materials
are found as good candidate [78].

The most accepted mechanism of nitrogen reduction contains associative and
dissociative path [74]. Firstly, the nitrogen molecules are adsorbed on the catalyst
surface and secondly the nitrogen adsorbed catalyst is dissociating the triple bond of
N-N followed by hydrogenation. The mechanism of nitrogen reduction is shown in
Fig. 6 [70]. As for example, production of ammonia from nitrogen in presence of iron
catalyst at ambient temperature and pressure is called Haber Bosch process. In 2018,
Shen et al. has first time used Fe2O3-carbon nanotube (CNT) as an electrocatalyst
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Fig. 6 Schematic illustration showing nitrogen (N2) reduction reaction. Permission taken from
[70]

for the preparation of ammonia from nitrogen reduction with Faraday efficiency of
95.1% [14]. Han and co-workers have developed nickel wire as an electrocatalyst and
0.1 M LiCl/ethylenediamine electrolyte for the reduction of nitrogen with Faraday
efficiency of 17.2% [42]. This catalyst offered the ammonia with yield of 7.73× 107

mol/L, after one hour of electrolysis at a cell voltage of 1800mV.Li et al. has first time
reported the ruthenium nanocluster on gallium nitride nanowires for the production
of ammonia from nitrogen reduction [48]. In 2016, Kim et al. has employed a porous
nickel foam and used it for nitrogen reduction with the solution of water and 2-
propanol at ambient condition [41]. The reported electrocatalyst offered a current
efficiency of 0.89% and a rate of 1.54×1011 mol/s and 0.5 mA/cm2 of catalytic
current for NH3 production.

2.6 Role of EAEs in Detection of Toxic Elements

In recent time, the tremendous increase of the pollutants in the water resources has
gained attention of scientists working in the field of clean water technology. There-
fore, the detection of toxic elements in water samples have become very impor-
tant. Electrochemical treatment has been one of the most important technique using
earth abundant electrocatalyst. For instance, in 2019, Balasubramanian et al. has first
time successfully prepared CoMnO3 nanosheets through co-precipitation method
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and used for the detection of 4-nitrophenol (4-NP) in water sample [8]. The prepared
CoMnO3 nanosheets electrocatalyst offered excellent electrocatalytic activity with
large sensitivity of 2.458 μA μM−1 cm−2, linear range up to 249 μM and low limit
of detection (LOD) 10 nM. In 2015, Shahid et al. has first time synthesized different
morphologies like nanowires, nanoflowers, nanobundles, nanocubes, and nanoplates
of CO3O4 via facile hydrothermal technique and used for the detection or reduction
of 4-NP through electrochemical process, where CO3O4 was used as an electrocat-
alyst [69]. They have observed that the nanocubes morphology offered remarkable
catalytic performance for the detection or reduction of 4-NP with limit of detec-
tion (LOD) = 0.93 μM than other morphology. In 2014, Wu et al. has successfully
synthesized α-MnO2 nanotubes via facile hydrothermal process and studied for the
detection of 4-NP [79]. The prepared catalyst has shown remarkable performance
with great sensitivity of 19.18 mA mM−1 cm−2 and LOD of 0.1 mM.

2.7 Role of EAEs in Proton Exchange Membrane (PEM)

Fuel cell is one type of electrochemical devices, which can played the hydrogen
energy source coming from fuel is converted into the electrical energy using atmo-
spheric oxygen as an oxidant. Fuel cells are largely depends on the electrolyte and
it can be classified according to the electrolyte. The typical design of fuel cell is
depicted in Fig. 7. In 1960, proton exchange membrane for water electrolysis (PEM
WE) or polymer electrolyte membrane was first time developed [26, 27, 67, 105].
Among them only proton-exchange membrane (PEM) fuel cell is widely used. Due
to the use of quasi solid electrolyte, PEM fuel cell has gained more attraction. It
is used in transportation and portable power application etc. PEM fuel cells have
some advantages like can be operated at low temperature to high temperature i.e.
90 °C, have compact design, and easy in operation. In the fuel cell, the key role of
membrane is to carry the proton or hydrogen ion from anode to cathode. The fuel and

Fig. 7 Schematic
representation of proton
exchange membrane (PEM)
based fuel cell. Taken from
[105]
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oxidant are provided from external devices and the system is continued until the fuel
or oxidants get exhausted. The schematic representation of proton exchange mem-
brane (PEM) fuel cells is depicted in Fig. 7. At anode the hydrogen obtained from
fuel is decomposed to form positively charged H+ and negatively charge electron,
followed by the H+ ion passage via the polymer electrolyte membrane to the cathode
of the fuel cell. At cathode, H+ combines with reduced oxygen to form H2O as a
byproduct. Moreover, the decomposition of hydrogen required a suitable catalyst, on
the other hand the decomposition of strongly bonded oxygen or reduction of oxygen
is too difficult. Till date, platinum is the best catalyst but it have some limitation
like low abundance, high cost and scarcity. Therefore, worldwide researcher tries to
investigate the alternative way or catalysts in place of platinum.

Earth abundant materials are the effective materials to carry out the above men-
tioned electrochemical reaction (ORR)with high electrocatlytic activity.Asweknow,
earth abundant electrocatlysts have numerous benefits like inexpensive, high activ-
ity, high abundance and non-toxicity. For instance, in 2018, Li et al. have first time
synthesizedMn–N–C via two step doping adsorption technique for ORR in fuel cells
[49]. They have studied the mechanism of ORR and found oxygen is reduced via
four electrons transfer pathway.

3 Conclusion and Future Prospects

In this chapter, we have summarized the role of electrocatalyst specially earth abun-
dant electrocatalyst in the various field like energy storage and conversion, detection
of toxic elements etc. The earth abundant electrocatalyst plays key role with remark-
able electrocatalytic performance and long term stability. Earth abundant materials
used as electrocatalysts have some advantages over the novel metal electrocatalysts,
because earth abundant materials are inexpensive, have high electrical conductivity,
non-toxic in nature, most abundant and possess large biocompatibility. Now a day’s,
wide number of earth abundant electrocatlysts have been synthesized through differ-
ent synthesis strategies. The catalytic activity of earth abundant materials depends
on following properties, which are summarized below. Electrocatalytic activity of
earth abundant materials are largely depends on their:

(A) Composition;
(B) Shape or morphology;
(C) Size of the particles;
(D) Covalent or ionic nature;
(E) Preparation method used for the synthesis;
(F) Synthesis condition like temperature, nature of the solvent etc.

Although the earth abundant materials exhibited remarkable electrocatalytic per-
formance but they needs some modifications in future to improve their electrocat-
alytic activity. For example, the stability of the catalyst is not so good, therefore the
development of some potent stabilizer or stabilizing agents are strongly needed to
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improve their electrocatalytic activity. Adding some doping agent may also enhance
their catalytic activity. For instance bimetallic earth abundant nano-electrocatalysts
have large electrocatalytic activity than themonometallic electrocatalysts.Moreover,
constant studies are very much required for the improvement of more efficient and
stable earth abundant electrocatalysts with wider and practical applications.
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Metal–Organic Frameworks
for Electrocatalysis

Muhammad Usman and Qi-Long Zhu

Abstract Metal–organic frameworks (MOFs) have recently become prospective
materials for electrocatalysis. MOFs constructed via coordination chemistry of inor-
ganic metal nodes and organic ligands, possess the exclusive features over traditional
inorganic or organic materials, which include ultrahigh porosity, large surface areas,
structural tunability and high stability. Based on these features, MOFs are already
being applied in storage and separation, catalysis, optoelectronics, drug delivery and
biomedical imaging. Particularly, with the advantageous feature, MOFs have poten-
tial to work as efficient electrocatalysts for a variety of redox reactions, such as
hydrogen evolution reaction (HER), oxygen reduction reaction (ORR), oxygen evo-
lution reaction (OER), etc. In this chapter, a discussion has been presented onMOFs,
their composites, MOF-derived carbon materials and their performance as electro-
catalysts. This chapter will inspire new research direction regarding the development
of advanced electrocatalytic materials using MOFs.

Keywords Metal–organic frameworks · Coordination polymers ·
Electrocatalysts · Electrochemistry

Abbreviations

HER Hydrogen evolution reaction
OER Oxygen evolution reaction
ORR Oxygen reduction reaction
CO2RR Carbon dioxide reduction reaction
MOFs Metal–organic frameworks
PCPs Porous coordination polymers
ZIFs Zeolitic imidazolate frameworks
CPE Controlled-potential electrolysis
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DMF Dimethylformamide
DEF Diethylformamide
GC Glassy carbon
CV Cyclic voltammetry
TS Tafel slope
TON Turnover number
BHT Benzenehexathiol
TOF Turnover frequency
MoSX Molybdenum polysulfide
POMs Poly oxometalates
OFP Open-framework polyoxometalate
POMOFs POM-based metal-organic frameworks
TBA Tetrabutylammonium ion
BDC 1,4-benzene-dicarboxylate
BTB Benzenetribenzoate
BTC 1,3,5-benzenetricarboxylate
H4dcpa 4,5-di(4′-carboxylphenyl)phthalic acid
azene (E)-1,2-di(pyridin-4-yl)diazene
4,4′-bpy 4,4′-bipyridine
2,2′-bpy 2,2′-bipyridine
H2adip Adipic acid
5-H2bdc 5-nitroisophthalic acid
Im Imidazolate
mim 2-methylimidazolate
bim Benzimidazolate
H2bbta 1H,5H-benzo(1,2-d:4,5-d′)bistriazole
H2TCPP 4,4′,4′′,4′′′-(porphyrin-5,10,15,20-tetrayl)tetrabenzoate
BHT Benzenehexathiol
tht Triphenylene-2,3,6,7,10,11-hexathiolate
HITP 2,3,6,7,10,11-hexaiminotriphenylene
tpy 2,2′:6′,2′′-terpyridine
H2dcbpy 2,2′-bipyridine-5,5′-dicarboxylic acid
H2bpdc 4,4′-biphenyldicarboxylic acid
ade Adenine
TBA Tetrabutylammonium
BPT [1,1′-biphenyl]-3,4′,5-tricarboxylate
trim 1,3,5-benzenetricarboxylate
biphen 4,4′-biphenyldicarboxylate
tbapy 1,3,6,8-tetrakis (p-benzoate) pyrene
Ted Triethylene-diamine
PB Phosphate buffer
FTO Fluorine-doped tin oxide
NF Nickel form
NFF NiFe alloy foam
GO Graphene oxide
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GA Graphene aerogel
CNTs Carbon nanotubes
NPs Nanoparticles
NGO Nitrogen-doped graphene oxide
DHT Dihydroxyterephthalate
RDE Rotating-disk electrode
NCNHP N-doped carbon hollow polyhedron
LDH Layered double hydroxide
SURMOF Surface-mounted metal–organic framework
SURMOFD Surface-mounted metal–organic frameworks derivative

1 Introduction of Metal–Organic Frameworks (MOFs)

Metal–organic frameworks (MOFs) are constructed through coordination bonds via
highly organizedmetal nodes and organic linkers, [1]which results into the formation
of highly-order crystalline frameworks with ultrahigh porosity, large surface areas,
unique host-guest dynamics, thermal stability and mechanical flexibility, etc. [2].
Owing to these structural and functional properties, MOFs have been widely used for
many applications such as storage and separation, water purification, optoelectron-
ics, proton conduction, dielectrics, drug delivery, chemical sensors and biomedical
applications [3, 4]. Beside these traditional applications, there is a huge scope for uti-
lization ofMOFs intowider industrial applications. Generally,MOFs are constructed
through self-assembly of metal nodes/clusters and organic ligands in certain solvents
as shown in Fig. 1 [5], forming one-, two- and three-dimensional periodic frame-
works with permanent porosity. The structural geometry of MOFs depends upon the
coordination numbers and orientation of binding sites of metal and the organic lig-
ands as demonstrated in Fig. 2 [6, 7]. For example, a hexagonal diamondoid network
will be formed from linear bifunctional ligands via coordination with metal nodes
of tetrahedral geometry. Similarly, a octahedral network will be generated from the
metal nodes with octahedral geometry [8].

With their ultrahigh surface areas of more than even 10,000 m2 g−1 and pore sizes
of greater than 10 nm,MOFs are regarded as superiormaterials than the commercially
available porous materials like activated carbon [8–10]. For instance, the isoreticular
series of MOF-74, which are constructed with numbers of phenylene rings (I) as
linkers, have the pore apertures of up to 98 angstroms (IRMOF74-XI) [11]. There is
substantial researchon the synthesis of novelMOFsandmore than30,000MOFshave
been reported with a variety of shapes, structures and applications. Some examples
of porous MOFs are shown here in Fig. 3 [12].

MOFs possess high surface areas and abundant active sites, which recently
expands their applications towards electrochemistry. However, the low charge trans-
fer inMOFs is a big hurdle to use them in electrical energy related applications.MOFs
generally have very low conductivity less than 10−10 S/cm [13]. The low electrical
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Fig. 1 a Generic scheme for the preparation of 1D, 2D and 3D MOFs. b Preparation scheme for
MOF-5 via hydrothermal process

conductivity of MOFs is due to maximum use of carboxylic linkers in their synthe-
sis [14]. The electronegativity of the oxygen atom is higher, which requires higher
voltage to pass the electrons through the linker. Poor overlap of oxygen with the
metal d-orbitals is also responsible for the low charge transfer in MOFs. In addition
to their key structural features such as high surface areas, good stability, abundant
active sites, it is important to understand charge transfer in MOFs, which will help
to expand the applications of MOFs towards electrochemistry. The recent progress
of electrically conductive MOFs that can enable the great enhancement in the con-
ductivity for their application in the field of electrocatalysis. Given that the electrical
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Fig. 2 Coordination geometries of some representativeMOFs frommetal nodes and organic linkers
[6]. Reprinted with permission from Ref. [6]. Copyright@2014 Royal Society of Chemistry

properties of the MOFs can be regulated by the structural tunability, post-synthesis
modifications, host and guest chemistrywithin the frameworks, the solventmolecules
and their interactions, and the cooperation of conducting molecules/particles, MOFs
will offer a promising opportunity for being used as industrially vital energy stor-
age/generation materials. The abundant functionality, high surface areas, ease of
tunability of crystal structures, and modification on functional groups mark MOFs
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Fig. 3 Crystal structures of some famousMOFswith high porosity and surface areas [12].Reprinted
with permission from Ref. [12]. Copyright@2015 Royal Society of Chemistry

highly useful as compared with other inorganic and organic materials for design-
ing efficient electrocatalysts. However, the study of the charge transfer behaviors
of MOFs is still in its preliminary stage and additional studies will be needed [15,
16]. Scientists have reported on developing MOFs that show intrinsic conductivity.
High conductivity was investigated for thin films composed of [Ni3(2,3,6,7,10,11-
hexaiminotriphenylene)2],which can be utilized as electrocatalysts forORR [17–20].
Recently, a highly conductive Cu-based MOF [Cu2(6-Hmna)(6-mn)·NH4]n (Hmna
= mercaptonicotinic acid, 6-mn = 6-mercaptonicotinate) has been reported, which
consists of a 2D (Cu–S)n plane and shows conductivity of 10.96 S cm−1 for its single
crystal measurements [21]. Metal centres with the higher charge density (Cu and Fe
etc.), electron enriched organic linkers and charge transfer mechanisms could be the
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Fig. 4 Proposed mechanisms for bandgap engineering for MOF-5 with bandgap of 3.4 eV
to improve electrical conductivity [16, 22]. Reprinted with permission from Ref. [22]. Copy-
right@2016 John Wiley and Sons

factors for increasing the electrical conductivity of these MOFs. Therefore, electri-
cal conductivity of MOFs can be improved by three ways as follows: (i) growing
the conjugation on the organic molecule, (ii) choosing electron-enrich metals and
organic linkers, and (iii) functionalizing organic linkers with nitro, sulfide and amino
groups (Fig. 4) [22].

2 MOFs for Electrocatalysis

With the increasing consciences on climate change and development of renewable
energy sources, the investigation on effectual electrochemistry in electrolytic cells,
batteries, supercapacitors, and fuel cells have been accelerated in modern times
[23]. Electrochemical devices comprise of various type of electrochemical reactions,
including HER, ORR, OER, carbon CO2RR, metal ions redox reactions, etc. [24].
However, improving the efficiency and performance of electrochemical devices is a
challenging task. Most of devices involving these half reactions need extra poten-
tials to operate due to the slow reaction kinetics of these mechanisms. In efforts to
improve the rate of electrochemical reactions, highly efficient and selective cata-
lysts are required and their electrochemical performance is dependent on the sample
amount. Tomeet the requirement of high catalytic activity and selectivity,MOFswith
their ultrahigh surface areas and a number of active centers are among the promising
candidates for the future of electrocatalysis.
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Based on current progress, MOFs can be helpful as electrocatalysts in the process
of energy generation with high activity and multi-dimensional designing. Some pris-
tine MOFs have been used as electrocatalysts for different electrocatalytic reactions.
However, the electrocatalytic performances of pristine MOFs are sometime limited
by their insufficient conductivity. In order to overcome the low charge transfer in
porous MOFs, several methods have been adopted such as compositing with inor-
ganic/organic materials, carbonization ofMOFs, etc. (Fig. 5) [4, 25, 26]. Particularly,
pyrolysis of MOFs to form MOF-derived carbon materials is one of the most suc-
cessful strategies, where the organic linkers are decomposed to give graphitic carbon
materials while metal nodes generate active metal sites in different forms [27]. In this
technique, MOFs are regarded as precursors for designing various nanostructures to
achieve desired functionality. In this regard, the MOFs with different metals such as
Co, Zn and Fe and amino-functionalized ligands are widely used as they can produce
heteroatom/metal-doped carbons, which are suitable for catalytic activity [28–30].

Porous MOFs, their composites and MOF-derived materials provide an opportu-
nity for electrochemical applications to improve diverse electrochemical reactions.
Recent progresses in exploring MOFs and MOF-based materials as electrocatalysts
for HER, ORR, OER, and so on, are discussed in detail in this chapter. Research arti-
cles appeared on electrocatalytic MOFs are significantly increasing with every pass-
ing years (Chart 1). This chapter provides a literature summary of recent progresses
on (i) pristine MOFs as electrocatalysts, (ii) MOF composites as electrocatalysts and
(iii) MOF-derived materials as electrocatalysts (Fig. 5).

Fig. 5 MOFs as electrocatalysts are divided into three categories. (i) Pristine MOFs, (ii) MOFs
composites, and (iii) MOFs derivatives
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Chart 1 Progress on
publications of MOFs and
their applications for
electrocatalysis with respect
to time (data obtained from
the ISI Web of Science)

2.1 Pristine MOFs as Electrocatalysts

MOFs have been regarded as alternativematerials for traditional inorganic 2D and 3D
materials for many applications [31]. MOF materials possess heterogeneous nature,
better carrier mobility, high stability, and good surface/volume ratio, which allow to
use them for electrocatalysis and batteries. With a mass of active metal sites, porous
MOFs have been investigated for their electrocatalytic performance for HER, OER,
ORR, and other electrochemical reactions. MOF-5, [Zn4O(BDC)3], which is one of
the most commonly known MOFs, also called IRMOF-1, was synthesized in ionic
liquid system and used as catalyst for HER in 2014 by Liang et al. [32]. Carbon paste
electrodes modified with MOF-5(IL) for CV measurements in 1 M dm−3 H2SO4

solution indicated that MOF-5(IL) is suitable to catalyze HER. Co-based MOFs,
2D [Co4L2(4,4′-bpy)(H2O)6]·3.5 H2O and 3D [Co2(dcpa)(azene)(H2O)3]·DMF con-
structed with multicarboxylate ligands have also been studied for water splitting,
which showed high catalytic performance for the generation of H2 as well as O2

from H2O with high current density and low overpotentials [33]. Two Co-based
MOFs, [Co(L)0.5(adip)] and [Co2(L)2(5-bdc)2(H2O)2·H2O] were founded to exhibit
electrocatalytic activities for OER. TheseMOFswere designed using two ligand sys-
tem, where the second ligands was 1,4-bis(3-pyridylaminomethyl)benzene (L) [34].
When theMOF-modified electrodeswere utilized, a quasi-reversible redox peakwith
a less potential (η = 0.46 V; +1.05 V vs. SCE) was detected for [Co(L)0.5(adip)], as
compared with the water-containing [Co2(L)2(5-bdc)2(H2O)2·H2O] (η = +0.81 V;
+1.4 V vs. SCE). Two Co-based MOFs having different coordination bonding of
water molecules in the structures were compared based on their HER performance
and found that the coordination of solvent molecules in MOF is highly significant to
tune the electrocatalytic properties [35].

ZIF series of porous MOFs are well-known for their structural tunability, easy
synthesis, and large surface areas, which have structural anatomy similar to Si–O–Si
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with angle of θ = 145°, leading to the bridges in the form of M–Im–M framework
(M= Zn or Co) [36]. High chemical and thermal stability of ZIFs and their structural
tunability have potential to produce large number of structures and morphologies to
get desired functionality or properties. Post-modifications such as plasma etching on
(Co)ZIF-67 can also generate more coordinately unsaturated metal sites in ZIF-67,
which improved its electrocatalytic performance [37]. Wang and co-workers have
investigated Co-ZIF-9 [Co(bim)2] for its OER catalytic activity in a various pH
solutions [38]. The theoretical investigation have also been performed using DFT,
which revealed that the water was adsorbed firstly at catalyst [Co-ZIF-9], directing H
to C atom (C–H= 2.11 Å), and the longer distance of H–O was observed at tradition
state while the C–H bond distance was decreased. The DFT study on Co-ZIF-9
revealed that not only active metal site but also the ligands (benzimidazole) played
a significant role as proton acceptors during the proton-coupled electron transfer
process during OER.

Effect of different metal sites of MOFs on electrocatalytic activity have also
been investigated by Wang et al. [39]. A series of isostructural compounds, i.e., a
Ni MOF [Ni3(btc)2(H2O)3], a Fe MOF [Fe3(btc)2(H2O)3] and a mixed metal MOF
[Fe0.23Ni2.77(btc)2(H2O)3], have been synthesized using different metal clusters and
their OER performance and alkaline stability were compared (Fig. 6). The thin films
of these MOFs have been deposited on Ni foams via electrochemical deposition
and it was found that the mix metal compound [Fe0.23Ni2.77(btc)2(H2O)3] exhibited
outstanding OER performance with less overpotential of η10 = 270 mV and higher
current density, as compared with other mononuclear counterparts in their study.

Fig. 6 a electrochemical setup with two electrodes having MOF deposited on nikal foam and Pt.
b Synthetic scheme and crystal structures of [M(btc)2] (M = Fe3, Ni3 and Fe0.23Ni2.77). c Opti-
cal and (d, e) SEM images of Fe/Ni-BTC@NF. f Linear sweep voltammetry data and g Tafel
plots for [M(btc)2] measured at 1 mV s−1. Reprinted with permission from Ref. [39]. Copyright
2016@American Chemical Society
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Su and coworkers have also reported the crystal engineering of a Fe and Co con-
taining electrocatalytic MOF to achieve excellent OER activity [40]. Strong binding
interactions among the catalyst and adsorbate in the bimetallic MOFs as compared
with monometallic MOFs resulted in the better catalytic performance of the bimetal-
lic MOFs. Series of bimetallic MOFs have been reported, which exhibited much
better electrocatalytic performance over the isostructural monometallic MOFs [41,
42]. Beside bimetallic electrocatalytic MOFs, there are also trimetallic MOFs (e.g.,
Fe/Ni/Co(Mn)-MIL-53), which exhibited excellent OER activity at an optimized
composition of metals [43].

Chen and coworkers reported a Co-basedMOF, [Co2(μ-OH)2(bbta)] (MAF-X27-
OH), which exhibited excellent performance as inorganic OER catalysts with an
overpotential η10 = 292 mV in basic solution (Fig. 7) [44]. In addition, MAF-X27-
Cl showed excellent chemical stability in 0.001MHCl aswell as 1.0MKOHsolution
for a period of 7 days. It was found that the active metal sites and hydroxide ligands
in the MOF played significant role in creating low-energy intraframework coupling
pathways.

Fig. 7 a Crystal structure of a 3D MAF-X27-OH. b Solid–liquid and Intraframework coupling
pathways. c Linear sweep voltammetry curves in neutral solution. d Linear sweep voltammetry
plots for different samples and their comparison at pH = 10. Reprinted with permission from Ref.
[44]. Copyright 2016@American Chemical Society
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Mao and coworkers have designed Cu-BTC and Cu-bipy-BTC, and reported their
electrocatalytic properties [45]. This study indicated that these Cu-basedMOFswere
useful in catalyzing ORR via four-electron reduction pathways. Cu-MOF-modified
glassy carbon (GC) electrodes have been designed and their cyclic voltammetry (CV)
data were recorded in 0.10 M phosphate buffer solution. Redox reactions of CuII/I
in these MOF resulted in electrochemical activity with well-defined redox peaks at a
potential of−0.10V versus Ag/AgCl. The electrocatalytic behavior of Cu-bipy-BTC
modified electrode for ORR was much stable as compared with Cu-BTC modified
one. Considering the stability issue, a highly robust heterogeneous catalyst PCN223-
Fe was designed via reaction of Zr6 oxo clusters and Fe(III) porphyrin ligand and
the resulted product was grown on a conductive FTO substrate, which was further
utilized as working electrode for ORR in 0.1 M LiClO4/DMF [46]. A bifunctional
catalytic Fe-basedMOFhas also been prepared byYin and coworkers, which not only
showed excellent ORR but also displayed remarkable activity for OER in an alkaline
solution [47]. The catalytic process adopted a two electron pathway at potentials
from −0.30 to −0.50 V versus Ag/AgCl and then shifted to four-electron pathway
from −0.50 to −0.95 V versus Ag/AgCl.

Due to the conducting nature of Cu ions, Cu-based MOFs have also been
widely reported for electrocatalytic HER, OER and ORR. In addition, there are
some MOFs that are reported for electrocatalytic CO2RR. [Cu3(btc)2(H2O)3] and
[Cu2(ade)2((CH3)2COO)2] have been studied as effective catalysts for CO2RR to
MeOH and EtOH in bicarbonates [48]. A porphyrin-based MOF [Al2(OH)2Co-
TCPP] has also shown outstanding catalytic properties for CO2 reduction to CO in
aqueous electrolytes with CO selectivity of 76%, TONof 1400 and stable electrolysis
for 7 h [49].

Most of the MOFs reported for high porosity possess 3D crystal structures. How-
ever, 2D MOFs have the following advantages over traditional electrocatalysts and
3D MOF electrocatalysts. (i) They possess uniform arrangement of the active sites
in hexagonal networks; (ii) catalytically active centers can be more exposed in 2D
MOFs; (iii) these catalytic active sites can remain active in aqueous solutions due
their immobilization with solid-state materials. In order to utilize 2D MOFs for the
reduction of water, Marinescu and coworkers have reported on the formation of
2D cobalt dithiolene films (MOS-1 and MOS-2) using bht, a trinucleating conju-
gated ligand, and cobalt(II) salt via a liquid–liquid interfacial method [50]. MOS-1
[H3(CoIII3 (bht)2)] and MOS-2 [H3(CoIII3 (tht)2)] showed excellent HER performance
with maximum conductivity (σ = 10−6 S cm−1) for MOS-1 (Fig. 8). Square pla-
nar coordination geometry of 2-connected metal nodes and 3-connected organic
linkers results into the formation of honeycomb-like 2D sheets with a thickness of
360 nm. When the pH value of the buffer solution decreased, the current intensity
tended to increase. Under aqueous conditions with a very low value of pH = 1.3, the
MOS-1 and MOS-2 electrodes showed the overpotentials of η10 = 0.34 and 0.53 V,
respectively (Fig. 8e, f). Similarly, 2D supramolecular nickel bis(dithiolene) com-
plexes in the form of layered sheets (0.7–0.9 nm) has also been reported for their
outstanding electrocatalytic activities for HER with η10 of 333 mV and Tafel slope
of 80.5 mV dec−1 [51]. [Ni3(HITP)2] is a well-known conducting MOF, which is
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Fig. 8 a A schematic design of the honeycomb-like net of cobalt dithiolene framworks. b Polar-
ization data of MOS-1, MOS-2 and the blank samples in H2SO4 solution (pH = 1.3) at scan rate
of 100 mV s−1. Reprinted with permission from Ref. [51]. Copyright@2015 John Wiley and Sons.
c TEM and d SEM images of layered-sheets of nickel bis(dithiolene) compounds. e Linear sweep
voltammetry curves of nickel bis(dithiolene)-coated electrodes and blank GC-RDE in 0.5MH2SO4
solution (Tafel plot (80.5 mV dec−1) is shown in inset). f Polarization curves in different concen-
tration of acidic and basic solutions (H2SO4 and KOH) at 10 mV−1 scan rate. Reprinted with
permission from Ref. [50]. Copyright@2015 American Chemical Society

among the highest electrical conductive MOFs. Owing to a number of the highly
active square planar Ni–N4 sites, it has been recently reported for its functions as a
tunable electrocatalyst for ORR in alkaline solution, with a η10 of 0.18 V and good
stability [20].

In short, the exposed electrocatalytic active sites and high active site density endow
2D and 3D MOFs with efficient activities for electrocatalysis. Recently reported
pristine MOFs as electrocatalysts for HER, OER and ORR are listed in Table 1.

2.2 MOF Composites as Electrocatalysts

2.2.1 Molecular Catalyst@MOF Composites

With advantage of the highly porous structures of MOFs, catalytically active
molecules could be integrated into the pores of MOFs to form novel catalysts,
which possess the properties of heterogeneous MOFs and the catalytic properties
of the guest molecules. The high exposure of active sites owing to the large surface
areas of MOFs could lead to high catalytic activity and stability. A MOF composite
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(MoSx)y/UiO-66-NH2 (y= 1–6) has been reported where the HER activity ofmolyb-
denumpolysulfide (MoSx) combined high chemical stability ofUiO-66-NH2 resulted
in novel HER catalysts [64]. MOF composite with MoSx exhibited excellent HER
activity with Eonset = 125 mV, Tafel slope = 59 mV dec−1, η10 = 200 mV and TOF
= 1.28 s−1. It was highly stable even after 5000 cycles of CV. Dong and coworkers
have synthesized a series of 2DMOFs and furthermore the metal dithiolene-diamine
(MS2N2), metal bis(dithiolene) (MS4), and metal bis(diamine) (MN4) complexes
were integrated into the hexagonal networks of these 2D MOFs [52]. These highly
activemolecular sites in the 2DMOFs are suitable for electrocatalytic H2 production.
It can be seen that the catalytic activities of the complexes followed by the order of
CoS2N2 > NiS2N2 > CoS4 and the protonation step took place at the M–N sites of
the MS2N2 based compounds. Hence, highly order arrangement of the active sites is
highly important to deliver the electrocatalytic performance.

Integration of electrocatalytic metal-containing molecules into the pores of the
MOFs is a quite successful technique, which can balance the charge in the MOFs
via redox hopping and support to get desired catalytic properties. Combining the
catalytic activity of metal complexes with advantageous properties of MOFs can
be useful for high performance electrocatalysis. A molecular water oxidation cata-
lyst, [Ru(tpy)(dcbpy)(OH2)](ClO4)2, has been integrated into thewell-known porous
MOF, [Zr6O4(OH)4(bpdc)6] (UiO-67), grown on the surface of FTO, by post-
synthetic ligand exchange (Fig. 9) [65]. The resulting UiO-67-[RuOH2]@FTO as
a new OER electrocatalyst can oxide water at 1.5 V versus Ag/AgCl with a current
density of 11.5 μA cm−2. It was found that the intrinsic UiO-67 show poor OER
activity (η = 766 mV at a current density of 0.05 mA cm−2, pH = 8.4); however,
after integration of the Ru-complex into this MOF, the current density was enhanced
to 0.5 mA cm−2 at η = 766 mV (Fig. 9). This study also indicates that the MOF sup-
ports are able to stabilize the structure of Ru-based catalysts. Then, a similar result
was reported in 2016, where Ru(tpy)(dcbpy)OH2]2+ has been integrated to thin films
of UiO-67 to form the Ru-UiO-67 electrocatalyst, which oxidized H2O with a TOF
of 0.2 ± 0.1 s−1 at 1.71 V versus NHE in solution of pH = 7 [66].

MOF-based composite [Cr3F(H2O)2O(BTC)2]·[Co(salen)] (Cr-MIL-100·Co-
salen) has also been reported for its excellent ORR performance. The composite
consist of highly porous Cr-MIL-100 and a Co(II) complex [63]. The 3D Cr-MIL-
100, with the pore window diameters of 4.8× 5.8 Å2 and 8.6× 8.6 Å2 and incredibly
large internal pores (25 and 29 Å), can incorporate Co-salen (15.3 × 9.2 × 5.0 Å3)
inside its pores via the synthetic approach called “ship in a bottle”. GC electrode
modified Co-salen@Cr-MIL-100 has been investigated for the ORR performance in
PB electrolyte of pH = 6.84. The results of CV indicated sharp peak at potential of
0.39 V versus RHE, which was assigned to O2 reduction. The composite had good
reproducibility of CV data for 50 cycles and was stable for 24 h in a buffer solution
of pH = 7.
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Fig. 9 a Representation of Ru-UiO-67 deposited on FTO electrode and its symmetric unit. b SEM
image of Ru-UiO-67. CV plots of UiO-67 and Ru-UiO-67@FTO in c pH = 8.4 and d pH = 6.2.
Region of the RuIII/II coupling is shown in inset of c, d. Reprinted with permission from Ref. [65].
Copyright@2017 Royal Society of Chemistry

2.2.2 POM@MOF Composites

Anionic metal-oxide clusters of metals from d-block, called polyoxometalates
(POMs) are emerged as novel multifunctional materials with advantageous electro-
catalytic properties [67]. Incorporation of POMs into highly porous MOFs with high
surface areas can greatly increase the dispersion of POMs. In addition, high thermal
stability, recyclability and easy structural tunability are the significant advantages
of POM-based MOF materials as heterogeneous catalysts with enriched catalytic
properties. Three different types of POM@MOF composite materials can be pre-
pared which includes (i) POMs as nodes directly connecting with organic linkers,
(ii) POMs inside the pores of MOFs and (iii) porous POM-pillared coordination
polymers (Fig. 10a).

There are several reports on POM-based MOFs for the electrochemical applica-
tions particularly for HER [51, 52, 68, 69]. Dolbecq and coworkers presented that
MOFs constituted using POMs could inherits catalytic properties of POMs and will
be useful for electrochemical reactions [68]. They reported the designing of a POM-
based MOF using ε-Keggin Zn building blocks. It was found that the POM-based
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Fig. 10 a Possible construction of different types of POM@MOF composites. b Crystal structure
of (b) NENU-500 and (c) NENU-501. c Comparison of linear sweep voltammetry plots of different
materials. d Tafel plots for NENU-500, NENU-501 and related compounds after coating on elec-
trodes in acidic solution. Reprinted with permission from Ref. [53]. Copyright@2015 American
Chemical Society

materials displayed excellent catalytic behavior for HER with a high TOF (6.7 s−1)
at η = 200 mV in aqueous solution. CPE measurements at E = −0.2 V versus RHE
indicated 95% higher FE and a large TOF (6.7 s−1). Bonding the redox activity of
POMs and porous MOFs, Lan, Zhou and coworkers have also reported the POM-
based MOFs, NENU-500 ([TBA]3[ε-PMoV8 MoVI4 O36(OH)4Zn4][BTB]4/3·xGuest)
and NENU-501 ([TBA]3[ε-PMoV8 MoVI4 O37(OH)3Zn4][BPT], as efficient electrocat-
alysts for HER (Fig. 10b–e) [53]. NENU-500 exhibited outstanding performance for
HER in acidic solution (Fig. 10d, e). Owing to its high stability, large porosity, and
abundant active sites, NENU-500 is recognized for its best electrocatalytic perfor-
mance for HER performance among all MOFs. The current studies on POM-based
MOFs demonstrate that with high porosity and stability, these materials have a lot
of opportunities as hydrogen-evolving electrocatalysts with outstanding activity.

Mixed-valent [ε-PMoV8 MoVI4 O40Zn4] (εZn) Keggin units have also been reported
for their HER catalytic performance [70]. The POM-based MOFs were designed
usingmetallic cations [M(bpy)3]2+ (M=Co, Ru) and tritopic/ditopic organic linkers.
Their electrocatalytic HER performance was measured in 0.1 M H2SO4 (pH = 1.0)
aqueous solution. Reduction of protons was found to be responsible for this catalytic
activity at potentials below −0.6 V versus Ag/AgCl. From this study, it can be
concluded that the existence of monovalent cations such as TBA+ or PPh+4 in POM-
based MOFs resulted in better catalytic properties of these compounds as compared
with the bigger divalent counterions like [M(bpy)3]2+ (M = Ru, Co). However, the
dimension of crystal structure and the nature of POM unit did not affect much on
electrocatalytic properties.
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2.2.3 Graphene/Carbon@MOF Composites

MOFs are known as low conducting materials; hence, to overcome this disadvantage
of MOFs, researcher have designed their composite with highly conducting mate-
rials such as graphene, which can improve the conductivity of MOFs and further
expand their applications as electrocatalysts. In efforts to enhance the conductiv-
ity of pristine MOFs, a Cu-MOF composite with GO, (GO X wt%) Cu-MOF, was
reported as catalyst for HER, OER and ORR. The catalytic activity of the composite
materials with various GOweight% in theMOFwas investigated [71]. The Cu-MOF
composite with 8 wt% GO exhibited excellent catalytic performance for different
electrochemical reactions and better stability in acid media as compare to intrinsic
MOF.

Nitrogen doped graphene and other carbon materials with their high electrical
conductivity are well-known for non-Pt-based ORR catalysts [72]. Combining their
high conductivity feature with porosity of MOFs is quite successful for improving
electrocatalytic properties. Hence, the ZIF-67/N-doped carbon composites in differ-
ent ratios have been investigated for ORR performance in 0.1 M KOH with n value
of ~4 (0.55 V vs. RHE). CPE indicated that the ZIF-67/N-doped carbon with 2:1
ratio have good stability for more than 10,000 s [57].

2.2.4 Metal-Based NP@MOF Composites

MOFs with a large number of nanopores can also be used as templates for hosting
metal-based NPs [73, 74], which could be used as efficient electrocatalysts [75].
Hupp and coworkers presented NU-1000 ([Zr6(μ3-OH)8(OH)8(tbapy)2]) as scaf-
folds for designing Ni–S rods with higher surface area, which exhibited improved
electrocatalytic activity for HER in comparison to MOF-free Ni–S [76]. NU-1000
thin films were synthesized on FTO using hydrothermal process, and Ni–S were
then fabricated at the end terminals of the NU-1000 nanorods via electrodeposition,
leading to the NU-1000/Ni–S composite on electrode surface. By integrating with
MOFs, the active surface area of the metal-sulfide based catalyst was enhanced,
which improved the catalytic activity. Suh and coworkers have designed CuS NPs
within HKUST-1 ([Cu3(BTC)2·(H2O)3]), which showed the excellent ORR activity
in an alkaline solution (Fig. 11) [62]. With the increase of Cu–S content in the MOF,
the conductivity was found to be enhanced significantly. This new composite mate-
rial that consists of 28 wt% Cu–S NPs in MOF template showed the onset potential
of 0.91 V versus RHE via four electron transfer pathways (Fig. 11b, c). Metal oxide
NPs can also be embedded in the MOFs, which can prevent them to aggregate dur-
ing the chemical processing and hence improve their catalytic activities as well as
stability in the framework. Yin and coworkers have prepared a ε-MnO2@Fe-MOF
composite, in which nanorod particles of ε-MnO2 were embedded separately on the
surface of a Fe-MOF template [77]. With improved structural morphology, this ε-
MnO2@Fe-MOF composite showed remarkable ORR electrocatalytic activity and
good stability in an alkaline solution as compare to the intrinsic ε-MnO2.
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Fig. 11 a Synthetic scheme of nanosized-CuS(xwt%)@Cu-BTC and nano-CuS(99wt%). bLinear
sweep voltammetry curves for composites I–VIII in 0.1MKOH at scan rate of 10mV s−1. cKinetic
current density measured at 0.40 and 0.55 V versus RHE. I = Cu-BTC, II = (1.4 wt%)nano-
CuS@Cu-BTC, III = (5.3 wt%)nano-CuS@Cu-BTC, IV = (8.8 wt%)nano-CuS@Cu-BTC, V =
(28 wt%)nano-CuS@Cu-BTC, VI= (56 wt%)@nano-CuSCu-BTC, VII= (99 wt%) nano-CuSand
VIII = Pt/C. Reprinted with permission from Ref. [62]. Copyright 2016 John Wiley and Sons

2.2.5 MOF Grown on Substrates

Integration of catalytic functional materials into MOFs have been extensively
reported with improved catalytic performances. However, for practical applications
of MOFs and their composites as electrodes, it is needed to fabricate them in the
form of uniform membranes. Uniform growth of MOFs into a thin film can not
only improve the charger transfer but also expose more active metal sites, and hence
MOFs in form of thin films or sheet could exhibit the better catalytic activity. In this
regard, there are few examples, where MOFs have been grown either on a particular
substrate or utilized as the self-supported electrode materials for electrocatalysis. In
2016, Tang and coworkers have reported ultrathin nanosheets ofNiCo-based bimetal-
lic MOF on the surface of copper foam, which showed improved OER activity due to
high conductive nature of copper form as compared to glassy carbon electrodes [78].
Zhao and coworkers have also reported ultrathin MOFs array grown on different
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substrates (e.g., nickel form (NF), glassy carbon (GC), etc.) which displayed good
catalytic activities for both the OER and HER [79]. The electrical conductivity of
ultrathinMOFnansheets grown on the surface ofNFwas investigated,whichwas sig-
nificantly higher than bulk MOFmaterial and was the main contributor towards high
catalytic performance of the ultrathin MOFs array. Recently, Fischer and coworkers
have reported the growth of surface-mountedMOF (SURMOF) thin films directly on
electrode via layer-by-layer deposition [80]. These SURMOF films and their deriva-
tives (SURMOFD) showed an excellent mass activity of 2.5mAμg−1 at η = 300mV
for OER with high stability (100 h). The catalytic performance of SURMOFD was
found to be highly reliant on thickness and shape of the MOF films. Approach to
control the thickness and morphology of self-supported MOF composite electrodes
was also reported, where a NiFe alloy foam (NFF) has been used as a substrate as
well as metal source (Fig. 12a) [81]. Ni(Fe)-MOF nanosheets with ultralow thickness
of ~1.5 nm have been constructed on the surface of NFF as self-supported NiFe-NFF
electrode, which showed outstanding OER properties with current densities of 10
and 100 mA cm−2 at overpotentials of 227 and 253 mV, respectively (Fig. 12b, c).

Fig. 12 a Illustration for the preparation of the free-standing NiFe-NFF electrode. b LSV plots
and c the overpotentials and current density relation for the electrodes. Reprinted with permission
from Ref. [81]. Copyright 2016 John Wiley and Sons
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Outstanding electrocatalytic performance of the NiFe-NFF electrodes was due to the
nanoarchitecture of MOF composite, which provided additional active metal sites,
Ni and Fe interactions and improved conductivity.

Lu and coworkers have reported a bimetallic MOF, which displayed superior
catalytic activity for water splitting after its fabrication on the surface of NF [82].
MIL-53(FeNi) grown on NF have also showed excellent catalytic activity for OER in
1 M KOH with the current density of 50 mA cm−2 at η = 233 mV and Tafel slope =
31.3 mV dec−1 [83]. The 3D NF is one of the suitable materials for electrocatalysis
due to its high porosity, high conductivity and mechanical strength. The growth of
MOFs on NF is a quite successful technique to develop binder-free 3D electrodes,
which not only increases the charge transfer inMOF/NF, but also improves mechani-
cal stability. Besides, NF provides extra Ni metal center, which increases the number
of active metal cites on bimetallic MOFs [83].

In short, the integration of MOFs and other functional materials could combine
the characteristics and advantages of them, providing great potential for electrocat-
alytic applications. A list of different MOF composites for HER, OER and ORR
applications is given in Table 2.

2.3 MOF-Derived Materials as Electrocatalysts

Although intrinsic MOFs exhibit excellent electrocatalytic activities; however,
their low electrical conductivity and poor stability in acidic/basic media prompt
researchers to search for alternative routes to use MOFs. Hence, since the first study
in the synthesis of porous carbons fromMOFs reported byXu et al. [88], the pyrolysis
ofMOFs at high temperature provides an effective way to obtainMOF-derivedmate-
rials for efficient electrocatalytic applications. Generally, two kinds of carbon-based
materials, i.e., pure porous carbons and carbon composite materials, can be derived
fromMOFs depending on pyrolysis conditions. Carbon-basedmaterials derived from
MOFs usually have the advantageous features of high porosity and surface areas,
appropriate doping of nitrogen and/or metal-based components, more catalytically
active sites and efficient electron transfer paths. Numerous MOF-derived materi-
als have been reported for their excellent catalytic performance as electrocatalysts
(Table 3). The electrocatalytic properties ofMOF-derivedmaterials are highly depen-
dent on the pyrolysis conditions, including heating temperature, holding time, and
gas flow etc.

Pyrolysis of ZIF-8, a MOF known for its high thermal stability and surface area,
produced a high N-doped carbon material with N of 8.4%, while not compromis-
ing on surface area and porosity [89]. Pyrolyzed ZIF-8 showed an excellent HER
activity at cathodic polarization treatment for 6 h in 0.5 M H2SO4 solution. Nano-
sized FeCo alloy embedded in N-doped graphene derived from a Co–Fe containing
MOF as stable HER catalyst were reported by Chen and coworkers in 2015 [90].
Electrochemical study revealed that this MOF-derived hybrid material displayed
the excellent HER activity with an overpotential of η10 = −0.262 V versus RHE
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Table 3 Examples of MOF-derived materials as electrocatalysts for HER, OER and ORR

MOF derivatives Short names Electrochemical
reactions
(electrolyte)

η10
(mV)
versus
RHE

TS
(mV dec−1)

References

CoSe2
nanoparticles
anchored on
carbon fibers

ZIF-67 HER (1 M
KOH)

95 52 [117]

Hollow CoS2
nanotube arrays

ZIF-L(Co) HER (1 M
KOH)

193 88 [118]

Ni–Co bimetal
phosphide
nanotubes

MOF-74 HER (1 M
KOH)

129 52 [119]

RuCo@N-doped
C

Co3[Co(CN)6]2
Prussian blue
analogue

HER (1 M
KOH)

28 31 [120]

N-Doped
C@Co–N-doped
C core–shell
nanocages

ZIF-8@ZIF67 OER (0.1 M
KOH)

410 91 [121]

Hollow Co3O4
nanospheres in
N-doped C

ZIF-L(Co) OER (1 M
KOH)

352 N/A [122]

Ni–Co bimetal
phosphide
nanotubes

MOF-74 OER (1 M
KOH)

245 61 [119]

Hollow CoS2
nanotube arrays

ZIF-L(Co) OER (1 M
KOH)

276 81 [118]

CoSe2
nanoparticles
anchored on
carbon fibers

ZIF-67 OER (1 M
KOH)

297 41 [117]

N-Doped C
nanotube
frameworks

ZIF-67 OER (0.1 M
KOH)

370 93 [123]

N-Doped C
nanotube
frameworks

ZIF-67 ORR (0.1 M
KOH)

N/A 64 [123]

Hollow Co3O4
nanospheres in
N-doped C

ZIF-L(Co) ORR (1 M
KOH)

N/A 51 [122]

Co single atoms
on N-doped C

Bimetallic
Zn/Co-MOF
(ZIF-8/67)

ORR (0.1 M
KOH)

N/A 75 [124]

(continued)
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Table 3 (continued)

MOF derivatives Short names Electrochemical
reactions
(electrolyte)

η10
(mV)
versus
RHE

TS
(mV dec−1)

References

Honeycomb-like
carbon-based
framework

CoAl-LDH@ZIF-67 ORR (0.1 M
KOH)

N/A 63 [125]

N-Doped
C@Co–N-doped
C core–shell
nanocages

ZIF-8@ZIF67 ORR (0.1 M
KOH)

N/A 51 [121]

and high stability even for more than 10000 cycles. Benefited from the high ther-
mal stability, Co-based ZIF-67 is also one of the most commonly used MOFs for
preparing various electrocatalysts. Xia and coworkers have also reported the HER
catalytic activity of cobalt NPs inserted in a nitrogen-doped carbon material, attained
by low-temperature pyrolysis of ZIF-67, with η10 = 0.339 V versus RHE and Tafel
slope = 119 mV dec−1 [91]. Careful control of the pyrolysis of MOFs can even get
the desired catalytic materials with intriguing morphologies. Chen and coworkers
reported the carbonization-oxidation-selenylation process of ZIF-67 to design CoSe2
nanoparticles integrated in defect carbon nanotubes (CoSe2@DC), which displayed
outstanding HER catalytic performance (Fig. 13) [92].

The pyrolysis of ZIF-67, PEG-2000, urea and boric acid, followed by phosphida-
tion resulted in the formation of CoP@BCN-1 nanotubes, which exhibited excellent

Fig. 13 aDesigningmethods for the metal compound@ carbon via oxidation. b Systematic prepa-
ration of CoSe2@DC. c Tafel plots of inorganic materials and derived materials. d Nyquist plots
of the various compounds coated on electrodes (Circuit diagram and Nyquist plots of CoSe2@DC-
modified electrodes is shown in inset). e Capacitive current versus scan rate. f Chronoamperometric
behavior (polarization curves in inset) for CoSe2@DC. Reprinted with permission from Ref. [92].
Copyright@2016 Elsevier
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electrocatalytic activity for HER in 1 M KOH (alkaline; pH = 13.9), 0.5 M H2SO4

(acidic; pH = 0.3) and 1 M phosphate (neutral; pH = 7) solutions [93]. With more
active sites in CoP@BCN-1 nanotubes, ZIF-derived electrocatalysts showed lower
overpotentials of 87, 215, and 122 mV in acidic, basic and neutral buffer solutions,
respectively. Cobalt-nitrogen-doped graphene aerogel (Co–N–GA) electrocatalyst
was also investigated by the pyrolysis of the MOFs@GA composite, which was syn-
thesized by the reaction of Co(ii) ions on graphene oxide (GO) sheets and 5-amino-
1H-tetrazol [94]. Co–N–GA inherited the highly ordered porosity fromMOF, which
led to its superior electrocatalytic performance as compared to other non-noble metal
HER catalysts.

ZIFs have been extensively utilized for the derivation of carbon-based materials.
However, many carboxylate linker-based MOFs have also been pyrolyzed to form
metal-doped carbon-based materials. Lee and coworkers have reported the pyroly-
sis of a 2D sheet structured Co-based MOF and hexamethylenetetramine at 650 °C
in argon atmosphere, which resulted in the development of 2D layers of Co/N-
carbon [95]. This composite showed quite good HER catalytic performance with a
low overpotential of η10 = 103 mV versus RHE, high-cycle durability and stabil-
ity. Beside Co-based MOF, Wang and coworkers have investigated a Ni-containing
MOF, [Ni2(BDC)2Ted], to derive carbon materials, which can show electrocatalytic
activity for HER [96]. Nanoparticles of Ni with surface nitridation on the carbon
sheets derived from the Ni-based MOF were mainly responsible for improving the
HER catalytic performance. In a two-step process, N-doped graphene oxide/nickel
sulfide (NGO/Ni7S6) composite nanosheets resulted from the pyrolysis of Ni-MOF-
74 possessed highly order porosity, nitrogen contents, accessible nickel active sites,
good mass transfer, and high stability against corrosion, showing excellent HER
performance [97].

In Sect. 2.2.3, it has been reported that the combination of MOFs and graphene is
useful to improve the overall electrical conductivity for prompting their electrocat-
alytic performance. Alternatively, graphitic carbon with uniform metallic nanopar-
ticles can be obtained upon the pyrolysis of a MOF in an inert atmosphere, which
could be used as efficient electrocatalysts [98]. Jiang and coworkers have reported the
Ni@graphene derived from a Ni-based MOF, which exhibited tremendous catalytic
activity in a 1.0 M KOH solution [99]. This MOF derived Ni-based electrocata-
lysts with excellent HER as well as ORR performance represents an ideal material
to be used for water splitting. ZIF-8 nanocrystals fabricated on GO (ZIF-8@GO)
were treated at 900 °C to design N-doped porous carbon@graphene (N-PC@G)
with high porosity (1094.3 m2 g−1), micro- and mesopores, appropriate N content,
and high degree of graphitization [100]. This N-PC@G-0.02 exhibited tremendous
electrocatalytic activity for ORR and high stability.

The conditions of pyrolysis or thermal treatment are significantly important for
the final state of the metals in the derived materials and their morphologies. For
instance, nanoporous carbon–cobalt oxide hybrids have been reported, which were
obtained by the pyrolysis of a cobalt-based ZIF-9 in two-step process as shown in
Fig. 14 [101]. The transformation of cobalt to cobalt oxide was highly dependent on
the conditions of thermal treatment. Despite the lower surface area, the Z9-800-250
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Fig. 14 a Schematic illustrations for the preparation of carbon–cobalt oxide composites via 2-step
thermal processing of ZIF-9. b Polarization plot for ORR of different electrodes modified with Z9-
900-250, Z9-800-250, Z9-700-250 and Pt/CB at 2000 rpm and 5mV s−1. Reprintedwith permission
from Ref. [101]. Copyright@2014 John Wiley and Sons

sample exhibited improved electrocatalytic performance for ORR as compared to the
Z9-900-250 sample, which is due to better conversion rate ofmetallic cobalt to cobalt
oxide for Z9-800-250. Shape and size of the parental MOFs are also important to
get the derived porous materials with desired nanoscale morphologies and optimized
functionality. Co NP-contained nitrogen-doped carbon polyhedrons were prepared
from ZIF-67, where the derived materials preserved the size and morphology of the
parental MOF [102]. The nano-sized MOF derived materials exhibited improved
performance towards ORR in acidic solution as compared with those derived from
large-sized MOF precursors.

Bimetallic MOFs are also good candidates for the design of high-performance
ORR electrocatalysts. The pyrolysis of the Zn–Co bimetallic MOF afforded the Co–
N–C electrocatalyst with high porosity (~500 m2 g−1), orderly-distributed Co NPs
(∼9.5 nm), and appropriate N contents (8.5%) [103]. The catalytic properties of
this porous Co–N–C polyhedron electrocatalysts have been tested in different buffer
solutions and found that it exhibited good catalytic activity and stability, comparable
to thewell-known commercialORRcatalytic Pt/C, as shown in Fig. 15.MOF-derived
Co,N-doped carbons have also been synthesized via a mesoporous silica (mSiO2)-
protected calcination method [104]. Zn–Co bimetallic ZIF NPs were coated with
mSiO2 and treated at 900 °C. Outer coating of mesoporous silica prevented the
aggregation of Co,N-doped carbon material particles and the mSiO2 was finally
removed by chemical wet etching. This MOF-derived material exhibited excellent
catalytic activity for ORR in alkaline solution.

Beside metal/metal oxide NP-embedded carbon materials, there are also many
reports on the preparation and electrocatalytic properties of MOF-derived metal
phosphides, sulfides, and so on. Zhu et al. have constructed the N and S dual-
doped honeycomb-like porous carbons immobilizing cobalt sulfide nanoparticles
(Co9S8@CNST ) from a MOF, which exhibited excellent catalytic performance for
ORR (Fig. 16) [105]. The unique structural and doping properties with increased
accessible active sites with synergetic interactions and enhanced mass transport of
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Fig. 15 Schematic preparation of Co–N–C via carbonization without any post-treatment. MOF-
derived Co–N–C exhibited excellent ORR activity that is comparable and much stable than Pt/C
in different electrolytes. Reproduced with permission from Ref. [103]. Copyright@2015 American
Chemical Society

oxygen and electrolyte in this open nanostructure led to notably superior ORR cat-
alytic activity and long-term stability under alkaline conditions. The pyrolysis of
core–shell ZIF-8@ZIF-67 material resulted in the generation of CNTs on the top
of a polyhedron, which was further treated by oxidation–phosphidation process to
form CoP NPs integrated in N-doped carbon hollow polyhedra (NCNHP) [106].
The resulting CoP/NCNHP was used for water splitting, with excellent bifunctional
catalytic properties. Ni–Co–P/C nanoboxes were derived from ZIF-67 following
several steps [107]. The reaction of ZIF-67 nanocubes prepared by a surfactant-
supported method with Ni(NO3)2 resulted in the formation of Ni–Co LDH on the
surface of ZIF-67 nanocubes (ZIF-67@LDH nanoboxes), which were subsequently
treated with NaH2PO2 to form Ni–Co P/C catalyst. This bimetallic phosphide cat-
alyst exhibited excellent OER activity. With the advantage of higher contact area
on electrode, the nanobox like hollow architectures of bimetallic phosphide derived
from MOFs afforded better OER performance as compared with the bulk counter-
part. Similarly, mix-metal nanocages (Ni–Co based Prussian blue analogue) have
also been derived from MOFs, which possessed huge electrolyte/electrode contact
area and hence showed good OER activity [108].

Pyrolysis of MOFs can result in the formation of the derivates in the form of
either single metal atom doped or metal derivative doped carbon materials. Recently,
single-atom catalysts have been widely used due to the fine dispersion of single
metal active sites. There are several methods to achieve such dispersed single atom
active sites on the support materials, such as metals trapped on N-doped carbon
materials [109]. Metal nodes and organic linkers are periodically arranged in the
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Fig. 16 a Illustration of the honeycomb-like porous structure of Co9S8@CNST catalysts; b SEM
and c TEM images of Co9S8@CNS900; d ORR catalytic properties of Co9S8@CNS900 and com-
mercial 20 wt% Pt/C catalyst. Reproduced with permission from Ref. [105]. Copyright@2016 John
Wiley and Sons

MOFs, which provides an opportunity to further treat them in order to design such a
catalyst, where the active sites are single atomically distributed (called a single metal
atom-doped carbon) [110]. Pyrolysis of MOFs can form a single metal atom-doped
carbon materials (M–N–C) as excellent catalytic properties [111]. Li and coworkers
have synthesized a N-doped single-atom carbon catalyst for ORR, from a bimetallic
Zn/Co-basedMOF[112].Addition ofZn ions in precursor resulted in the formation of
long-distance dispersion of Co ions, stabilized byN (derived after pyrolysis ofMOF).
Similarly, a N-doped Fe-single-atom porous catalyst, derived from aMOF composite
has also been reported with a unique hierarchical structure having macro-, messo-
andmicrospores [113]. This Fe/N-GPC electrocatalyst was prepared by the pyrolysis
of FeD@MIL-101-NH2 composite and showed outstanding catalytic performance
for ORR in alkaline solution, owing to the more accessible active sites and the mass
diffusion (Fig. 17). A similar ORR catalyst (Fe/N-GPC) was also designed by the
pyrolysis of core-shell Fe(acac)3@ZIF-8. Pyrolysis at 800 °C provided the N-doped
carbon, while single Fe atoms dispersed on N was achieved from Fe(acac)3 [114]. A
mixedmetals based carbon catalyst [CoFe@C], prepared by the one-step pyrolysis of
dualmetal-dopedZn-MOF, exhibited excellentORRperformance due to periodically
dispersion of Co and Fe on porous carbon [115, 116]. Recent studies showed that
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Fig. 17 a Illustration of the hierarchical porous Fe/N-GPC catalysts with atomic Fe and N doping;
b TEM images of Fe/N-GPC; c ORR catalytic properties of Fe/N-GPC, comparative samples and
20 wt% Pt/C catalyst. Reproduced with permission from Ref. [113]. Copyright@2017 American
Chemical Society

the single metal atom-doped carbon materials derived from MOFs have significant
superior performance as catalysts over traditional metals.

3 Conclusion

In this chapter, we have discussed variousMOFs, their composites andMOF-derived
materials as catalysts various electrochemical reactions, including HER, OER, ORR
and other redox reactions. MOFs with their advantageous features such as ultrahigh
porosity, large surface areas and structural tunability have significant applications
in redox chemistry. However, their low stability and conductivity are the negative
factors, which should be controlled in order to improve their electrocatalytic prop-
erties. In order to improve the catalytic behaviors, MOFs are composited with con-
ducting materials like graphene, metal NPs, metal oxides/sulfides and so on, which
not only enhances their electrical conductivity but also gives additional electrocat-
alytic features. The unique morphologies and ultrahigh surface areas of MOFs fur-
ther prompted researchers to pyrolyze them to drive carbon-based materials, which
can inherit MOFs’ high surface areas and morphologies and perform better elec-
trocatalytic activity and stability than the original MOFs. A series of MOFs, their
composites, and MOF-derived materials are discussed here for their electrocatalytic
applications. Nonetheless, further investigations are still essential in the field ofMOF
electrocatalysts. Crystal design and structural morphologies, theoretical simulations,
and computational studies should be further performed, which could help to optimize
and evaluate their electrochemical properties.
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Abstract The amount of energy that has being required to keep the well-being of
our society is increasing continuously imposing an urgent need for renewable and
less pollutant alternative energy sources to fossil fuels, whose consumption in inter-
nal combustion engines and electric power plants are responsible for unprecedented
atmospheric pollution, particularly concentrated in large cities. Another consequence
seems to be the general increase of temperature of the planet leading to climate
changes and catastrophic extreme events. Thus, the possibility of reserves depletion
and global environmental issues associated with its use are prompting the search for
clean renewable energy sources, as well as the development of efficient and more
robust energy storage systems. The most promising one for such a purpose is based
on the splitting of water in a photosynthetic system to store the energy of Sun as
hydrogen and oxygen. In order to realize such a technology, new more efficient
electrocatalysts for oxygen and hydrogen evolution reaction based on single-atom
catalysts, especially designed to exploit the maximum potentiality of the elements,
are being developed, fueled by increasingly powerful theoretical modelling and char-
acterization tools, thus paving broad roads towards a bright and sustainable society.
The main advancements for preparation and characterization of such novel strategic
materials are considered in this account. Furthermore, atomic scale modelling based
on density functional theory is also discussed in the context of the unique electronic
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structure that leads to superior catalytic activity, highlighting its potential to advance
this important scientific field.

Keywords Single-atom catalyst · Water splitting · Oxygen evolution reaction ·
Hydrogen evolution reaction · Synthesis · Theoretical modelling
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1 Introduction

There is a consensus that technological, economical, and social development are
strongly dependent on sustainable energy sources, alternative to fossil fuels responsi-
ble for the green-house effect and global warming, as well as unacceptable imbalance
in the environment that can be responsible for large-scale disasters in near future.
Among the alternatives, water splitting has attracted large interest due to the possi-
bility of producing high energy hydrogen and oxygen gas molecules that can then be
recombined regenerating water while generating energy, for example in fuel cells, in
an environmentally benign closed cycle.

Among the possibilities, the electrolysis of water (Fig. 1) is the most promis-
ing process [1] but the electricity must come ideally from clean and inexhaustible
primary source such as from the Sun, directly as light, or as wind, waves, and hydro-
electric energy, as well as geothermal sources, instead of from fossil fuels. In that
process, water is reduced and oxidized respectively to hydrogen (Hydrogen Evolu-
tion Reaction, HER) and oxygen (Oxygen Evolution Reaction, OER), in alkaline or
acidic conditions, as shown in Scheme 1. However, despite the apparent simplicity,
that reaction is plagued by quite high overpotentials, particularly the OER involving
4H+ and 4e−, and the formation of an O=O bond. In fact, this has been the bottle
neck for the development of more efficient fuel cells and water splitting systems,
demonstrating the relevance of electrocatalysts with lower overpotentials and high
current efficiency.

Another fundamental question come from the fact that HER and OER are cou-
pled together and must take place in the same electrolyte solution, implying that the
electrode materials for both processes must be stable at the operation conditions.
Generally, the cathode and the anode are separated by an ionic conducting mem-
brane avoiding the diffusion of H2 into O2 gas, and the charge build-up during the
electrolysis by allowing the exchange of ions in between the anodic and cathodic

Fig. 1 Illustration showing a
typical water splitting system
constituted by two electrodes
and a ion transport
membrane. The negative and
positive electrodes are made
of a HER and OER catalyst
respectively
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Scheme 1 Water splitting
reaction in acidic and
alkaline conditions

chambers. The reduction of water takes place in the negatively polarized electrode
made of, or coated with a suitable HER catalyst, generally based on platinum. The
complementary oxidation reaction must take place in the positively polarized elec-
trode made of, or covered with an efficient OER catalyst generally based on iridium
oxide (IrO2) and ruthenium oxide (RuO2) [2].

The strategic relevance of water splitting catalysts have prompted researchers to
test and seek for newmaterials with high activity as well as chemical and mechanical
stability. Miles and Thomason demonstrated in 1976 that the catalytic activity in
0.1 M H2SO4, at 80 °C [3] is dependent on the metal element (Fig. 2). The best

Fig. 2 Plot of potential (vs. SCE) at current density of 2 mA cm−2 in 0.1 M H2SO4 at 80 °C,
determined by cyclic voltammetry at v = 50 mV s−1, as a function of the atomic number of the
metallic elements. Figure reproduced from [5] with permission of Elsevier
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electrocatalysts for HER were found to be Pd > Pt ≈ Rh > Ir > Re > Os ≈ Ru > Ni,
whereas the best ones for OER are Ir ≈ Ru > Pd > Rh > Pt > Au > Nb.

However, all metallic catalysts for water oxidation has the disadvantage to be
unstable and been more or less easily converted to the respective oxides in operation
conditions, where the chemical stability tend to be inversely proportional to the
activity of the metallic material [4]. Accordingly, the development of new more
chemically and mechanically resistant but highly active materials such as the metal
oxides became of strategic relevance.

Among all metallic oxides, RuO2 is the one commonly employed in OER given
its high catalytic activity and low overpotentials in acidic and alkaline conditions
[6], as well as high conductivity of the single crystals of about 104 cm−1 �−1 [7].
However, it is not immune to corrosion in acidic solutions and anodic potentials
above 1.4 V (SCE) due to the formation of soluble oxides such as RuO4 [8]. A
generally used alternative is IrO2, an oxide of a less abundant element exhibiting
larger overpotentials but significantly larger stability in acidic solution (up to 2.0 V).
Newmixed ruthenium and iridium oxide catalysts and Ru-Ir metal alloys [9–12] with
enhanced stability have being developed, but the use of noble metals for OER and
HER increase the operation cost decreasing the competitiveness of the technology.
Thus, it is of uttermost relevance finding low cost and highly efficient and stable
alternative materials to make water splitting a widely used technology.

In this context, metal oxides/hydroxides of more abundant elements have been
explored as both, HER and OER catalysts. The most commonly explored materials
for the reduction reaction are based on iron, nickel, copper, cobalt, molybdenum and
tungsten since exhibit quite high electrocatalytic activity and are much more abun-
dant than platinum, the standard catalyst. In fact, sulfides, carbides, nitrides, selenides
and phosphides of those metal elements have been investigated as hydrogen evolu-
tion catalysts [13, 14]. On the other hand, oxides/hydroxides of nickel, cobalt and
manganese have being studied as catalysts for the oxygen evolution reaction showing
much lower performance than noble metals such as Ir and Ru [15–17], but that have
been significantly improved in the last five years. In addition, carbonmaterials such as
graphene [18, 19], carbon nanotubes (CNT) [20], nanographite [21], fullerenes [22]
and carbon hybrid materials [23] have evolved as excellent alternatives exhibiting
good catalytic activity and very high stability at water splitting operation condi-
tions. They have additional interesting properties such as high electric conductivity
and mechanical resistance, high surface area and adsorption capacity, and can have
high concentrations of functional groups to anchor other catalysts. Accordingly, they
can be excellent building-blocks and co-catalysts for the development of hybrid and
composite nanomaterials with interesting synergic effects.

Despite all those possibilities, the quest for HER and OER catalysts that can fulfill
all the stringent requirements for real application are on the way, and precious metal
are still being largely in use. However, in the beginning of this decade the concept of
“Single-Atom Catalyst”, SAC, was put forward opening wide new perspectives for
the area as discussed now on.



72 R. R. Guimaraes et al.

2 Single-Atom Catalysts (SACs)

Molecular homogeneous catalysts tend to exhibit larger catalytic activity as com-
pared with the solid-state materials since each of them presents an available active
site. In contrast, only the sites on the particle surface are available for reaction in solid
state catalysts. Accordingly, they are always prepared in such a way to maximize the
surface area creating the highest as possible concentration of active sites, generally
metal ions with open coordination sites, or highly acidic sites. In this context, mini-
mizing the particles sizes is a very efficient strategy since the amount of such defects
is inversely proportional to the square of radius, if spherical particles are considered.
Accordingly, researches were focused on minimizing the size of the catalytic active
particles as much as possible, if possible down to or below nanometer size.

However, such a focus was completely changed in 2003 when Fu, Saltsburg and
Flytzani-Stephanopoulos [24] reported the successful preparation of a catalyst for
water-gas shift reaction based on CeO2 nanoparticles (NPs) but with gold and plat-
inum deposited on the surface. The NPs were previously doped with La2O3 gen-
erating oxygen atom vacancies increasing their thermal stability, and subsequently
treated with HAuCl4 and H2PtCl4 solution. Interestingly enough, the material with
less than 1 wt% of Au enhanced in 2 orders of magnitude the water-gas shift reac-
tion, exhibiting a catalytic activity comparable to the commercial Cu–ZnO–Al2O3

(G-66A) catalyst. And, surprisingly, the Au+1,+3 species, and Pt+2,+4 in the case of
the platinum derivative, were found to be responsible for such an impressive activity,
after their removal with sodium cyanide and analyses. This achievement demon-
strated that it is possible to use minimum amounts of precious metals to get new
economically more attractive and environmentally more friendly high-performance
catalysts.

The term “Single-Atom Catalyst” was coined and first introduced by Zhang
and collaborators [25] in 2011 when they reported the preparation of Pt1/FeOx,
a material constituted by iron oxide nanocrystals with single Pt atoms anchored
on the surface by coprecipitation, under rigorous pH and temperature control.
They realized a material with 0.17 wt% of Pt attached to surface defects of FeOx

nanoparticles exhibiting specific reaction rates for CO reduction by H2 as high
as 0.435 molCO h−1 g−1

Pt , twice as large as compared with the standard Au/Fe2O3

catalyst. The characterization by atomic resolution high-angle annular dark-field
and sub-ångström-resolution aberration-corrected scanning transmission electron
microscopy (HAADF-STEM, Fig. 3a, b) clearly revealed the presence of single
Pt atoms (white circles) homogeneously dispersed on the iron oxide surface.

The crystallochemical nature of the Pt atoms on the FeOx nanoparticles surface
was determined by extended X-ray absorption fine structure (EXAFS) using mate-
rials with increasing concentrations of Pt, that showed peaks at ~1.7 Å and ~2.5 Å,
respectively assigned to Pt–O and Pt–Pt bond distances (Fig. 3c). Nevertheless, the
material with 0.17 wt% of Pt exhibited only the Pt–O peak as expected for the pres-
ence of single Pt atoms attached to the iron oxide surface. In contrast, both peaks
were found in the material with 2.5 wt% of Pt clearly indicating the presence of small
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Fig. 3 a, b HAADF-STEM images of sample A. In sample A, Pt single atoms (white circles) are
uniformly dispersed on the FeOx support (a) and occupy exactly the positions of the Fe atoms (b).
Examination of different regions reveals that only single Pt atoms are present in samples A and B
X-ray absorption spectra, as shown in (c). The k3-weighted Fourier transform spectra from EXAFS.
�k= 2.8–10.0 Å−1 was used for samples A and B, but�k= 2.8–13.8 Å−1 was used for Pt foil and
PtO2. The peaks at ~1.7 Å in the first shell of samples A and B are fitted to the Pt–O contribution
from the interaction between Pt and the FeOx support, and the very weak peaks at ~2.5 Å in the
second shell are fitted to the Pt–Fe coordination in sample A and the Pt–Pt coordination in sample
B, respectively. d The normalized XANES spectra at the Pt L3 edge of sample A, sample B, PtO2
and Pt foil. The data show a decreasing trend in the white-line intensities: PtO2 > sample A (used)
> sample A > sample B > Pt foil, which indicates that the Pt single atoms in sample A carry positive
charges and were oxidized further during the reaction. a.u. = arbitrary units. Figure reproduced
from [25] with permission of Springer Nature

Pt clusters in addition to isolated Pt atoms. In addition, normalized X-ray absorp-
tion near-edge structure (XANES) spectra of samples A and B presented peaks at
11.57 keV, similar to those found in PtO2 and metal Pt standards (Fig. 3d), respec-
tively indicated the predominance of Pt cations in the first and Pt0 on the sample
with 2.5 wt% Pt. Complimentary theoretical DFT study confirmed the high catalytic
activity of Pt1/FeOx and the stabilization, aswell as decrease ofCOadsorption energy



74 R. R. Guimaraes et al.

and the activation energy for reduction of CO induced by electron-transfer from the
Pt atoms to the iron oxide.

Accordingly, single-atom catalysts can be defined as materials containing isolated
metal atoms directly bond on a suitable supporting material that are responsible for
the catalytic effect. This can be any suitablematerial includingmetals (Fig. 4b),metal
oxides (Fig. 4a), or even carbon-based materials such as graphene (Fig. 4c). Clearly,
SACs are distinct materials when, for example, compared with hybrid materials or
functionalized nanoparticles such as titanium dioxide with ruthenium complexes
anchored on the surface [26] where two types of compounds can be easily distin-
guished. In SACs, the metal atoms can be sitting on specific coordination sites but
that are part of the supporting material structure rather than distinct entities.

When a bulk material is ground forming smaller and smaller particles, for exam-
ple microparticles, then nanoparticles, clusters, sub-nanoclusters and finally single-
atoms, the surface area is increased in many orders of magnitude, greatly increasing
the surface free-energy (Fig. 4d). Accordingly, single atoms have a strong tendency
to form bonds and aggregates, that should be carefully controlled in order to real-
ize materials with maximum concentration of active sites, overcoming the strong
metal-metal interactions. Thus, the metal atoms must be bond strongly enough on
the supporting material to stabilize and avoid the formation of clusters, demonstrat-
ing the fundamental relevance of choosing a suitable material to get durable SACs. In

Fig. 4 Schematic diagrams illustrating different types of SACs: Metal single atoms anchored to
ametal oxide and bmetal surfaces, and c graphene. Schematic illustration showing the surface free
energy and specific activity per metal atom as a function of metal particle size and the effect of the
support on the stability of single-atoms (d). Specific activity as a function of metal loadings/sizes
(e). Panel (a–e): Figure adapted and reproduced from [27] with permission of American Chemical
Society
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fact, this interaction must be accurately controlled since the presence of open coordi-
nation sites is responsible for the strongmetal-adsorbate/metal-substrate interactions
[27] leading to activation of the substrates in the catalytic processes. By using such a
strategy for the design and preparation of the catalyst material, it is possible to make
all metal atoms catalytically active, in contrast with conventional nanostructured
materials in which only a fraction of them will be actually available for reaction.
This can be easily confirmed by the increasing specific activity of nanostructured
catalysts when the particles size is decreased, as depicted in Fig. 4e, since more
and more non-accessible sites are exposed and activated as a function of the surface
area. Of course, this tendency reaches a maximum when all active sites are exposed
and available, exactly like in homogeneous catalysts. In this way, single-atom cata-
lysts have properties resembling homogeneous molecular catalysts such as very high
specific activity and well-defined local structures, combined with the robustness of
heterogeneous catalysts, and the advantage of using all noblemetal atoms as catalytic
active sites, thus increasing performance and lowering the production cost.

The features described above justify the great technologic, scientific and economic
expectations on SACs, and the number of related articles is increasing exponentially
(Fig. 5), reflecting the high relevance and increasing interest for that kind of mate-
rials. In fact, we are experiencing the beginning of a revolution on the design, as
well as preparation and characterization methods of catalytic materials, which may
open up whole new perspectives for the comprehension of the phenomena control-
ling the interaction of molecules and their activation for chemical transformations.
For example, we foresee a great impact of SACs for energy generation, for example
in water splitting and artificial photosynthesis, where increasingly efficient catalysts
for both, hydrogen and oxygen evolution reaction, are of uttermost relevance. The
development of oxidation catalysts enabling efficient and durable fuel cells based
in methanol, ethanol, formic acid and eventually glycerol also should bring great
technologic and economic impact. The atomic scale modelling based on density

Fig. 5 Number of
publications on single-atom
catalysts in the last eight
years (there is no
publications previous to
2011). Source Web of
Science-Clarivate Analytics
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functional theory brings a great deal of opportunities in this area. Assessment of the
thermodynamics of metal-metal and metal-substrate interactions can be achieved
unveiling the tendency for the formation of inactive metal clusters, which in turn
can guide the experimental activities [28]. The methodology, actually, allows the
screening in a large materials-library to explore novel substrates. Furthermore, such
theoretical framework has the potential to shed light on the reactionmechanisms pro-
viding accurate estimate of the reaction intermediates’ energetics [29, 30], as well
as fundamental understanding of the electronic structure on the metal center estab-
lishing the structure-activity relationships. Finally, joint theory-experiment studies
involving X-ray spectroscopy can be a powerful tool to disentangle the effects of the
metal centers and of the substrates [31].

In short, this chapter will be focused on the recent advances on single-atom cata-
lysts for electrochemical water splitting, more specifically, for HER andOER, partic-
ularly the type of materials, preparation methods and strategies used to get materials
with stabilized isolated highly catalytic active metal atom sites. In other words, we
would like to provide readers with an account on the state of the arts on SACs,
considering them not only from the experimental point of view but also relying on
theoretical modelling and calculations in order to answer key questions such as:
Which are the relevant parameters for building efficient SACs for water splitting?
Which are themost interesting substrates and bonding strategies to get isolated active
atoms or sites on the surface? Which are the techniques that we can relying on to
characterize SACs? Which are the theoretical models that we can rely on to model
SACs?

3 Density Functional Theory

The density functional theory (DFT) has become a powerful approach to solve the
many-electrons problem in atoms, molecules and solids unveiling their fundamen-
tal properties. DFT has been particularly successful in the field of catalysis (both
homogeneous and heterogeneous) because it provides a reliable way to access the
energetics of the reaction intermediates establishing the structure-properties-activity
relationships [32].

TheDFT is based on two theorems established byHohenberg andKohn (HK) [33].
The first one states that for any system of interacting electrons in an external potential
Vext(r), there is a one-to-one correspondence between the potential and the ground-
state electron density ρ0(r). As a consequence, the ground-state expectation value
of any observable can be written as a unique functional of the ground-state density
ρ0(r). It implies that by knowing the ground-state particle density it is possible to
reconstruct the system Hamiltonian and, by solving the Schrödinger equation, to
calculate the many-body wave function. Therefore, all observable quantities can be
obtained in a unique way from the density, which thus contain as much information
as the wave function does.



Single-Atom Electrocatalysts for Water Splitting 77

The second theorem states that for any external potential applied to an interacting
electron system, it is possible to define an universal total energy functional of the
electron density, which is written such as

E[ρ(r)] = EHK (ρ(r)) +
∫

Vext (r)ρ(r)dr (1)

where the first term on the right-hand side includes all internal energies of the inter-
acting electron system and is independent of any particular external potential config-
uration, i.e. it is universal. The second part of this theorem states that this functional
has a global minimum that corresponds to the exact ground-state total energy of
the interacting system, E0, and, among all possible energies, the one that minimize
this functional is the ground-state electron density ρ0(r). This result provides a clue
in finding a way to replace the original formulation of the many-body problem by
something that is more easily treatable.

This has been achieved by Kohn and Sham (K-S) who have developed a frame-
work to apply those theorems to practical systems [34]. The main idea consists in
replacing the interacting many-body problem by a corresponding non-interacting
electron system in an appropriate external potential and having the same density.
Applying this concept in the minimization scheme of the functional in Eq. (1) leads
to the Schrödinger-like equation:

[
−1

2
∇2 + Vef f (r)

]
ψ(r) = εψ(r) (2)

with the following effective potential

Vef f (r) = Vext +
∫

ρ
(
r ′)

|r − r ′|dr
′ + Vxc (3)

where all exchange and correlation interactions are included in the termVxc, which is
viewed as an external potential acting on the auxiliary non-interacting electron sys-
tem. Assuming that such exchange-correlation potential is known, the exact ground-
state density and energy of the many-body electron problem can be found by solving
the single-particle K-S Eq. (2) self-consistently.

Themain challenge in the implementationofDFT is actually tofind agood approx-
imation for the exchange-correlation potential. The first approximation already
proposed by Kohn and Sham is the so-called local density approximation (LDA)
[34]. The only information needed in the implementation of LDA is the exchange-
correlation energy of the homogeneous electron gas as a function of density. The
LDA is expected to work well for systems with a slowly varying density, as for
instance the nearly-free electron metals. Surprisingly, it also appears to be successful
for many other systems including semiconductors and insulators. However, further
improvements are still required.
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A natural way to improve the LDA is to consider the exchange-correlation energy
density not only depending on the density ρ(r) but also on its gradient ∇ρ(r). This is
implemented through an approach called generalized gradient approximation (GGA).
The most widely used parameterizations for the GGA-functional are those obtained
by Becke (B88) [35], by Perdew and Wang (PW91) [36], by Perdew, Burke and
Enzerhof (PBE) [37]. More recent developments of the exchange-correlation func-
tionals include, besides the electron density and its gradient, the Kohn-Sham orbital
kinetic energy. These new functionals are termed meta-GGA as for instance the one
developed by Tao, Perdew, Staroverov and Scuseria (TPSS) [38].

Another relevant aspect on the implementation of DFT is the expansion of the
K-S wave function in term of appropriate basis functions. For solids, interfaces and
surfaces the electronic structure calculations and geometry optimizations can be
carried out using for instance the projector augmented wave (PAW) method [39].
This method has become very popular because it allows us to perform accurate
calculations in relatively large systems. This is relevant to investigate the energetics
and reaction pathways in the single-atom catalysis problem. One of the popular
software that contains the implementation of PAW method is the Vienna ab initio
simulation package (VASP) [40]. In a nutshell, the PAW method is an all-electron
frozen core method, which combines the features of both the ultra-soft pseudo-
potentials [41] and augmented plane wave methods [42]. For atoms and molecules,
instead of plane-waves based basis set, it ismore efficient to use only localized atomic
orbital like basis functions, which can be for instance of Gaussian form, Slater-type
orbitals or numerical radial atomic like orbitals [43].

As mentioned above this density functional theory framework has been success-
fully applied to many catalysis related problems. One important feature here is the
fact that DFT can estimate well the adsorption energies of different intermediate
species, on the catalysts’ surface, along the reaction pathways. Then, it is possible
to assess the electronic structure modifications and stablish its relationship with the
catalytic activity. It is usually very hard to obtain such information experimentally,
which would require sophisticated in operando spectroscopy techniques. In partic-
ular, for the single-atom catalysis DFT modelling is an important tool to estimate
the energetics of the metal adsorption on different supports facilitating the screening
over a wide number of metallic systems. Through these calculations one can figure
out whether or not the metal atoms will tend to form clusters or stay bound to the
support.

One recent study has benchmarked the performance of different DFT based meth-
ods on the study of oxygen reduction reaction (ORR) catalyzed by Cu atoms sup-
ported on covalent triazine framework [44]. The results indicate that accurate meth-
ods are needed in the calculations of the electronic structure. Another aspect that
turned out to be important in the DFT modelling of SAC problem is how to treat the
solid-liquid interface. Hybrid approaches combining continuous dielectric medium
and explicit descriptions of liquid molecules are providing the best descriptions.
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4 Typical Preparation Methods

Single-atom catalysts are being prepared by depositionmethods allowing fine control
on that process and stabilization of high energy atoms/ions on the surface of suitable
supports. Atoms and ions can be very reactive species such that they must be kept
securely in place to avoid any further agglomeration/decomposition process. This
can be achieved by generation of specific strongly binding sites capable to inhibit
their diffusion, approach and collision, responsible for the formation of clusters and
nanoparticles. Three are the main strategies that are being used for that purpose: (a)
high-vacuum deposition, (b) wet-chemical route, and (c) high-temperature pyrolysis
techniques.

Among the high-vacuum deposition techniques the atomic layer deposition, ALD,
[45] is commonly used. In this method, chemical precursors in gas phase are sequen-
tially deposited on a surface forming well organized atomic monolayers, thus allow-
ing the precise control of their distribution even at sub-monolayer conditions. The
first step of the deposition process generally is the reaction of an organometallic
precursor A with the active sites on the substrate surface (red circles), where some
of the metal-ligand bonds are replaced by metal-substrate bonds (Fig. 6a, b); and the
excess is purged away by an inert gas flux and/or high vacuum (Fig. 6c). The second
step aims the substitution of the still remaining ligands of the metal precursor A (blue
circles) by injection of a second precursor B containing the binding/bridging atom,
activating and making them prone to react again with the organometallic precursor
(Fig. 6d). An atomic monolayer is generated on the substrate (Fig. 6e) after removal
of the excess of B and reaction by-products. Such ALD cycle can be repeated as
many time as necessary for the preparation of atomic multilayers in a controlled
way, and is being commonly used for preparation of single atom catalysts [46–48].
The method is slow and expensive but allow unmatched control of the deposition
process.

Fig. 6 Representation of film deposition by ALD method. The scheme shows a the substrate with
reactive sites, b a pulse of the metallic precursor and formation of active sites reaction byproducts,
c the purging of byproducts and unreacted precursor, d pulse of the second precursor, e purge of
byproducts and second precursor, and f film resulting from several ALD cycles
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The wet-chemical route is a simple deposition process that do not require sophis-
ticated specialized apparatus. Typically, the single atomic species are bound onto
the substrate mediated by a liquid phase. In this way, the substrate is impregnated
by the metallic precursors during the synthetic process (one-pot chemical method),
or after preparation by further precipitation or electrodeposition step. For example,
Deng et al. [49] prepared MoS2 nanosheets with single platinum atoms deposited
on the surface by one-pot chemical method. This was achieved by dissolving the
molybdenum precursor, (NH4)2 Mo7O24·4H2O, and small amounts of H2PtCl6 com-
plex (Mo/Pt molar ratio ~60) in water, adding CS2 and heating the mixture in an
autoclave at 400 °C for 4 h for hydrothermal growth of MoS2. Tavakkoli et al. [50]
prepared a SAC by electroplating Pt-atoms on SWNT deposited on glassy carbon
working electrodes by cyclic voltammetry in H2SO4 solution, using a conventional
three electrodes arrangement, with RHE as reference and a Pt foil as counter elec-
trode. In each voltammetric cycle, the Pt2+ and Pt4+ ions released into the electrolyte
solution upon oxidation of the platinum counter electrode was deposited on the
SWNT in a more or less controlled way.

High-temperature pyrolysis is another simple method that has being largely uti-
lized for preparation of carbon-based single-atom catalysts. Generally, metal pre-
cursors such as metal-organic frameworks (MOFs) and transition metal macrocycles
[51] are adsorbed on conducting polymers and carbon materials, or incorporated in
carbon material precursors, and submitted to high temperatures. In this way, a car-
bon matrix can be doped with single metal atoms, or it can be bound in strongly
coordinating heteroatom-doped carbon sites as reported by Chen et al. [52]. They
prepared a SAC by pyrolysis of a mixture of Na2MoO4, chitosan, SiO2 and acetic
acid, after drying at 80 °C and homogenization. The thermal process was carried out
at 750 °C for 3 h, under argon atmosphere, in order to generate a graphitic carbon
material, that was treated with 5 wt% HF solution for 4 h to get a N-doped graphene
with dispersed molybdenum atoms.

5 Characterization Techniques

5.1 Synchrotron-Based Techniques as Ultimate Tools
for SACs Characterization

A synchrotron radiation source is an accelerator of charged particles in which pack-
ages of electrons can be accelerated to extremely high energies and injected in cir-
cular path called storage ring. In this path synchronized electric fields are applied
to control the kinetic energy, while synchronized magnetic fields are used to change
direction periodically such that they move in a closed path. Photons are emitted
in ≈60 pico-second pulses when the electrons bunches are accelerated changing
direction generating beamlines of well-defined energy (from IR to hard X-rays) and
polarization, that will be used in the stations where the experiments are carried out.
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Each beamline surrounding the storage ring is designed for use with a specific tech-
nique or a particular type of research. The machine operates day and night, with
periodic short and long shutdowns for maintenance.

The development of more advanced synchrotron facilities (MAX IV in
Lund/Sweden and Sirius in Campinas/Brazil, also known as 4th generation syn-
chrotrons) based on Multi-Bend Achromat technology [53], will be pushing the
performance of spectroscopic techniques to frontiers beyond our imagination in the
next years. The new machines can deliver highly coherent and focused beams (down
to 1 nm diameter) with ultra-high power making possible not only single point anal-
ysis and single particle X-ray diffraction [54], but fast imaging of samples. These
imaging are based not just on conventional spectroscopic and diffraction techniques
such as XAS, XPS, XES and XRD, but also on techniques exploiting the very high
coherence of those light sources.

5.2 X-Ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectro-
scopic technique with chemical selectivity, providing information on e.g. elemental
composition, and the electronic structure including oxidation states and local bond-
ing [55]. The sample is irradiated with photons of a selected energy hν from e.g. a
synchrotron, and electrons are emitted with kinetic energies Ekin, measured by an
electron spectrometer, see Fig. 7. Together this yield the sample-specific electron
binding energy, EB = hν − (Ekin + �), where � is connected to the work function,
i.e. the energy required to withdraw the bound electron entirely from the atom or

Fig. 7 Schematic
illustration showing the
correlation of materials
energy levels with their
respective XPS spectrum
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surface. This provides information about the occupied electronic structure of the
sample, as shown in Fig. 7.

The electron binding energy spectrumcan conceptually be divided in twoparts, the
valence levels and the core levels. The valence level spectrum can, to a first approx-
imation, be regarded as a function of the occupied molecular orbitals or valence
bands depending on the type of sample, which is often used for band-mapping of
solids. In contrast to the valence levels, the core levels in adjacent atoms do not
overlap/combine significantly and remain essentially atomic-like and localized in a
molecule or a solid. The core-level spectrum is relatively insensitive to the chemical
environment and will thus provide information about the elemental composition of
the sample. The core-level binding energies are however affected by the valence
electronic structure and the local surroundings of the ionized atoms, an effect called
the chemical shift. This provides information about e.g. oxidation states and local
bonding environment.

One key feature of XPS is its surface sensitivity, which is related to the short
inelastic mean free-path of electrons in matter. Traditionally this has meant that
XPS has been carried out in ultra-high vacuum conditions, both to ensure that the
surfaces remain uncontaminated and to allow outgoing electrons to reach the electron
spectrometer. This has changed recently with the development of “ambient pressure”
XPS, which will enable measurements under local pressures in the order of the room-
temperature water vapor pressure [56–60]. This is based on differentially pumped
electron lenses in combination with very finely focused X-rays, allowing a very
short path of the outgoing electrons through the surrounding gas. “Ambient pressure”
XPS was started already at 3rd generation synchrotrons, and the better-focused X-
rays from 4th generation synchrotrons will provide greatly improved opportunities
to study the gas-solid interface. Another interesting type of systems is solid-liquid
interfaces, which can now also be studied with “ambient pressure” XPS using rapidly
developing methods such as “dip and pull” [61]. Another exciting development is
the liquid micro-jet [62, 63], in which a liquid is pushed through a thin nozzle with
a diameter in the order of 5–20 μm into the vacuum, where it forms a jet, which is
intersected by the X-rays shortly after the nozzle opening. The liquid micro-jet has
opened up for XPS studies of aqueous solutions of inorganic ions, organic molecules
and biomolecules, including studies of composition, structure and X-ray induced
processes in both surface and bulk [64–70]. Yet another method relevant to the single
atom catalyst is the possibility to apply XPS to free-standing nanoparticles (down
to single atoms) isolated in vacuum utilizing an insertion device called aerodynamic
lens [71, 72]. This method allows the quantum confinement effect on the electronic
wave function to be probed. Knowledge of isolated properties may be a critical step
to understand these systems when seating in a surface.

5.2.1 X-Ray Absorption Spectroscopy

Each element exhibits an X-ray absorption profile with characteristic binding energy
that remains more or less unchanged whatever the material in which it is found.
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Fig. 8 a Basics of soft X-ray absorption (XAS) and emission (XES) spectroscopies and their
corresponding experimental spectra. b Schematic diagram of the electronic transitions occurring at
the Cr K-edge in CrO2Cl2. Panel (a): Figure adapted from [76] with permission of the John Wiley
and Sons. Panel (b): Figure adapted from [75] with permission of Elsevier

However, is shifted depending on the oxidation state and the chemical group, or
influenced/split by spin-orbit coupling, being a convenient technique to get structural
information of the substrate, as well as of the isolated atoms constituting single-
atom catalysts. In addition, it is relevant to note that the techniques based on X-
ray absorption were greatly benefited by the technologic advancements in the last
decades and wider access to high intensity and focused beam sources attainable only
in synchrotron facilities [73, 74].

The X-ray absorption and X-ray emission spectroscopy are related techniques
since the high-energyX-ray photons that are absorbedby inner core electrons promot-
ing them to higher energy unoccupied orbitals, also generates vacant inner orbitals,
as shown in Fig. 8a. However, those electrons are well shielded by the outer shell
electrons and are less sensitive to the bonding environment, such that the absorption
edge is dependent on and specific of each of the elements [75]; but still valuable
chemical information about the local structure at the atomic/molecular level can be
obtained [76]. The spectrum can be divided according to the energy relative to the
absorption edge defining two techniques XANES (X-Ray Absorption Near Edge
Structure) or NEXAFS (Near Edge X-Ray Absorption Fine Structure), and EXAFS
(Extended X-Ray Absorption Fine Structure), see Fig. 8b. The first one is related to
the spectroscopic profile near the absorption edge until up to 40 eV, that provides
information specifically on the local electronic structure of the elements. A photo-
electron in this region can travel longer distances while being scattered several times
(multi-scattering), thus carrying information about the symmetry and chemical prop-
erties. The formal valence of the absorbing atom, the hybridization and local atomic
arrangement can be obtained from XANES spectrum. On the other hand, EXAFS
is the spectrum in the energy region beyond XANES. That photoelectrons have a
much shorter free mean path and are only subjected to a single dispersion event, thus
providing detailed structural information about the neighborhood of selected atoms.
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In other words, EXAFS is the technique of choice to get structural information of
the absorbing atom up to 10 Å [75] such as the coordination number, the nature of
neighbor atoms, the bond length and the degree of the local structural disorder [76].

The quest for the ideal electrocatalyst has fueled the development of in situ and in
operando X-ray absorption spectroscopy (XAS) techniques [77, 78] since they are
essential to monitor the reaction intermediates and their actual oxidation states, the
active site geometries, and the synergic effects involving the species present in the
catalyst in the active state during the electrocatalytic process, with time resolution
of milliseconds [79]. Nevertheless, such measurements must be complemented by
imaging techniques, especially by high-resolution electron microscopy techniques
to confirm the distribution of atoms and morphology of SACs, as discussed below.

5.2.2 Scanning Transmission Electron Microscopy
for Atomic-Resolution Studies

Transmission electron microscopy and associated techniques evolved greatly in the
last decades and reached resolution in the sub-angstrom scale, becoming indispens-
able for the characterization and quality control of SACs [80, 81]. In fact, aberration-
corrected scanning transmission electron microscopy (STEM) associated with spec-
troscopic techniques such as electron energy-loss spectroscopy (EELS) and X-ray
energy dispersive spectroscopy (EDX), as well as electron diffraction techniques,
is a powerful technique for physico-chemical characterization of nanomaterials. A
scheme showing the interaction of the accelerated electron beam with the sample
and the associated techniques is shown in Fig. 9a. The electron beam is focused on
the sample surface and moved in order to scan the sample providing valuable infor-
mation point by point, by using each of the angular detectors to collect the scattered
electron in a synchronized manner. In this way, the sample is imaged as a function
of the collection angle providing complementary images based on different contrast
mechanisms [82].

For example, extremely important structural information is given by the angu-
lar dark-field (ADF) detectors, especially by the one at high angle (HAADF). The
HAADF images are generated mainly by Rutherford electron dispersion by atoms
and is also denominated image by Z contrast (where Z is the atomic number of an
element) since the scattering angle is approximately a linear function of Z2 [82].
Fei et al. [81] used this technique to confirm the morphology of Co-NG nanosheets.
Several bright spots corresponding to cobalt atoms, the heavy atom in this case, can
be seen in the HAADF images (Fig. 9b), clearly demonstrating their distribution on
the graphene surface. Each of those round bright spots is 2–3 nm large as expected
for individual isolated Co atoms. When the image was magnified further (Fig. 9c),
it was possible to see that each one of those atoms is localized in between the light
C, N and/or O atoms, thanks to the excellent contrast in Z achieved.

The combination of imaging and spectroscopic mapping techniques that can be
found in electronic microscopes can give even more precise information. The inter-
action of the electron beam with sample can generate electrons as a function of
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Fig. 9 a Schematic diagram of the common imaging and spectrum modes in an STEM, composed
of annular dark-field (ADF) or high-angle annular dark-field (HAADF) images (depending on the
inner angle β1), bright-field (BF) or angular bright-field (ABF) image (depending on the inner angle
α0), electron energy-loss spectroscopy (EELS) and X-ray energy dispersive spectroscopy (EDX).
bHAADF-STEM image of a Co-NG, showingmany Co atomswell-dispersed on the carbonmatrix.
Scale bar, 1 nm. c The enlarged view of the selected area in B. Scale bar, 0.5 nm. Panel (a): Figure
adapted from [82] with permission of IOP Publishing Ltd. Panel (b–c): Figure adapted from [81]
with permission of Nature Publishing Group

the energy lost in the inelastic collisions. Such EELS data can provide information
about the chemical bonds, valence and coordination state, analogous to that obtained
by XAS but with much larger spatial resolution [82]. In addition, the characteristic
X-ray photons that are also produced can be used to identify the elements consti-
tuting the material by energy-dispersive X-ray spectroscopy (EDS). This technique
is especially suited for the identification of heavy elements. In short, the combina-
tion of spectroscopic techniques with STEM is a formidable tool to characterize the
chemical and electronic structure of materials, in particular of SACs.

6 Hydrogen Evolution Reaction (HER)

The hydrogen evolution reaction is relatively simple than OER and the mechanism
consists of two elemental steps, the adsorption of H+ generating the activated inter-
mediate species H* followed by the formation of H2 upon encounter of two H*, or
reaction with H+ in solution. The rate determining step is controlled by the adsorp-
tion/desorption equilibrium of H+ generating H* on the surface of the catalyst, whose
energies can be optimized in order to get moderate energy barriers. The best condi-
tion was found to be achieved when the free energy of adsorption of H* (�GH°) is
near zero.

In the last five years, MoS2 is been extensively studied for the development of
HER catalysts where the catalytic activity has beenmainly assigned to the interaction
of the S-atoms in the edge sites with H+, whose �GH° ~ 0.1 eV [83, 84]. In addition,
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many efforts have been carried out to improve the activity by anchoring metal atoms
in its surface, noble rare metal and transition metal atoms.

One of the first works onwater splitting based onmaterials containing singlemetal
atoms was reported by Deng and collaborators [49], who prepared a catalyst by dis-
persing platinum atoms onMoS2 nanosheets (Pt-MoS2). The TEM images (Fig. 10a)
clearly show the formation of nanosheet tactoids with interplanar distance of 0.62 nm
correspondent to the (002) plane of MoS2. The HAADF-STEM images shown in
Fig. 10b–d revealed the presence of uniformly distributed single Pt atoms occupying
Mo sites in the nanosheet structure. Accordingly, the Pt atoms are stabilized by Pt–S
bonds that inhibits their diffusion and formation of clusters/nanoparticles with Pt–Pt
bonds in the Pt-MoS2 material, as confirmed by EXAFS analyses (Fig. 10e). The
XANES peak at the Pt L3-edge of MoS2 (Fig. 10f) is more intense and shifted to
higher energies than in 40% Pt/C and Pt foil, indicating a higher positive character
on the Pt atoms as expected for the transfer of electronic density to the S atom of
MoS2.

Fig. 10 a TEM image of Pt–MoS2 with the inset showing a typicalMoS2 layer distance of 0.62 nm.
b, cHAADF-STEM images of Pt–MoS2 showing that single Pt atoms (marked by red circles in (b))
are uniformly dispersed in the 2D MoS2 plane. d Magnified domain with red dashed rectangle in
(c) showing a honeycomb arrangement of MoS2, and single Pt atoms occupying the exact positions
of the Mo atoms in the structure (marked by red arrows). The bottom inset shows the simulated
configuration of Pt–MoS2. The green, yellow and blue balls represent Mo, S and Pt, respectively.
e The k2-weighted EXAFS spectra of Pt–MoS2 in comparison to Pt foil and commercial 40 wt%
Pt/C. f The normalized Pt L3-edge XANES spectra of Pt–MoS2 in comparison to Pt foil and
commercial 40 wt% Pt/C. Panel (a–f): Figure adapted and reproduced from [49] with permission
of RSC Publishing
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The electrocatalytic performance of Pt-MoS2 for HER was studied by registering
the polarization curves of three modified electrodes in 0.1 M H2SO4 solution. A
significant reduction of overpotential of 60 mV at current density of 10 mA cm−2,
and of the Tafel slope from 98 to 96 mV dec−1 as compared with pure MoS2, was
measured indicating a material with higher catalytic activity for hydrogen evolution
reaction.

Many efforts have been carried out using computational simulation in order to
understand the effect of the metal ion substitution on the MoS2 layered structure.
Thus, in addition to the work of Deng and co-authors [49] on Pt-MoS2 described
above, DFT calculations showed that the substitution of some Mo atom in the MoS2
structure by V, Ti, Fe, Mn, Cr, Mo and W led to preferential formation of hexa-
coordinated sites with S-atoms. In contrast, Pt, Ag, Pd, Zn, Au, Co, Cu andNi formed
tetra-coordinated sites with S-atoms in the MoS2 structure. In addition, the current
exchange density (i0) and �GH° measured for the S-atoms around the Pt-atom sites
in Pt-MoS2 indicated that �GH ~ 0 as shown in the volcano curve shown in Fig. 11.
This finding is consistent with the hypothesis that the H* adsorption energy is being
modulated by the Pt-atoms, demonstrating to be a promising approach to enhance
the activity of MoS2 nanosheets, and to generate new alternative materials for water
splitting. In other words, the implantation of tiny amounts of transition metal atoms
in the MoS2 structure, thus activating a larger number of S-atoms, was shown to be
a good strategy for the development of HER catalysts with enhanced activity.

However, this type of material is better described as doped MoS2 materials rather
than single atom catalysts where the catalytic active sites must be provided by the
single atoms dispersed on a matrix. We described in detail such doped material in

Fig. 11 The relation between current (log(i0)) and �GH° presents a volcano shape. Two different
scales were adopted for the left and right sides of the volcano plot for better visualization. The
inserted graphs point to different configurations of doped MoS2 as coordinated with four (left) and
six (right) S atoms. The adsorption sites for H atoms are marked by the red dashed circles. The
studied metal atoms are indicated in the “Periodic Table” shown in the bottom. Green balls: Mo;
yellow balls: S; blue and purple balls: doped metal atoms. Figure adapted and reproduced from
[49] with permission of RSC Publishing.
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order tomake clear the differencewith SACs, but nowon the attentionwill be focused
only in this type of materials.

In 2016,Cheng et al. [46] reported on aN-dopedgraphenewith Pt-atomsdeposited
on the surface by atomic layer deposition (ALD), exhibiting surprising 37 folds
larger specific catalytic activity as compared to commercial Pt/C catalyst. The
platinum deposition was achieved using methylcyclopentadienyl-trimethylplatinum
(MeCpPtMe3) as precursor, controlling the ALD reactor chamber temperature in
250 °C. The temperature of MeCpPtMe3 was kept at 65 °C and injected in one
second cycles while O2 and N2 was injected respectively in 5 and 20 s cycles. The
size and surface concentration of Pt-clusters and Pt-atoms on N-doped graphene was
controlled by the number of ALD cycles, as shown in Fig. 12a, b. In fact, more or
less uniformly dispersed Pt-atoms and small amounts of Pt-clusters (bright spots)
can be observed in the ADF STEM images of the sample prepared upon deposition
of 50 ALD cycles (ALD50Pt/NGN). As expected, larger number of Pt nanoparticles
and clusters were found in the sample prepared upon 100 ALD cycles (Fig. 12c,
d) showing the effect of deposition cycles on the size and distribution of particles
on the graphene surface. And, the normalized XANES spectra of ALD50Pt/NGN,
ALD100Pt/NGN, Pt/C and Pt foil at Pt L3- and L2-edge are shown respectively in
Fig. 12e, f. The intensity of the response at both edges was larger for the first one indi-
cating a larger concentration of positively charged atoms than in ALD100Pt/NGN
and Pt/C materials, as expected for a single Pt-atom catalyst with strong interaction
with N-doped graphene used as support.

The catalytic activity of those catalysts was characterized based on their
linear sweep voltammetry polarization curves in 0.5 M H2SO4 solution. The
ALD50Pt/NGN sample presented lower overpotential for HER (Fig. 12g) exhibit-
ing a mass activity (10.1 A mg−1) respectively 4.8 and 37.4 times larger than
ALD100Pt/NGN (2.12 Amg−1) and Pt/C (0.27 Amg−1), at an applied overpotential
of just 0.05 V (Fig. 12h). The work of Cheng et al. [46] was supported by DFT
calculations demonstrating that single Pt-atoms on N-doped graphene has higher
density of unoccupied 3d states. According with the authors, these results are due
to the transfer of electronic density from the Pt-atoms to the nitrogen atoms in the
graphene support thus enhancing the catalytic activity of that material.

Other reports were published describing the preparation of HER catalysts by
incorporation of Pt-atoms on carbon materials. Tavakkoli et al. [50] deposited 0.19–
0.75% of Pt-atoms in single-wall carbon nanotubes (SWNT) getting a material as
active as commercial Pt/C. The activated carbon materials were characterized by
HAADF-STEMclearly showing adispersionof platinumsingle-atoms, nanoparticles
and clusters on SWNT. The electrochemical characterization for HER performance
along 400 cycles was consistent with an overpotential of 27 mV at 10 mA cm−2,
and a Tafel slope of 38 mV dec−1. This study was also supported by theoretical DFT
calculations where the adsorption free energy of H* (�G0

H) on several configurations,
and Pt–Pt distances considering two Pt-atoms adsorbed on the SWNT surface, were
calculated. For example, a �G0

H of −0.3 eV was found when the two Pt-atoms was
sitting on the same six membered aromatic C-atom ring, whereas that tended to
zero when the Pt–Pt distance was increased. This finding supported a higher HER
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Fig. 12 ADF STEM images of ALDPt/NGNs samples with a, b 50 and c, d 100 ALD cycles.
Scale bars, 10 nm (a, c) and 5 nm (b, d). e The normalized XANES spectra at the Pt L3-edge of the
ALDPt/NGNs, Pt/C catalysts and Pt foil. The inset shows the enlarged spectra at the Pt L3-edge.
f The normalized XANES spectra at the Pt L2-edge of ALDPt/NGNs, Pt/C catalysts and Pt foil. The
inset shows the enlarged spectra at the Pt L2-edge. g TheHER polarization curves for ALDPt/NGNs
and Pt/C catalysts were acquired by linear sweep voltammetry with a scan rate of 2 mV s−1 in 0.5M
H2SO4 at room temperature. N2 was purged before the measurements. The inset shows the enlarged
curves at the onset potential region of the HER for the different catalysts. hMass activity at 0.05 V
(vs. RHE) of the ALDPt/NGNs and the Pt/C catalysts for the HER. Panel (a–h): Figure adapted and
reproduced from [46] with permission of Springer Nature

catalytic activity for the material with single Pt-atoms homogeneously dispersed on
the SWNT surface.

More recently, Zhang et al. [90] reported a single atom catalyst (Pt@PCM) based
on Pt-atoms dispersed on aN-doped porous carbonmatrix prepared from a nanocom-
posite constituted by polymerized dopamine and polystyrene-block-poly(ethylene
oxide). The nanocomposite was treated with a H2PtCl6 solution for 4 h, at 50 °C, and
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pyrolyzed to get a Pt@PCM catalyst with 0.53 wt% of Pt. The HER performance
was determined in acidic and alkaline conditions by linear sweep voltammetry. The
catalyst exhibited an overpotential of 105 mV in 0.5 M H2SO4 and 139 mV in 1 M
KOH solution, at current density of 10 mA cm−2, and Tafel slope respectively of
65.3 and 73.6 mV dec−1.

Strategies for the dispersion of atoms of two metallic elements on conducting
supports have been successfully realized and exploited for the development of SACs
for HER. Zeng et al. [85] reported on materials with Pt-atoms bound to Fe–N4

units by an oxygen molecule bridge generating Pt1–O2–Fe1–N4 sites dispersed on
a carbon support denominated “single-atom to single-atom” catalyst. The Fe–N–
C precursor catalyst was prepared by homogenization of a mixture of a zeolitic
imidazole framework (ZIF-8), 1,10-phenantroline and iron acetate, followed by heat
treatment in Ar/NH3 atmosphere. Then, Pt-atoms were incorporated by interaction
with a H2PtCl6 solution under stirring for 60 min at room temperature, and then
at 70 °C for 8 h to get the Pt1@Fe–N–C(w/heating) precursor. Finally, this was
thoroughly washed and heated at 450 °C for 2 h in argon atmosphere to produce the
Pt1@Fe–N–C catalyst. A control material was also prepared by adsorbing Pt-atoms
on carbonized ZIF-8 and 1,10-phenanthroline denominated Pt1@C.

The HAADF-STEM images of those materials (Fig. 13a) presented about 0.3 nm
large bright spots homogeneously dispersed on the carbonmatrix, as expected for the
formation of Pt1–O2–Fe1–N4 sites. Two possible configurations for the Pt1@Fe–N–C
active sites (Fig. 13b) were proposed based on previous works and X-ray absorption
spectroscopy studies. The EXAFS spectra of the Fe and Pt sites shown in Figs. 13c
and 4d were compared with Fe2O3, Fe foil, iron(II) phthalocyanine (FePc), Fe–N–C
precursor, Pt foil, PtO2 and Pt1@C samples. Peaks consistent with Fe–O and Fe–
N bonds, but with no Fe–Fe bonds were observed in the Fe absorption region of
Pt1@Fe–N–C and Fe–N–C indicating the formation of atomic iron sites. Analo-
gously, no peak corresponding to Pt–Pt bond was found in the Pt region of Pt1@Fe–
N–C (Fig. 13d), suggesting the presence of single platinum atoms but no clusters
or nanoparticles dispersed on the carbon support. And, the heat treatment at 450 °C
for 2 h led to the formation of stronger Pt–O bonds, as confirmed by the shift of the
R = 1.9 Å peak assigned to 2O ∗ Pt bond in Pt1@Fe–N–C (w/o heating) to R =
1.6 Å in Pt1@Fe–N–C. The electrochemical performance of this material for HER
was evaluated by the polarization curves in 0.5 M H2SO4 solution, where the over-
potential at 10 mA cm−2, η10 = 60 mV, and a Tafel slope of 42 mV dec−1 were found
(Fig. 13e, f). These results are better than of Pt@C (η10 = 89 mV and Tafel slope =
51 mV dec−1) and Fe–N–C (η10 = 130 mV and Tafel slope = 89 mV dec−1). The
H* adsorption energies on the active sites �GH° of Pt1@Fe–N–C (0.16 eV), Pt1@C
(0.24 eV) and Fe–N–C (0.65 eV) were evaluated by DFT calculations, confirming
the larger catalytic activity of the first one.

Chao et al. [86] prepared a HER catalyst based on Pt–Cu sites dispersed on ultra-
thin Pd-nanorings (Pd-NRs) containing only 1.5 atom%ofPt, prepared by a two-steps
process. First, copperwas deposited onPd-NRs bymixingwith aCuCl2·H2O solution
in the presence of CO as reducing agent, and the resulting material was impregnated
with H2PtCl6 and ultrasonicated for 45 min. The structure of the resultant material
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Fig. 13 a HADDF-STEM image of Pt1@Fe–N–C catalyst. b Proposed schematic diagram of
Pt1–O2–Fe1–N4–C12 as the active moiety of Pt1@Fe–N–C. c Magnitudes of k3-weighted Fourier-
transformed EXAFS data of Fe in Fe–N–C, Pt1@Fe–N–C (w/o heating) and Pt1@Fe–N–C as
compared to FePc, Fe2O3, and Fe foil references. d Fourier-transformed EXAFS data of Pt in the
catalysts and PtO2 and Pt foil referencematerials. eHERpolarization curves and f Tafel plots of Fe–
N–C, Pt1@Fe–N–C, Pt1@C, and Pt/C (20 wt%) as reference catalyst measured in 0.5 M H2SO4.
Panel (a–f): Figure adapted and reproduced from [85] with permission of John Wiley and Sons
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was confirmed by EXAFS where intense peaks assigned to the Pt–Cu, Pt–Pd and
Cu–Pd bonds were observed, whereas no peak associated to Pt–Pt and Cu–Cu bonds
could be observed. The activity of this SAC was comparable to that of Pt/C with η10

= 30 mV and Tafel slope = 25 mV dec−1 in 0.5 M H2SO4, with a mass activity of
3002 A g−1

(Pd+Pt), twice as large than for Pt/C (1325 A g−1
Pt ).

Platinum is being the metallic element of choice given its high catalytic activity as
compared with other elements. However, it is rare and quite expensive such that more
abundant non-precious elements have been pursued as alternatives for the develop-
ment of conventional heterogeneous catalysts, and single-atom catalysts also. In this
context, Fei et al. [81] reported a catalyst based on cobalt atoms dispersed onN-doped
graphene oxide (GO) named Co-NG, prepared by a simple and scalable freeze-dry
method from an aqueous graphene oxide suspension (Fig. 14a). CoCl2·6H2O was
added into the mixture, homogenized and freeze dried for 24 h, and submitted to
heat treatment at 750 °C for 1 h in an argon/ammonia atmosphere, strongly bond-
ing 0.57 wt% of cobalt on that carbon material. HADAAF-STEM images showed
bright 2–3 Å large dots, that were assigned to single Co-atoms surrounded by C,
N, and/or O atoms of N-doped graphene, homogeneously distributed on the surface
(Fig. 14b, c). This material was much more active for HER than N-doped graphene
itself decreasing the onset potential from 475 to 147 mV (A = 10 mA cm−2), and
the Tafel slope from 117 to 82 mV dec−1, in 0.5 M H2SO4 solution (Fig. 14d, e).

Liang et al. [87] reported a similar carbon material based on single Co-atoms pre-
pared by pyrolysis of a composite precursor containing cobalt tetramethoxyphenyl-
porphyrin, vitamin B12 and cobalt/o-phenylenediamine, where silica nanoparticles
were added as templates to increase the porosity of the resultant material. The incor-
poration of additionalN- andCo-atoms on the carbonmaterial generating theCoNx/C
catalyst, decreased the overpotential η10 to 133 mV and Tafel slope to 30 mV dec−1

in 0.5 M H2SO4 solution, generating a much more active material than the previous
one.

On the other hand, Qiu et al. [88] successfully realized the insertion of individ-
ual Ni-atoms on nanoporous graphene (np-G) by chemical vapor deposition (CVD)
method, followed by treatment with 2 MHCl solution for 4, 6 and 9 h to dissolve the
excess of nickel. The material was characterized by TEM and HAADF-STEM imag-
ing that revealed the 3D structure of the carbon material on the top of which 1–3 nm
diameter dark spots assigned to small amounts Ni clusters can be observed (Fig. 15a),
as well as large amounts of bright spots corresponding to single Ni-atoms sitting in
between aromatic sixmembered rings of graphene (Fig. 15b). The polarization curves
of the materials obtained upon treatment with HCl solution as a function of time was
compared with that of rGO and platinum (Fig. 15c, d). The best result was obtained
for the np-G/Ni with 6 h treatment which presented η10 = 190 mV and Tafel slope
of 45 mV dec−1.

The �GH* values were calculated by DFT considering Ni-atoms localized in the
center of an aromatic six membered carbon ring of graphene (Niab/G), or substituting
a C-atom of an aromatic ring (Nisub/C) (Fig. 15e), or sitting on a defect site of a ring
(Nidef/C). The first one resulted in positive �GH* values suggesting Ni-atom should
not adsorb on graphene (Fig. 15f), whereas the last one gave negative values in the
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Fig. 14 aSchematic illustration of the synthetic procedure of theCo-NGcatalyst.bHAADF-STEM
image of the Co-NG, showing many Co atoms well-dispersed in the carbon matrix. Scale bar, 1 nm.
c Enlarged view of the selected area in (b), scale bar = 0.5 nm. d Linear-sweep voltammograms
(LSV) of NG, Co–G, Co–NG and Pt/C in 0.5 M H2SO4, at scan rate of 2 mV s−1. Inset: enlarged
view of the LSV for the Co–NG near the onset region is shown. e Tafel plots of the polarization
curves in (a). Panel (a–e): Figure adapted and reproduced from [81] with permission of Springer
Nature



94 R. R. Guimaraes et al.

Fig. 15 a TEM image of Ni-doped np-G. Inset: SAED pattern. b HAADF-STEM image of Ni-
doped graphene. Inset: Enlarged HAADF-STEM image (red circle) showing a substitutional Ni-
atom (bright orange spot) occupying a carbon site in the graphene lattice (white lines). c Polarization
curves of Ni-doped graphene samples after different Ni dissolution periods (4, 6, and 9 h) along
with those of Pt and reduced graphene oxide (r-GO) electrodes for comparison. d Tafel plots of
Ni-doped graphene (6 h dissolution) and Pt. e Hydrogen adsorption sites and configuration of the
Nisub/G model with �GH* = −0.10 eV and f calculated Gibbs free energy diagram of the HER
at equilibrium potential for a Pt catalyst and Ni-doped graphene (Niab/G, Nisub/G, and Nidef/G)
samples. The free energies for hydrogen adsorption on pristine graphene and Pt metal are plotted
for comparison, with �GH* = 0.79 and 0.09 eV, respectively. Panel (a–f): Figure adapted and
reproduced from [88] with permission of John Wiley and Sons
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−0.26 to −0.40 eV range depending on the nature of the structural defect. In fact,
among the three possibilities described above, themost active nickel siteswere shown
to be the Nisub/C with �GH* of −0.10 eV, a value similar to that found for some Pt
catalysts, that should account for most of the catalytic activity of np-G/Ni SAC.

A successful preparation of a nickel SAC by heat treatment of a metal-organic
framework (MOF) prepared by reaction of NiCO3 and Ni(OH)2 nickel precursors
with l-aspartic acid and 4,4′-bipyridine was presented by Fan et al. [89]. The MOF
was carbonized at 700 °C in N2 atmosphere and then treated with concentrated HCl
and ultrasonication to get the A–Ni–C catalyst with 80 wt% of nickel dispersed as
individual Ni-atoms and 20 wt% as clusters on a carbon material. The performance
as HER catalyst evaluated by linear sweep voltammetry was carried out in 0.5 M
H2SO4 solution giving a η10 = 34 mV and Tafel slope = 41 mV dec−1, a result
comparable with commercial Pt/C catalyst.

Strategies for the dispersion of atoms of two metallic elements on conducting
supports have been successfully realized and exploited for the development of SACs
for HER. Chen and collaborators [52] dispersed molybdenum instead of Pt and Ni
atoms on N-doped graphene to prepare a new single-atom catalyst denominated
Mo1N1C2. The presence of Mo-atoms dispersed on N-doped carbon was monitored
by STEM using a machine equipped with a spherical aberration corrector probe. The
characterization of Mo1N1C2 by FT-EXAFS spectroscopy at the Mo K-edge showed
peaks at 1.3 Å consistent with Mo–N and Mo–C bonds, while no peaks could be
assigned to Mo–Mo bonds, as expected for the absence of Mo nanoparticles and
clusters. The polarization curves in 0.1 M KOH solution resulted in η10 = 132 mV
and Tafel slope = 90 mV dec−1. The �GH* value (0.082 eV) determined by DFT
was positive but very close to zero, thus explaining the good catalytic activity of
Mo1N1C2 as HER catalyst (Table 1).

7 Oxygen Evolution Reaction (OER)

As discussed previously, finding high performance and robust electrocatalysts to
boost the kinetics of the intrinsically slow and highly demanding oxygen evolution
reaction, especially based on more abundant and cheap transition metal elements, is
one of the biggest challenges for the development of alternative energy storage and
energy conversion devices. The sluggishness of that reaction is mainly consequence
of the four proton coupled electron-transfer processes [80] that can be summarized
by the elemental steps, where * refers to the catalyst [91]. In fact, many materials
were developed and tested as OER catalysts including some based on single-atoms
as discussed below.
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Table 1 Activity parameters of recently reported single atom catalyst for HER: pH condition, onset
potential, Tafel slope and overpotential at 10 mA cm−2

Atom sites Support η10
(mV
vs.
RHE)

Onset
potential
(mV vs.
RHE)

Tafel slope
(mV dec−1)

Exp.
condition

References

Pta MoS2
nanosheet

– ~150 96 0.1 M
H2SO4

[49]

Pt N-doped
graphene

– ~40 29 0.5 M
H2SO4

[46]

Pt Single-walled
CNT

27 – 38 0.5 M
H2SO4

[50]

Pt Porous
carbon matrix

105 – 65.3 0.5 M
H2SO4

[90]

Pt–O2–Fe–N4 Carbon
support

60 – 42 0.5 M
H2SO4

[85]

Cu–Pt Pd nanoring 22.8 – 25 0.5 M
H2SO4

[86]

Co N-doped
graphene

– ~147 82 0.5 M
H2SO4

[81]

CoNx Carbon
Support

133 – 75 0.5 M
H2SO4

[87]

Ni Graphene ~190 45 0.5 M
H2SO4

[88]

Ni Graphitized
carbon

34 41 0.5 M
H2SO4

[89]

Mo N-doped
carbon

132 – 90 0.1 M
KOH

[52]

aPt is a dopant of MoS2 and not the catalytic active site

H2O + * OH* + H+ + e–

OH* O* + H+ + e–

O* + H2O OOH* + H+ + e–

OOH* O2 + H+ + e–

2H2O O2 + 4H+ + 4e–

In order to increase the conductivity and activate single metal catalysts for oxygen
evolution reaction, strongly acidic or alkaline electrolytes are generally used. How-
ever, in such conditions, metal oxides generally are not stable enough and don’t have
high enough electric conductivity for practical applications. Accordingly, a strong
tendency of using more conducting, mechanically and chemically stable carbon
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materials such as graphitic materials, carbon nanotubes and graphene as anchoring
substrates has been observed.

For example, Fei et al. [92] developed a rational strategy for preparation of a series
of SACs characterized by the presence of single metal atom sites incorporated on N-
doped graphene (Fig. 16a). Such materials where successfully analyzed by EXAFS
and XANES spectroscopy and imaged by STEM (Fig. 16b–d) which demonstrated
unequivocally the presence of graphitic carbon nitride M–N4C4 sites, where M=Ni,
Fe, and Co. Such finding allowed a thorough study by density functional theory
(DFT) in order to better understand the structure and activity correlation of the active
sites in various electronic configurations. The catalytic properties (Fig. 16e, f) and
themechanistic pathways of suchM–NHGF (3dmetals embedded in nitrogen-doped
holey graphene frameworks)materials for OERwere shown to be strongly dependent
on the d-orbital electronic configuration, and followed the tendency Ni–NHGF >
Co–NHGF > Fe–NHGF. The respective linear sweep voltammograms were fully
consistent with the theoretical calculation results since Ni–NHGF in fact exhibited
an excellent catalytic activity and stability. At this point, it is relevant to remember
that similar tendency was found for the respective metal oxides and hydroxides [93]
when tested for OER (Ni > Co > Fe).

Fig. 16 The preparation route of M–NHGFs. (a) The graphene oxide solution in the presence of
H2O2 and metal precursors was hydrothermally treated to form a 3D graphene hydrogel. After
freeze drying the hydrogel, a thermal annealing process in NH3 atmosphere was used to further
reduce the graphene and incorporate N-dopants into the 2D graphene lattice. High-resolution TEM
images enabled the direct visualization of the Ni (b), Fe (c) and Co (d) atoms embedded in the
2D graphene lattice. Scale bars, 0.5 nm. The bright region at the top part of (d) is attributed to
out-of-focus thick graphene layers or non-planar flakes. e OER activity evaluated by LSV in 1 M
KOH solution at a scan rate of 5 mV s−1 for NHGF, Fe–NHGF, Co–NHGF and Ni–NHGF along
with RuO2/C catalyst as reference. The data are presented with current–resistance (iR) correction.
f Tafel plots of the catalysts shown in (e). Panel (a–f): Figure adapted from [92] with permission
of Nature Publishing Group
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Interesting results were found by Liu et al. [94] using graphitic carbon nitride
(g-C3N4) materials showing layered structure and appropriate band-gap as substrate.
A high temperature polymerization method was employed to prepare carbon nan-
otubes covered-up with g-C3N4, and Ni- and/or Fe-atoms were incorporated in its
tri-s-triazine sites to generate Metal-Nx structures (Fig. 17a). The presence of such
structures was probed by HAADF-STEM technique with sub-angstrom resolution,
whose image showed homogeneously dispersed 1–2Å large bright spots correspond-
ing to isolated Ni- and Fe-atoms on the carbon matrix (Fig. 17b), but also small
amounts of clusters. The variation of the signal intensity was analyzed confirming
that themetal atoms are isolated and ~0.46 nmapart, separated by the lighter elements
(Fig. 17c).

The bimetallic catalyst NiFe@g-C3N4/CNT was designed and tested, exhibit-
ing a much better performance (η10 = 326 mV and Tafel slope = 67 mV dec−1)
for OER than the monometallic Ni@g-C3N4/CNT and Fe@g-C3N4/CNT catalysts
(Fig. 17d, e). In addition, synchrotron-based X-ray absorption spectroscopy mea-
surements revealed that the electronic structure of the Ni- and Fe-atoms were signif-
icantly modified in the bimetallic catalyst. Most notably, the Ni-atom was found in
a much higher oxidation state when in the presence of iron, contributing directly to
the enhanced OER activity of the material. However, it also become clear the signif-
icant role of the porous structure, and of the electrical conductivity and good contact
between CNT and g-C3N4, for the performance of the nanostructured material. In
fact, a clear and singular synergic effect was found inNiFe@g-C3N4/CNTwhich pre-
sented a much better performance than the Co-atom based SAC Co@g-C3N4/CNT
reported by Zheng et al. [95].

Several Co-atom based SACs were prepared and extensively studied as OER
catalysts, using doped graphene [96, 97] and carbon fibers [98], as well as carbon
materials obtained by high temperature carbonization of MOFs [99], as substrates
to anchor metal atoms. For example, Ding et al. [100] developed an easily scalable
and simple strategy to get SACs by covering CNTs with polymerized ILs containing
dispersed cobalt atoms in it (Fig. 18a), in this way combining the known property of
ionic liquids (ILs) to enhance the catalytic performance.

The cobalt was bound by the reaction of CoCO3 with the sulfate groups of the IL
precursor forming a salt, and this was strongly adsorbed on single graphene sheets
through the imidazoliummoieties (energy of physisorption as high as 230 kJ mol−1).
In thisway, isolated cobalt atoms canbedistributed onCNT, as shown in the dark-field
STEM (ADF-STEM) of Fig. 18b as small bright spots. The Co-atoms was colored
pink in the expanded Fig. 18c to improve their visualization, and theLSVpolarization
curves are shown in Fig. 18d. The much higher activity of the CoSSPIL/CNT cata-
lyst (Co-single-site polymerized ionic liquid/carbon nanotube) than Co3O4/CNT and
CoCO3 was assigned to a larger surface concentration and dispersion of Co-atoms
making then more available for catalytic processes despite the much lower cobalt
content in it.

Recently, we reviewed on the most recent advancements on OER electrocata-
lysts [101] based on coordination compounds, as well as on transition metal oxides
and hydroxides and their composites. In this context, the bimetallic and trimetallic
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Fig. 17 a Schematic illustration of the fabrication of rationally designed NiFe@g-C3N4/CNT
hybrid via a NH4Cl-templated pyrolysis method, at high temperature (HT). bMagnified HAADF-
STEM image and the corresponding intensity profiles along the X-Y lines (marked in red rect-
angle). c EDS mapping for Fe (blue), Ni (yellow), N (green) and C (red). d Polarization curves
of NiFe@g-C3N4/CNT, Ni@g-C3N4/CNT, Fe@g-C3N4/CNT, NiFe@g-C3N4/CNTw/ NH4Cl and
IrO2/C, respectively; and e the corresponding Tafel plots. The dashed line was fitted by the linear
equation, η = b(log j) + a. Panel (a–e): Figure adapted from [94] with permission of the Royal
Society of Chemistry
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Fig. 18 a Schematic illustration of the preparation of the CoSSPIL/CNT (Co-single-site polymer-
ized ionic liquid/carbon nanotube). H2O and CO2 are byproducts of the reaction between the SSIL
and CoCO3. The blue spheres represent single Co species. The image is not drawn to scale, and is
only intended to show the cations on the CNT before and after polymerization. b, c ADF-STEM
images of the CoSSPIL/CNT where a small amount of Co cluster were deposited on the CNT
(red circles) in addition to separated metal atoms. d CV of the different samples normalized to the
geometric area of the active electrode. Panel (a–d): Figure adapted from [100] with permission of
the John Wiley and Sons

hydroxides, also known as lamellar double hydroxides (LDHs), were found to be the
materials with the highest catalytic activity for OER, particularly when constituted
by transition metal elements with one electron in eg orbitals. Such a tendency seems
to be general and intrinsic of the transition metal elements and the electronic con-
figuration in the catalytic active species, such that similar behavior can be found for
the respective single-atom catalysts using such materials as anchoring substrate, as
shown in Table 2.

In this context, Zhang et al. [102] reported an easy method for preparation of self-
assembled hierarchical structures of CoIr-x materials with high catalytic activity in
neutral and alkaline conditions, consisting of flexible nanosheets of cobalt hydrox-
ide covered with Ir-atoms. The Ir-atoms found on the top of ultra-thin α-Co(OH)2
nanoribbons are bound to adjacent Co-atoms. In fact, the HAADF-STEM images
revealed that the bright spots corresponding to Ir-atoms are uniformly bound in the
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Table 2 Activity parameters of recently reported SACs based OER: experimental pH condition,
onset potential, Tafel slope and overpotential at 10 mA cm−2 η10

Single atom catalyst
active site

Anchoring
substrate

η10
(mV vs.
RHE)

Onset
potential
(V vs.
RHE)

Tafel slope
(mV dec−1)

Exp.
condition

References

Fe-Nx N and S
decorated
carbon layer

370 – 82.0 0.1 M
KOH

[104]

Ni-NHGF (Ni) N-doped
graphene

331 1.43 63.0 1.0 M
KOH

[92]

Co-NHGF (Co) N-doped
graphene

402 – 80.0 1.0 M
KOH

[92]

Fe-NHGF (Fe) N-doped
graphene

488 – 164.0 1.0 M
KOH

[92]

Fe@g-C3N4/CNT
(Fe)

Graphitic
carbon
nitride/CNT

>326 – 155.0 1.0 M
KOH

[94]

Ni@g-C3N4/CNT
(Ni)

Graphitic
carbon
nitride/CNT

>326 – 184.0 1.0 M
KOH

[94]

NiFe@g-C3N4/CNT
(NiFe)

Graphitic
carbon
nitride/CNT

326 ~1.50 67.0 1.0 M
KOH

[94]

Co@g-C3N4/CNT g-C3N4/CNT 380 ~1.50 68.4 1.0 M
KOH

[95]

CUMESs-ZIF-67
(Co)

Zeolitic
imidazole
framework

410 ~1.50 158.1 0.5 M
KOH

[99]

SNG-Co2+ (Co2+) S, N,
O-doped
Graphene

300–350 – 62.0 1.0 M
KOH

[96]

SG-Co2+ (Co2+) S, N,
O-doped
Graphene

320–350 – 62.0 1.0 M
KOH

[96]

NG-Co2+ (Co2+) N, O-doped
Graphene

350 – 76.0 1.0 M
KOH

[96]

OG-Co2+ (Co2+) O-doped
Graphene

400 – 65.0 1.0 M
KOH

[96]

Pt/NiO (Pt and Ni) NiO 358 – 33.0 1.0 M
KOH

[105]

CoIr-x Co(OH)2 373 ~1.56a 117.5 1.0 M
KOH

[102]

sAu-NiFe-LDH
(Au, Ni and Fe)

NiFe-LDH 237 ~1.45a ~37.0a 1.0 M
KOH

[103]

Pt1@Fe–N–C (Pt) Carbon
support

310 1.33 62.0 0.1 M
KOH

[85]

(continued)
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Table 2 (continued)

Single atom catalyst
active site

Anchoring
substrate

η10
(mV vs.
RHE)

Onset
potential
(V vs.
RHE)

Tafel slope
(mV dec−1)

Exp.
condition

References

CoSSPIL/CNT (Co) Carbon
nanotubes

410 ~1.58a 42.1 0.1 M
KOH

[100]

CoN4/NG (Co) N-doped
graphitic
nanosheet

380 ~1.50 81.0 0.1 M
KOH

[97]

Ni-CN-200 (Ni) g-C3N4 <350a 1.54 60.0 1.0 M
KOH

[106]

Graphitic carbon nitride (g-C3N4) framework, carbon fibers network, and carbon cloth (CNW/CC)
aApproximate values by authors

hierarchical structure of CoIr-0.2 (Fig. 19a, b) and can be divided in two types:
isolated Ir-atoms and clusters (marked in Fig. 19b). The first one can maximize
the exposed surface area of the active sites as they bind onto the Co-atoms of the
α-Co(OH)2 nanosheets forming Co–Ir sites.

The optimized material containing 9.7 wt% of Ir showed high OER catalytic effi-
ciency and presented η10 of 373 mV (Fig. 19c) and Tafel slope of 117.5 mV dec−1

(Fig. 19d) in 1.0 M phosphate buffer, surpassing the performance of commer-
cial IrO2 catalysts. Relevant information about the used catalyst was obtained by
synchrotron-based X-ray absorption spectroscopy. The high applied potentials dur-
ing the OER process generated in situ the catalytically active species, more specifi-
cally high valence cobalt oxide-hydroxide (β-CoOOH) species and low coordination
high valence iridium species, responsible for the catalytic performance of the mate-
rial. Thus, this work is highly relevant not only because describe the development
of a new type of OER catalyst but also because provide excellent structural and
spectroscopic characterization results for identification of the actual active sites.

As discussed above, transition metal hydroxides can be excellent substrates for
anchoring transition metal atoms for preparation of SACs, since they can provide
interaction/anchoring sites for the isolated transition metal atoms, tuning their elec-
tronic properties and enhancing the activity, but also providing additional catalytic
active sites for OER. In fact, even better performances were measured when bimetal-
lic LDH were used for the preparation of SACs, as recently reported by Zhang
et al. [103], suggesting that this probably will be a major strategy for realization
of more advanced and efficient electrocatalysts for OER. Isolated Au-atoms were
deposited on NiFe-LDH generating materials denominated SAu/NiFe-LDH (TEM
and HAADF-STEM images shown in Fig. 20a, b), and used to demonstrate why the
LDH based materials are highly catalytic active. In addition, explains the possible
reasons for the six fold enhancement of the catalytic activity by incorporation of
0.4 wt% of SAu, decreasing the overpotential to 0.21 V (Fig. 20d, e), improving the
OER activity while lowering the Au consumption. This material exhibited a much
faster kinetics as confirmed by the low Tafel slope and larger turnover frequency
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Fig. 19 a, bHAADF-STEM images of CoIr-0.2 with clusters of Ir marked as blue circles and single
atoms of Ir highlighted as pink circles. c The iR corrected LSV curves and d the corresponding
Tafel plots of CoIr-x and IrO2 samples in 1.0 M PBS. e Scheme depicting the mechanism of OER
on CoIr-0.2 surface and the transformation of α-Co(OH)2 to β-CoOOH phase. Panel (a–e): Figure
adapted from [102] with permission of the John Wiley and Sons
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Fig. 20 a TEM and bHAADF-STEM images of sAu/NiFe LDH. c Differential charge densities of
NiFe-LDHwith andwithout Au-atomwhen oneO-atom is adsorbed on the Fe site. Iso-surface value
is 0.004 eÅ−3.Yellowandblue contours represent electron accumulation anddepletion, respectively.
d Cyclic voltammetry (CV) curves of sAu/NiFe-LDH, pure NiFe-LDH and bare Ti mesh in 1 M
KOH. e Overpotential (η10) at 10 mA cm−2 (left) and Tafel slope (right) for sAu/NiFe-LDH and
pure NiFe-LDH
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(Fig. 20e). The enhanced activity of SAu/NiFe-LDH was found to be dependent on
the synergic contributions of the two components leading to a charge redistribution
responsible for the activation of the iron sites, as well as the presence of single Au-
atoms anchored on the NiFe hydroxide and stabilized by the CO3

2− ions and H2O
molecules in the interlamellar space of LDH (Fig. 20c).

8 Perspectives

The concept of single-atom catalysts is revolutionary in the sense that maximizes the
specific activity of an element while bringing fundamental characteristics of homo-
geneous catalysts into heterogeneous catalysts, minimizing the consumption of rare
elements. A great impact of SACs for energy generation in near future is foreseeing,
for example by providing the catalysts for water splitting and artificial photosynthe-
sis, whose realization depend on highly efficient materials for both, hydrogen and
oxygen evolution reactions, greatly impacting economically and technologically our
society. In fact, we are just experiencing the beginning of a revolution on the design
and production of catalysts, which is being powered by the development of new,more
precise and fast characterization tools and methods, concomitantly with an explo-
sion on the theoretical calculation methods, that are opening whole new perspectives
for the detailed and systematic comprehension of the interaction of molecules and
catalytic active sites for chemical transformations. Such more detailed structure and
properties correlation data have been used in the search of new support/single-atom
pairs, aiming at adequate adsorption free energies with values near zero to go beyond
the top of volcano shaped log(i0) versus �G° diagrams. Another key aspect is the
search for non-noble elements with as high as activity and stability as alternatives
for noble metals, decreasing the pressure on natural resources.

Among the several possible substrates for preparation of SACs, carbon materials
such as graphitic materials, carbon nanotubes and graphene derivatives has been
explored with great interest as substrates for deposition of single-atoms sites because
of their high conductivity allied to excellent mechanical and chemical properties, that
have been combined in a synergic way to produce better and better electrocatalysts.
In addition, their inherent catalytic activity has been largely improved by doping
with nitrogen generating N-doped graphene and graphitic carbon nitrides (g-C3N4),
materials with improved electronic and coordination properties. Nevertheless, the
most efficient OER catalysts were prepared by combining the good electrocatalytic
properties of transition metal hydroxides/oxides with that of single metal atoms,
particularly Ni, Fe and Co.

Similar tendency of boiling activity could also be observed for HER materials in
which carbon material substrates also play a very special role, but now a great deal
of attention is being focused on MoS2 based SACs where clearly charge-transfer
interactions from de isolated atoms to the support material are fundamental for the
electrocatalytic activity. Among the elements, platinum continue to be the king of
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mountain but clearly there are lots of efforts focused on the quest for non-noble metal
alternatives, such as nickel and cobalt based electrocatalysts.

Finally, it should be highlighted that theory-experiment joint studies would signif-
icantly advance these important fields of catalysis and energy science. The develop-
ment of in operando X-ray spectroscopy based on synchrotron radiation along with
first-principles calculations of the corresponding spectra will unveil the underlying
mechanisms of the SAC reactions. Here, the contributions from the adsorbed metal
atoms and the substrates can be disentangled. Furthermore, the thermodynamics of
the metal adsorption and of the reaction mechanisms can be assessed through similar
theoretical framework (most of them based onDFT). The stabilization of the reaction
intermediates and kinetic barriers can be estimated in a wider range of compounds
avoiding waste of sophisticated experimental resources. Furthermore, a great deal of
excitement is coming with the development of high-throughput screening methods
interplayed with artificial intelligence. Using appropriate descriptors for the respec-
tive reactions a large materials-library can be explored proposing novel catalysts that
can be synthesized.
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Electrocatalysis: Application
of Nanocomposite Materials

Manorama Singh, Ankita Rai and Vijai K. Rai

Abstract In the last few years, much attention has been given to the design and fab-
ricate efficient electrocatalysts for different applications in energy storage devices,
electroanlytical sensors and organic synthesis. Nanocomposite materials have arisen
as some of the most proficient electrocatalysts because of their exceptional physico-
chemical and electronic properties. We focus our significant importance on differ-
ent construction approaches for synthesis and applications of nanocomposites and
their influence on inherent electronic and catalytic properties. Lastly, we discuss the
applications and future prospects leading to develop advanced nanocomposites for
efficient electrocatalysis.

Keywords Electrocatalysis · Nanocomposite · Fuel cell · Sensor · Electro-organo
synthesis

1 Electrocatalysis

Electrocatalysis is one of the most important field in ‘Electrochemistry’, which has
been grown after the late eighties because of the application of newhybrid techniques.
Nowadays, the application of new nanocomposites based on carbon nanotubes and
graphene, metal nanoparticles, metal oxide nanoparticles, polyaniline etc. for elec-
trocatalysis has been in interest and the attraction of chemists as well as for engineers.
Therefore, we here discuss significant advances in electrocatalysis based on different
composition and functions of nanocomposite as an electrocatalyst using in differ-
ent fields like energy conversion devices (e.g. solar cells, fuel cells and batteries)
developing electrochemical sensors and in electro-organic synthesis [1].

M. Singh (B) · V. K. Rai
Department of Chemistry, Guru Ghasidas Vishwavidyalaya, Bilaspur, Chhattisgarh 495009, India
e-mail: manoramabhu@gmail.com

A. Rai
School of Physical Sciences, Jawaharlal Nehru University, New Delhi 1100067, India

© Springer Nature Switzerland AG 2020
Inamuddin et al. (eds.), Methods for Electrocatalysis,
https://doi.org/10.1007/978-3-030-27161-9_4

113

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27161-9_4&domain=pdf
mailto:manoramabhu@gmail.com
https://doi.org/10.1007/978-3-030-27161-9_4


114 M. Singh et al.

1.1 Electrocatalysts and Its Features

Common necessities of high-performance electrocatalysts are in terms of high cat-
alytic activity, reducing the energy barriers of electrocatalytic reactions, rate promo-
tion of electron transfer etc. Generally, features of a good electrocatalyst are high
surface area, high catalytic activity, better electrical conductivity and long-lasting
stability [2], which not only affect strongly the electrocatalyst in terms of physi-
cal and chemical properties, but the interaction between electrode and electrolyte
also. To achieve high performance of electrocatalyst, the development of a newfan-
gled “Nanocomposite based Electrocatalysts” is nowadays getting much attention
because they offer enhanced catalytic activity, good stability, high selectivity and
better efficiency required for the application in energy conversion/storage research,
sensor technology and electro-organic synthesis [3].

1.2 Nanocomposite Material as an Electrocatalyst

The performance of nanocomposite as an electrocatalyst towards a particular reaction
or application depends upon the result of chemistry among a large number of factors,
including the nature of the different components present in electrocatalytic nanocom-
posite material such as size, shape, surface structure, electron transfer properties and
synergistic effect of different components [4]. Fabrication of nanocomposite materi-
als offers the improved properties than their original properties, which is an important
subject in nanoscience and nanotechnology.With the time,metal nanoparticles, poly-
mer/metal nanoparticles, graphene, carbon nanotubes (CNT) based nanocomposites
have arisen as the most significant contenders for electrocatalysis due to their excep-
tional electronic and physico-chemical properties. Electrocatalysts with nanoscale
and high dispersibility results in remarkable enhancement in electrocatalytic activity
[5, 6].

Number of examples are there to explore the performance of nanocomposite
based electrocatalysis in electroanalytical sensors [7–10], energy storage devices
such as fuel cells [11, 12], batteries, solar cells and electro-organic synthesis [13,
14]. The objective of this chapter ismainly focused ondevelopment strategies in using
“nanocomposite based electrocatalysis”. This chapter presents first, an introduction
followed by advantages of using nanocomposite as an electrocatalyst in energy con-
version devices, sensors, electro-organic synthesis and finally, accomplished with
brief concluding remarks and outlook.
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2 Different Applications of Nanocomposite
as an Electrocatalyst

Here,we discuss the role of different nanocomposites as an electrocatalyst in different
fields:

2.1 Nanocomposite Based Electrocatalysis in Oxygen
Reduction (i.e. Fuel Cell)

The fuel cell (FC) is a well-known device, in which chemical energy is directly
converted into electrical energy and is nowwell-thought-out to be one of the proficient
ecofriendly methods to resolve the crisis of energy required in future because of its
low emitted high energy conversion efficiency [15–18]. A suitable electrocatalyst is
required to improve the efficiency of FCs. Usually, low amount Pt thin film has been
investigated as an effective catalyst [19, 20]. The use of Pt offers the good catalytic
efficiency here but, it is not economical to be commercialized and thus, it was a
driving force to develop novel catalysts to minimize the need of Pt [21]. Among
several electrochemical reactions investigated in FCs, the oxygen reduction reaction
(ORR) is found to be as the core of FCs because it occurs on cathode.

Researchers are involved to develop cheaper alternatives to reach up to this aim
and for this purpose, Carbon (carbon nanotube, graphene and other carbon-based
entities) are common catalysts support which could help to advance the performance
of the catalyst [22–26]. For example: economical cobalt-polypyrroleMWCNTs com-
posite has explored the better power density as compared to Pt. The nanocomposite
of MWCNTs and SnO2 has been established as a very desirable anode material
constituting microbial cells on electrode because of its greater power density [27].
Nanocomposite of PdCo (alloy of two metals) and MWCNTs has shown the bet-
ter activity [11]. Conducting polymers such as ‘polyaniline’ coating on CNTs can
enhance the electroconductive properties [28]. Therefore, CNTs may give the more
stability to the fuel cell [29] and offers higher corrosion resistance [28–30]. The CNT
gives a good support for Pt and high surface area [31–33]. Co3O4 has lower elec-
trocatalytic activity because of its low dissolution and low electrical conductivity,
small active site-density and its agglomeration during electrocatalytic methods [34,
35]. However, additional studies have revealed that the synergistic effect of Co3O4

with carbon nanomaterials (i.e. CNTs and graphene) offers a massive advancement
of the electrocatalytic activity [36–38]. Uniformly dispersed Co3O4 nanostructures
(i.e. core-shell, nanoparticles, and hollow sphere) was investigated by many research
groups to advance the electrocatalytic activity of electrocatalyst [34, 39, 40]. Here,
it was shown that the shape and size of the nanocatalysts are extremely associated
to their electrocatalytic activities and development of hybrid catalysts is found to
be one of the best approaches to improve stability and catalytic activity [41]. Pt-Ni-
Fe/CNT/carbon paper nanocomposite electrode was reported and its electrochemical
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impedance spectroscopy illustrated the increased power density and reduced charge
transfer resistance if compares with commercial Pt/C loaded carbon paper. Triple
catalyst such as alloy of Pt/Ni/Fe results the outstanding catalytic activity making
them a suitable contender as a cathode employed in proton exchange membrane fuel
cells [42].

Use of ‘Graphene nanosheets (GN)’ offers superior durability and high electrical
activity of the catalyst and therefore, they are established as an ideal alternate with
other traditional carbon support materials [43]. The combination of catalyst metals
and graphene-based composites is now being used to ensure improved electronic and
thermal conductivities, catalytic efficiency, stability and specific surface area of the
catalyst support materials. Novel ternary nanocomposites such as Pt, MnCo2O4 and
graphene nanosheets with compositional formula, 20 wt% Pt/mwt% MnCo2O4/GN
(where m= 20, 15, 10, 8, 6 and 0) have been synthesized and investigated as electro-
catalysts for the oxidation of methanol in H2SO4 (0.5 M) using cyclic voltammetry
and chronoamperometry [44]. Here, low amounts of the oxide (6–20wt%)was added
into 20 wt%Pt/GNS is greatly helpful to enhance the accessible Pt sites, electrocat-
alytic activity, CO poisoning tolerance and stability of the composite. Furthermore,
the increase of the oxide content from 6 to 10 wt% in the composite greatly enhances
the rate of oxidation of methanol. Thus, ternary composite electrocatalyst containing
10 wt% oxide could be a possible Pt-based anode in direct methanol-based fuel cell
[44].

The electrocatalytic behavior of NiO/graphene and CoO/graphene nanocompos-
ites was investigated as candidate catalyst for the methanol oxidation in acidic envi-
ronment. It has been shown that the electrocatalytic activity of the CoO/graphene
catalyst is advanced than that of the NiO/graphene because of its controlled diffu-
sion. An interesting behavior has been noticed for the electrocatalytic activity of the
cobalt oxide/graphene catalyst towards the oxygen reduction reaction [45]. Polyani-
line/Pd nanoparticles coupled vertical reduced graphene oxide (VrGO) nanosheet
was reported, where, rGO exposes the surface for stabilizing Pd nanoparticles in
Polyaniline@VrGO nanosheet. Further, exceptional durability and high catalytic
activity of Pd/Polyaniline@VrGO electrocatalyst were found for alcohol oxidation
reaction [43]. A three-dimensional NiCo2O4 nanospheres are prepared by entangled
2D-ultrathin mesoporous nanosheets. Large specific surface area and good long-
lasting stability of nanosphere-like NiCo2O4 has been successfully employed to
electrocatalyse the methanl oxidation [46]. The electrocatalytic activity of a new
ternary complex system Pt/PdCu nanoboxes anchored on 3D graphene for the oxida-
tion of ethanol are considerably better as compared to pure Pt and PdCu electrodes
and 4-fold improved catalyst over established commercial catalysts in direct ethanol
fuel cells [6].

Pt/polypyrrole/GN-based nanocomposites was fabricated by in situ polymeriza-
tion coating of polypyrrole on graphene nanosheets as a new catalyst [47]. Under
optimized conditions, novel AuNPs/PEDOT:PSS core-shell nanocomposite with
enhanced catalytic activity was produced and reactive species diffusion and effec-
tive electron transfer was investigated on porous polymer network [3]. An efficient
electrocatalyst gold nanoclusters (AuNCs)/polyvinyl pyrrolidone/reduced graphene
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oxide nanocomposite has been prepared for ORR in which excellent reactivity and
robust stability was provided by using metal nanoclusters supported with graphene
for ORR [48]. A review was reported recently, in which, metal@carbon core@shell
nanocomposites have developed as a exclusive class of functional nanocompos-
ite materials with superficial electrocatalytic activity towards a range of reactions,
such as oxygen or hydrogen evolution, oxygen or CO2 reduction reactions, that are
important in fuel cells, water splitting, metal-air batteries. Interfacial charge transfer
between the metal core and carbon shell manipulate the electronic interactions of
reaction intermediated with catalytic surface, and it varies with the structural and
morphological characteristics of the carbon shell and metal core. A third structural
component can further manipulate it [49, 50].

2.2 Nanocomposite Based Electrocatalysis in Sensors

Nowadays, using nanocomposite in electrochemical and electrocatalytic sensing rep-
resents one of the interesting topics in current science. Since, most of the analytes
such as drugs, biomolecules (i.e. NADH etc.), different heavy metal ions [51–53]
etc. are electroactive, electrochemical sensing of these analytes are growing rapidly,
mainly because electrochemical techniques are fast, simple, possessing high accuracy
and precision and cost effective. Cyclic voltammetry (CV) is the most common and
earnest method to analyse the electrocatalytic behavior of a nanocomposite. With the
purpose of developing electrochemical sensorswith higher sensitivity and selectivity,
fabrication of “chemically modified electrode” surfaces have been a major attention
of research. Chemically modified electrodes improve mass transfer kinetics at low
overpotential resulting decrease the interferences’ effect and to avoid surface foul-
ing. Different nanocomposites prepared by integration of either two or three from the
list of carbon materials (carbon nanotubes, graphite, graphene etc.), metal or metal
oxide nanoparticles, conducting polymers, organic dyes, ionic liquids etc. are being
used for electrocatalytic sensing application and having new characteristics differed
from original components [54, 55]. In electroanalytical sensor technology, amplifi-
cation of a detection signal is required and electrocatalysis is one of the effective
methods for it. The nanocomposite based electrocatalysts accelerate the kinetics of
the reaction and allows the quantification of analytes at less extreme overpotentials,
because nanocomposite based electrocatalyst catalyzed the reactions usually near
the formal redox potential of the electrocatalyst and in this way, one can improve
both detectability and selectivity of the sensor as compared to those obtained in the
absence of the catalyst [56].

Literature reports a number of nanocomposite based electrocatalysis in electroan-
alytical sensors. Our group also reported several works representing the electrocatal-
ysis with prepared nanocomposite modified electrode for the recognition of different
analytes and further their quantification such as hydrogen peroxide (H2O2), ascorbic
acid, p-phenylenediammine (a constituent of hair dye), organophosphate pesticide
methyl parathion, metronidazole etc. [7–10, 51]. Due to the significance of H2O2 in
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biological applications, the fabrication of sensitive electrochemical sensors attracts a
special attention of researchers. Prussian blue (PB), hemeproteins, carbon nanotubes
(CNTs) and metals nanoparticles have been utilized for the development of H2O2

sensors [57].
g-C3N4 nanosheets (also known as organic semiconductor), a polymeric graphitic

carbon nitride, possess a mild band gap energy of 2.7 eV [58]. Nitrogen doped
graphene increases electrochemically active part (i.e. edge plane-like sites) and g-
C3N4 offers exciting catalytic activity [59], which has been attractive alternative for
fabricating nonenzymatic electrochemical sensing of H2O2, NADH, nitrobenzene,
[60] and glucose. However, g-C3N4 is very poor conductor for applying in electro-
chemical sensing, therefore, the combination of g-C3N4 with other materials (such
as graphene [61], CPs [62]) provides it a greater conductivity and efficient electron
transfer. [63, 64]. A nonenzymatic electrochemical approach for the detection of PSA
was reported using NiCoBP-doped MWCNTs (NiCoBP–MWCNTs) nanocompos-
ite. Here, an induced-electrodes plating technique was applied for the preparation of
nanocomposite followed by conjugationwith anti-PSA antibody.NiCoBP–MWCNT
shows excellent oxidase-like ability to catalyze the glucose oxidation [65].

2.3 Nanocomposite Based Electrocatalysis in Synthetic
Organic Electrochemistry

The electrochemistry has been known as the most efficient tool for providing sponta-
neous interaction between nuclei and electrons by applying direct electoral potential
thereby adding or removing electrons. The most intuitive mean of interacting with
molecules is electrostatic attraction between electrons and nuclei i.e. electrochem-
istry, which leads to addition or removal of electrons from such interactions through
direct application of electrical potential. The electrochemical method generates dif-
ferent reactive species viz., free radicals, anions, cations, radical anions and radical
cations at ambient reaction conditions through electron-transfer reactions of organic
molecule electrochemically. Moreover, reactive intermediates such as carbon-free
radicals, carbanions and carbocations could be obtained by bond making and/or
bond-breaking which open-up a new scope for their utilization in valuable organic
transformations, particularly C–C bond forming reactions. This approach is nowa-
days better termed as Synthetic Organic Electrochemistry and receiving much atten-
tion of synthetic chemists from academics and industries as most powerful technique
for developing “greener” synthetic routes for valuable organic transformations via
reduction and oxidation at electrode. Furthermore, electron transfer leads to polar-
ity reversal of functional groups known as umpolung, which provides a different
way to access new reactions that would not possible by conventional synthesis. This
is because, when an electron-rich nucleophilic character of a functional group is
changed into electron-deficient electrophilic or vice versa, the serendipity occurs
and unusual reaction sequence leads to new results [66].
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In spite of these advantages, most of basic as well as advanced organic chemistry
courses have not paid appropriate attention to discuss these electron-transfer reactions
in synthetic organic electrochemistry. In this field, pioneer effort was made by Fara-
day in 1830s to run nonspontaneous organic reactions [67]. Then, Kolbe electrolysis
was envisaged (1847) involving electrochemical anodic oxidation of CO2H group to
afford alkyl radicals [68]. A typical electrochemical setup consists of two electrodes;
reacting (working) electrode and at another end (counter) electrode. Reacting elec-
trode connected with a power source and is put in reaction mixture where reactant
undergoes electron transfer for generating a reaction intermediate and to fringe the
power circuit reaction electrode is connected to counter electrode at another end.
Nature of reaction whether oxidation or reduction with substrate occurs either at
anode or cathode and any one of these two could be working electrode and other be
counter electrode. In the simple way, both the working as well as counter electrodes
are placed in one pot as an undivided cell. However, the situation is different when
high energy intermediates are generated and get reduced at cathode prematurely.
This problem could be solved by separating both cathodic and anodic environments
using permeable membranes or a salt-bridge [66].

In the end of 20th century considerable progress in synthetic electrochemistry
has been witnessed by significant efforts made for developing new organic trans-
formations. In 2008, Yoshida et al. demonstrated the application electro-auxiliaries
for introducing Sulfur and Silicon-containing functional groups into substrates by
lowering their electrochemical potentials and thus developed regio-/chemoselective
reactions [69]. Later on, Little developed cathodic reduction as an efficient tool to
perform cyclization reactions which would else demand metal catalyst as single
electron reductants [70]. Schäfer, in 1981 [71] and Wright, in 2006 [72] studied the
advancement in anodic and cathodic reactions both respectively. Schafer focused on
cascade reactions based-on Kolbe classical approach by extending its scope. In 2000,
Moeller surveyed anodic oxidations comprehensively for olefin coupling based-on
radical cations polarity, which further opens-up a new direction to various in organic
synthesis in next century [73]. Furthermore, Frontana-Uribe [74] and Yoshida [75]
have addressed the environmental impact of electrochemistry as green and sustain-
able tool in chemical science. Furthermore, α-functionalization of alkyl amides was
reported via Shono oxidation [76, 77] with an undivided cell. In addition to general
organic transforming reactions, organic electrosynthesis extended its scope for con-
structing heterocyclic rings and thus it provides an alternative greener path as it elim-
inates the requirement of stoichiometric amount of catalyst/regents in conventional
chemical synthesis [78].

Very recently, Phil S. Baran group has very effectively described the role of
electrochemistry in modern organic synthesis. The synthetic organic electrochem-
istry covers almost all types organic transformations. However, mechanism involves
(i) oxidation at anode (ii) reduction at cathode (iii) reduction-oxidation occurs in
same pot, known as paired electrolysis [66]. At anode, different oxidation reactions
have been performed and the best example is oxidation of carboxylates via Kolbe
reaction. Moreover, oxidation of sulfinates into the corresponding sulfonyl radi-
cals, Shono-oxidation of amides/amines or that of amides and amines via nitrenes
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and nitrogen-radical is reported using electrochemical set-up. In addition, oxida-
tion of alcohols, aldehydes, arene nucleus, phenols, olefins, enol ethers and ketene
acetals, aliphatic C–H bonds and miscellaneous functional groups have been suc-
cessfully reported so far. Furthermore, synthetic organic electrochemistry has also
been exploited in electrochemical generation of oxocarbenium/thionium ions, α-
oxidation of carbonyls, anodic benzylic functionalization, aromatic functionaliza-
tion, oxidation of Meisenheimer complexes, fluorination, electrocatalytic cycload-
ditions of olefins, oxidation of electron-rich alkenes and that with anodically gener-
ated electrophiles, dehydrogenation, heteroarene synthesis and anodic oxidation in
palladium catalysis [66].

Reduction at cathode is also well-cited in literature and a variety of cathodic
reduction has been successfully achieved so far. For examples, reduction of alde-
hydes and ketones, esters and amides, C = C double bonds, alkyl, aryl, vinyl and
alkenyl halides, and that of miscellaneous functional groups. Furthermore, formation
of Ni and Co-catalysts in their low-valent state, reduction in palladium catalysis, car-
boxylation of olefins, alkynes, carbonyls and halogenated compounds at cathode are
also demonstrated using electrochemical reaction. In an alternating way, both desir-
able half reactions may be performed simultaneously in paired electrolysis fashion
by choreographed electrochemical process. Paired electrolysis could be effective in
organic synthesis and ample number of works have been reported in the literature viz
one-pot conversion of aryl aldoximes into aryl nitriles producing water as by-product
[79].

Operation of electrocatalytic systems using nanocatalysts on electrode supports
are recently drawnattention in electro-organic synthesis [80, 81].Recently, electroox-
idation of glycerol in basic medium is reported using porous nanocomposite, Pd4Bi
self-supported catalysts. Electrocatalytic activity using bimetallic Au–Ag nanocages
and the role of Ag-oxidation was observed electrochemically [82]. Recently, reduced
graphene oxide wrapped with Geobacter sulfur reductants has been synthesized and
used as nano-electrocatalyst for mild evolution of oxygen in organic reaction [13].
In addition, Hofmann-type bimetallic organic based-nanoparticles are also used as
nano-electrocatalystmild evolution of oxygen [83].Huang et al., in 2018, has recently
disclosed H2O2-assisted municipal sludge-derived nanocatalyst-promoted degrada-
tion of phenol electrochemically [84]. Very recently, Li et al. [14] has investigated
electrochemical nitrogen fixation reaction using γ-Fe2O3 nanomaterial as efficient
electrochemical catalyst.

3 Future Prospects and Concluding Remarks

Though, literature has cited a good number of metal-based nanocomposites, devel-
opment of state-of-the-art electrocatalysts using economical commercially available
precursors is an essential step in the development of next-generation electrochemical
energy storage devices/conversion systems/electroanalytical sensors/electro-organo
synthesis. In this regard, nowadays, a number of nanocomposite is of particular
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interest, which are based on CNTs, graphene, metal nanoparticles, due to their high
electrical conductivity, large catalytic surface area, high speed electron mobility, and
good mechanical strength etc.

Among differing types of composite materials, nanocomposite materials hold
nice promise towards engineering economical electrocatalysts and have attracted
increasing interest in each scientific communities and industrial associates around
the world.
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Polymer Electrocatalysis

M. Ramesh and M. Muthukrishnan

Abstract Electro-catalysis is a fast growing process from the basic research to real
time industrial applications. This is possible because of the major improvements
achieved in this during the recent decades. Polymers are finding applications in
several fields of science and technology, such as metallization of dielectric process,
manufacturing of batteries, polymeric coatings, electro-chromic polishing, electro-
magnetic protection, etc. One of the most important characteristic of any polymeric
material is their ability to catalyze some reactions. This property not only helped for
a better understanding about the polymer but also proved predictive capabilities for
good catalysts. In addition to the latest theoretical advancements that have helped to
improvise electro-chemical catalysts, the progress in the usage of new experimental
methods is closely associated to polymer electro-catalysis research. In this chapter
a detailed discussion on electro-catalysis of polymers is presented.

Keywords Electro-catalysis · Polymers · Electro-catalysts · Photo-catalysis ·
Bio-catalysts

1 Introduction

Polymers comprise repeated structure of large molecules. In day-to-day life, plastics
are generally used as insulators around electrical wires to protect it from short cir-
cuit. In the widely expanding field of electronics, organic electronics is one among
the high demand study areas within the material science research that concerns with
the design, synthesis, and characterization of organic molecules or polymers that
demonstrates variable electrical conducting properties. Organic electronics when
comparing to silicon based inorganic electronics offers flexible and low cost appli-
cations [1, 2]. Electro-active polymers (EAPs) or electrochemically active polymers
are attractive properties of polymeric conductors which include electric conductivity,
mechanical flexibility and thermal stability that depends on varying chemical and
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physical properties in accordancewith potential purpose in thefield of energy storage,
photo electro-chemistry, electro-catalysis, bio-electrochemistry, micro-system tech-
nologies electro-analysis, microwave screening sensors, electro-chromic displays,
electronic devices, and corrosion protection [3]. Thus EAPs have the flexibility of
changing its shape and size under the simulation of external electrical field.

Natta et al. [4] reported electrical conductivity of poly-acetylene on the order
of 10−5 S/m of the poly-acetylene sample. But, the sample lost its conductivity on
exposure to air. Similarly poly-sulphur nitride known as synthetic metal was devel-
oped with an improved conductivity of 0.24 K [5]. Copper colored poly-acetylene
films was successfully developed with the room temperature conductivity of
1.7 × 10−9 S/m and silver colored poly-acetylene films with 4.4 × 10−9 S/m con-
ductivity [6–8]. By exposing poly-acetylene pellets to the vapors of BF3 and BCl3 an
increase in conductivity has been observed [9]. Similar attempts have been made to
improve the conductivity of the polymers in twelve orders by exposing poly-acetylene
film to different vapor medium of iodine, bromine, sodium, chlorine, etc. [10, 11].
Though these films give promising results in conductivity, they still remain unstable
when exposed to air. Soon, attempts have been made to identify stable conductive
polymers at ambient environments. Polymers as shown in Fig. 1 are categorized
as conducting polymers (CPs) that have unique characteristics of improved opto-
electronic and mechanical properties. CPs are widely used in applications involving
electrochemical devices owing to its simple processing procedure and better redox
activity [12, 13].

A catalyst is a material that increases the rate of a chemical reaction. Thus, a cat-
alyst works as agent in increasing the speed of the desired action. Catalysts are
generally classified into five types; (i) bio-catalysts, (ii) homogeneous catalysts,

Fig. 1 Structures of
conductive polymers [14]

Polyacetylene (PA)

Polypyrrole (PPy)
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(iii) electro-catalysts, (iv) heterogeneous catalysts, and (v) auto-catalysis. Bio-
catalysts require ambient temperature and pressure in aqueous medium for ideal
reaction. Examples are enzymes and H2O oxidation in photosynthesis. Homoge-
neous catalysts are in the same phase as the reactants. Electro-catalysts are special
catalysts that participate in the electrochemical reactions by acting as electrodes.
An electro-catalyst can be of surface coating, nanoparticles, homogeneous. Hetero-
catalysts comprises different phases of catalysts and the reactants. In autocatalysis,
catalytic chemical reaction is initiated by one of the products of reactants.

2 Polymer Electro-Catalysis

Polymer electro-catalysis is defined as the ability of the polymeric substances as
catalyst electrode surfaces to accelerate the given electrochemical process. Thus
polymers will act as a catalyst in the electrochemical reactions. The electro-catalysts
form a transitional chemical reaction and aides in transferring of electrons between
electrode and reactants. A typical polymer electrochemical system comprises three
layers such as first order conductor, second order conductor and catalyst. Generally
metals are used as first order conductor and electrolyte solution as second order con-
ductor. An electrochemical conducting polymer acts as a catalyst by attaching to the
metal surface by adhesion. For example, polymers like polyaniline and polypyrrole
are used as catalysts for the first ordermetal conductors like Pt, Pb,Au and bimetallics
like Pt/Sn and Pt/Pd. Also recent research interests in nano-metal particles in techno-
logically relevant applications demand enhanced conductive polymers for effective
use of the metals as devices [15–17]. Electro-catalysis can be of different forms like
photo-catalysis, solution phase electro-catalysis and surface electro-catalysis. Simi-
larly, electro-catalysts are classified into three forms viz., metallic, metal complexes
and metal free.

2.1 Photo-Catalysts

Photo-catalyst is defined as increasing the rate of photoreaction in the presence
of catalyst. Thus, an increase in chemical reaction takes place by irradiation. A
photo-catalyst breaks down the organic matter and creates electron holes pairs and
strong oxidation agent which generate free radicals which further initiates secondary
reactions. Thus, a photo-catalyst does not degrade or consumed during the process
of photoreaction. Organic polymers owing to its light weight, easy process-ability is
widely used for photo-catalytic applications [18] (Fig. 2).

For polymers as photo-catalyst, there are certain inherent properties that are to be
considered. They are stability of the polymer materials, high absorption in the visible
range, variable optical band gaps and longer excited states. The polymerization of
the photo-catalysts can be enhanced by modifying the ratios of the polymer building
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Fig. 2 a Photo-catalyst, b solution phase electro-catalyst and c surface electro-catalysts [19, 20]

blocks during polymerization. Redox polymers are electron conducting polymers
that can be oxidized and reduced with electron transfer or electron hopping between
localized redox groups takes place due to the presence of electrostatically and spa-
tially local redox sites. Redox polymer will not work in dry state and instead water
or any other solvent is required as plasticizer.

2.1.1 Mechanism of Photo-Catalytic Water Splitting

Water splitting involves two redox half reactions.

2H+ + (aq)2e− = H2(g) (1)

O2(g) + 4 H+ + 4e− = 2H2O (2)

The potential polymers for water splitting are identified in terms of potentials
[21]. (a) Polymer’s ionization potential (IP), (b) Polymer’s electron affinity (EA), (c)
Exciton can in analogy is represented as EA* and IP* where P is neutral polymer,
P* is the localized exciton polymer. For effective photo-catalyst water splitting, the
net potential of the polymer as given by the driving force of oxidative part (IP/EA*)
and reductive part (EA/IP*) should be maintained positive by straddling the IP/EA*
and EA/IP* half reaction potentials as shown in Fig. 3.

The role of polymers inwater splitting also depends on (i) rate of photon absorption
affects exciton generation, (ii) exciton loss as a result of de-excitation, (iii) association
and dissociation rate of exciton, (iv) electron and hole transfer rate towards adsorbed
catalysts, (v) surface wettability, (vi) rate of water adsorption on photo-catalyst and
(vii) kinetics of elementary reaction steps.

2.1.2 Application of TiO2 as Potential Photo-Catalyst

The practical application of photo-catalysis is successfully provided by Akira et al.
[23] by improvising water electrolysis using TiO2 and platinum electrodes which
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Fig. 3 Illustration of half reaction potentials of photo-catalyst in water splitting [22]

paves way for the clean and cost effective fuel source, hydrogen. TiO2 among simi-
lar semiconductors like ZNO, Fe2O3, CdS andZNS iswidely used for photo-catalysis
of water splitting owing to its low processing cost, chemical stability and better pho-
toconductivity activity [24, 25]. In the above photo catalysis reaction, TiO2 electrodes
are used as cathode and platinum electrodes are used as anode. When TiO2 absorbs
ultra violet (UV) rays, electrons from anode transfer to cathode which results in the
production of hydrogen at the cathode site. Further advancement of electro-chemical
photo-catalysis activity takes place with the metal like gold and platinum without
external potential [26]. Additional research activities enable the hydrogen to be pro-
duced from illumination of TiO2 and PtO2 in ethanol [27]. Polymers like polystyrene
(PS), polyethylene (PE), polyamide (PA), poly (methyl methacrylate) (PMMA), poly
(ethylene terephthalate) (PET) are coatedwith TiO2 for high transmittance in theUV-
A region which is a highly effective process for photo-catalytic treatment of water
and air [28, 29]. Some polymers like polypropylene, PMMA and polycarbonate are
used as insulators in transparent insulation materials (TIMs) which are a small honey
combed structure used in the development of facades [30].

TIMs are widely used in structural applications for its opaque insulation and
solar collection ability [31]. However, the issues in developing stable, UV transpar-
ent photo-catalytic active polymer materials are due to its imminent thermal and
photo-degeneration. The major hurdle in the research of photo-catalytic process is
the shorter lives of photo-generated electrons and redox hole sites which highly
affects the quantum yields [32]. Also, to restrict the recombination of photo elec-
tron pair and redox holes sites, several methods are attempted by the researchers
like (i) cation doping by Cr3+, Fe3+, Mn2+, V5+, etc., (ii) modifying the structure on
photo-catalytic surface by metal particles (Pt, Ag, etc.), or (iii) metaloxides (NiO,
ZnO, etc.), (iv) sacrificial agent addition (methanol, triethylamine (TEA), ethylene
diamine tetraacetic acid, ethanol etc.) [33–36]. Sacrificial agents are compounds that
sacrifice their molecules by donating their electron pairs and allow their hole sites to



130 M. Ramesh and M. Muthukrishnan

scavenging by other molecules thus reducing the photo electron and hole recombi-
nation [37]. (v) Bias potential application where the electron hole pair is driven by
an external electric field in the opposite direction [38].

(i) Cation doping

The studies on the effects of Cu2+, Fe3+, Zn2+, Al3+ and Cd2+ on dyes resulted in
improved redox potential and depressed photo-degradation [39]. In photo-catalytic
studies of the titania, the doping of metals ions such as Cr3+ and Mo5+ affects the
band gap shift and increased life time of electron-hole pair [40]. Similarly reaction
rate of photo-catalytic bleaching of erythrosine-B, eosin Y and congo-red is found
to be increased with doping of metal ions like Ni2+, Fe2+, Cu2+, Ag+, V2+, Co2+ and
Mn2+ ions [41]. Similarly enhanced photo-catalytic activity is reported by Vaya et al.
when ZnS is dopped with transition metal ions [42].

(ii) Modifying the structure of photo-catalyst by metal deposition (nanoparti-
cles, nanorods)

Titanium oxide is a formidable photo-catalytic material that demonstrates improved
efficiency with formic acid and oxalic acid. On the other hand, it has lower active
specific surface area owing to Titania’s wider band gap energy. Thus, for higher
photo-catalysis, combination of metallic and nonmetallic elements in the form of
nanoparticle and nanorods are added. Noble metals like gold, platinum and silver
are highly favorable photo-catalytic elements added to TiO2 owing to its favorable
catalytic characteristics [43–47]. Also, Ag nanoparticle is found to be highly effec-
tive in trapping electron and in preventing the recombination of electron hole pair.
Platinum dopped with titania improves photo oxidation rate of ethanol, acetaldehyde
and acetone in the vapourous phase [48]. Li et al. [49] has prepared a mesoporous
photo-catalyst titania (Au/TiO2) by embedding gold nanoparticles with AuCl3 and
ethanol.

(iii) Modifying the structure of photo-catalyst by metal oxides

Transitional metal oxides form stable compounds and are widely used in water split-
ting owing to its high electro-negativity of oxygen atoms. Transitional metals like
Fe, Mn, Co and Ni encase involves d orbitals groups little band holes and solid d-d
changes however need effective charge transporter because of little polar on conduc-
tivity related with high resistivity [50]. It is overcome by developingmulticomponent
metal oxides like metal sulphides and metals nitrides. Also, the band gap is further
tuned for better catalytic performance by doping with cations such as Ag+, V5+, and
W6+ and by other ternary metal oxides like CuWO4, ZnFe2O4, CaFe2O4, CuBi2O4,
and CuNb3O8, etc. [51–58]. Various metal oxides with different band structure with
respect to their redox potentials are given in Fig. 4.
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Fig. 4 Metal oxides band structure with respect to redox potentials [59]

2.2 Sacrificial Reagents

Sacrificial reagents (SRs) are electron donors that improve hydrogen production
during water splitting. SRs prevent photo electrons and holes to recombine during
photo-catalysis reaction of water splitting [59]. Some of the common SRs are Na2S–
Na2SO3, methanol, tri-ethanolamine, lactic acid, acetic acid, oxalic acid, methy-
lamines, ethylene glycol, etc. The significant role of SRs in the hydrogen production
was demonstrated by Hong et al. [60] in his investigations with photo-catalyst C3N4

and NiS co-catalyst in lactic, oxalic, tri-ethanolamine and ascorbic acid solutions.
The results indicated that H2 production was significant with tri-ethanolamine solu-
tion whereas other three SRs do not produce significant results in water splitting.
Similarly, Wang et al. [61] attempts on the effects of different SRs in H2 produc-
tion over C3N4, Zn0.5Cd0.5S and TiO2 as photo-catalyst is given in Figs. 5, 6 and 7
respectively.

The capacity of the electron donors to supply electrons is established by the
oxidation potential. Lower oxidation potential means SRs can be oxidized easily
and the holes can be trapped. The results indicated that for sustained H2 photo-
catalytic evolution rate, low oxidation potential and higher permittivity are identified
as suitable parameters.
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Fig. 5 Comparison of
different SRs used in H2
production over C3N4
photo-catalyst

Fig. 6 Comparison of
different SRs used in H2
production over Zn0.5Cd0.5 S
photo-catalyst

Fig. 7 Comparison of
different SRs used in H2
production over TiO2
photo-catalyst
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Fig. 8 PEC cell

2.3 Application of External Bias Voltage

External bias voltage is used in photo electro-chemical cell to transfer photoelectrons
to the cathode and to prevent photoelectron hole recombination. In a photo-electro-
chemical (PEC) cell, water splitting is aided by the photo-catalyst that is deposited
in the form of thin substrate acts as photo electrode. The PEC cell, as shown in the
schematic diagram in Fig. 8 achieve its required internal bias potential by chang-
ing the photo anode combination of different materials of photo-catalyst [62]. The
standard open circuit potential for water splitting is 1.23 V. Also, in case of any
further reduction in the water splitting potential lesser than 1.23 V, external bias
may be applied linking electrodes for additional increase of the reduction potential
energy which improve the evolution rate of H2. Wrighton et al. [63] demonstrated
the increase in the yield of hydrogen by adding an external bias in a SrTiO3 electrode
in a PEC cell.

2.4 Solution Phase Electro-Catalysis

Electro-chemical method is widely used method in developing polymer films by
oxidative coupling of polymers with functional groups. Based on the application
of polymers in the electrochemical system, it is classified into two groups: (i) ion
exchange polymers and (ii) electron conducting polymers. Ion exchanging polymers
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do conduct electrons and have found its place prominently in electro-catalytic appli-
cations where polymer films with ionic conductions are applied onto the conductive
supports that are functionalised by redox groups. Thus polymer films are attached
to the cathode electrode by chemical bonding and adsorption interaction where the
solubility of the polymer is the important factor. The conducting polymers are iden-
tified by conjugated bonds between electro-active groups in the polymer chains, acts
as catalysts in accelerating the polymer films and cathode electrode process.

Electro-catalysts are also used as stabilizers for heterogeneous catalysts i.e.,
porous solid matrices [64]. The stabilizers that support the electro-catalysis are of the
form monolayers, polymers, dentrimers, and functional organics polymers [65–70].
The solution phase electro-catalysis offers advantages over photo-catalytic process is
that (i) more reactions are able to optimized in the solution phase with the availability
of all reactive group of solid materials, (ii) reactions in heterogeneous solutions are
often takes lesser steps and shorter time, and (iii) selective interaction between adsor-
bent and molecules is possible. Also, many chemical transformations are possible
with solution phase electro-catalysis like hydrogenation, oxidation, and epoxidation
reactions. Kaurunadasa et al. [20] demonstrated the use of low cost molybdenum
disulfide (MoS2), an industrial catalyst, in generating hydrogen from solution phase
environment of petapyridyl ligand upon electro-chemical reaction.

Ito et al. [71] has successful in developing this film of acetylene that is
called as Shirakawa’s poly-acetylene by adding Ti(OBu)4/AlEt3 catalyst. Similarly,
NaBH4/CO(NO3)2.6H2O also known as Luttinger catalysts developed by Luttinger
[72] for acetylene polymerization. Sener et al. [73] using co-polymerization method
reported improvement in the sensing properties of conducting polymers in detecting
glucose. In thismethod, 3,4-ethylenedioxythiophene is copolymerizedwith 4-amino-
N-benzamide to supply an amperometric glucose sensor that is based on glucose
oxidase. Metal nanoparticles conducting polymer matrix can be developed by the
facile oxidation in the presence of metal salts with the monomers like aniline, pyr-
role, and thiophene [74–77]. For illustration, 3,4-ethylenedioxythiophene (EDOT),
a thiophene monomer is of recent interests owing to its role as heterogeneous cat-
alysts for hydrogenation reactions in the metal-CP composites [78, 79]. Similarly,
nanoparticles synthesized by solution phase achieves fine grain size and shape con-
trol by use of surfactant. Triblock polymers such as polyethylene oxide (PEO) and
polypropylene oxide (PPO) are effectively used in the synthesis of nanoparticles
owing to their availability and bio-compatibility [80–84]. Wang et al. [85] synthe-
sized IrxSn1xO2 electro-catalysts by using TBP Pluronics F127 (PEO100-PPO65-
PEO100) as stabilizer. TBP Pluronics F127 is soft-template and weak reductant and
has significant control over IrxSn1xO2 preparation. In methanol electro oxidation,
the usage of different conjugated polymers and various metal combinations is widely
reported [86–91]. Kost et al. [89] developed cathode electrode catalysts for effective
hydrogen reduction and methanol electro oxidation wherein the Pt nanoparticles are
dispersed in conducting polymers.
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2.5 Surface Electro-Catalysis

In recent years, application and use of metal nanoparticles have gained importance
owing to its role in the relevant technological applications like enhancing the prop-
erties of electro-catalysts [15, 16, 92]. These nanoparticles are brought into practical
applications by embedding or depositing those nanoparticles on the polymers [93,
94]. For instance, liquid fuel cells make use of methanol through electro-catalytic
oxidation of methanol on metal surface [95]. Poisoning effect due to the displace-
ment of highly scattered single metals [96–102], bimetals [103, 104], multi-metals
[105–107] and the synergistic effects of CPs and the metals is one of the main causes
of the decrease in the catalytic activity in the cathode electrodes [108, 109].

Polymer metal composites are prepared either by addition of metal particles
into polymer film during electro-polymerization or by electro-deposition of cata-
lyst particles on the polymer films using metallic salt solution. The second method
is advantageous over the first method in yielding more metal particles to access to
species in solution by three types of modes like constant potential also known as
controlled-potential electrolysis or potentiostatic coulometry, double potential step
chronoamperometry (DPSCA) and cyclic potential or cyclic voltammetry mode.
Kelaidopoulou et al. [105] by using constant potential method found the homoge-
neously dispersed Pt particles settle down above the polymer matrix. The cyclic
potential method improves the metal particle dispersion by activating the deposited
metal particle periodically [15, 17]. In double potential step method, improved pen-
etration complex into the conducting polymer film facilitates better catalyst distribu-
tion. For example Pt deposited in an electrode by electrochemical method may have
2D or 3D crystallographic orientation of the metals deposited.

The catalytic related performances of metal polymer matrix are assessed by some
of the metrics like surface-specific activity, mass activity, and electro-chemically
active surface area that are frequently used among the researchers. Oxygen reduction
reaction (ORR) is one of the fundamental reaction techniques used in the research of
renewable energy. For example, proton electrolyte membrane fuel cells (PEMFCs)
are widely used where the ORR is taking place at the cathode. Owing to the slow
kinetics ofORR, the performance of fuel cells is affected [110–113]. Platinum, owing
to its balanced ORR activity and high stability in the acidic medium, it is highly
preferred metal in PEMFCs. Thus, to improve the ORR activity of the PEMFCs,
efforts are taken to have more active catalytic surface centres. Surface modification
is an important aspect of removing one type of site without changing the electric
structure of the rest of the surface [114].

The electro-catalytic reactions between the metal electrode and the electrolyte
play a key role in optimizing fuel cell performance. Thus, the interfacial electro-
chemistry involves the study of metal electrode and electrolyte that depends upon
the certain characteristics like surface structure that involves species of the solution
and the electrode surface, surface reactivity, kinetics and various other mechanisms
involved in and around the electrochemical interface [115, 116]. Another significant
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Fig. 9 Ball models of
different adsorption on active
sites [118]

factor in the electro-science is the investigation of adsorption between the reac-
tants and intermediates and the particular adsorption destinations of the terminal
are the unmistakable spot for adsorption to occur. Adsorption of inter-metallic and
inter-mediates like catalysts at surface occurs at all electro-catalytic reactions [117].
Adsorption may occur in the following ways as shown in Fig. 9 (a) when the bonding
takes place between the single electrode surface atom and molecule it is called as on
top, (b) when the molecular adsorption takes place in between two adjacent metal
atoms it is called as bridge and (c) threefold hollow represents molecular bonding of
three surface atoms.

The three fold hollow is again diverged into FCC and HCP. At the point when the
three overlap empty layer corresponds with the opening in the layer underneath it is
called as FCC-hollow and instead of hole if its coincides with an atom underneath, it
is called as HCP-hollow. Thus, the improvement of the electrochemical reactions can
be achieved by chemical modification of the electrode’s active surfaces by adsorption
of reaction intermediates, breaking and forming of bonds. These active sites depend
upon the geometric arrangement that induce chemisorption bonds and affects the
properties of the catalyst in the form of (i) electronic effects and (ii) geometric
atomic ensemble effects.

2.5.1 Electronic Effects

The electronic properties of the electrode ascertain the electronic structure con-
stituents of the electrode like (i) surface potential of zero charge density (Epzc) and
(ii) local density of states (LDOS) [119]. Epzc is a significant property in determining
the electronic properties of the electrode. Electrode potential is linearly associated
with the minimum energy required to transfer an electron outside electrode surface
from the Fermi level within the electrode [120]. On the other hand, within an energy
band, the distribution of the electronic levels is described by the LDOS. All potential
electro-catalysts possess d-band centers near the Fermi level which determines the d-
electrons at the surface’s ability to readily interact with the polymer absorbate [121].
Figure 10 describes the local density states of the d-band and sp-band at platinum
surface with regard to the Fermi level. Platinum exhibits good catalytic properties
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Fig. 10 LDOS of d-band
and sp-band of platinum
surface

by possessing its surface d-band centers in close proximity to Fermi level, where
electron transfer takes place for the ORR.

2.5.2 Geometric Atomic Ensemble Effects

Atomic ensemble effects play an important role in electrocatalysis, where a small
group of atoms in the geometric configuration act as an active site for reactant adsorp-
tion. For understanding, the electro-catalytic reaction mechanisms and for designing
efficient electro-catalysts, the study of this smallest group of atoms is very impor-
tant. Cuesta [115] studied the atomic ensemble effects in the oxidation of formic acid
and methanol on modified single crystal platinum electrodes. Generally, increased
catalytic action is attributed to the combined effects of electronic effects and atomic
ensemble effects. Site knockout strategy is one-way of surface modification where
a specific adsorption surface site in the geometric configuration is removed without
modifying the electronic structure of the remaining configuration. The specific deter-
mination of the group of smallest atoms is necessary to identify the rate determining
transition rate in an electro-chemical reaction [122].

3 Fuel Cells

Fuel cell is an electro-chemical device that generates current by converting chemical
energy to electrical energy. An electro-chemical cell comprises three constituents
such as fuel, oxidizing agent and electrolyte. Thus current is generated by a pair of
redox reactions through the oxidation of fuel in the presence of catalysts [123]. Gen-
erally, fuels represent hydrogen, formic acid, alkali, methanol, ethanol, etc. Fuel cell
consists of two electrodes, an anodewhere oxidation of fuel takes place and a cathode
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where reduction of oxidant takes place. Both anode and cathode are connected by
external circuit and are separated by electrolyte. The electrolyte is typically made of
polymer, immobilized alkali or acid, ceramic, etc. In general, fuel cells have reported
higher efficiency than that of the internal combustion engines that follows thermal
cycle and the energy produced is virtually pollution free energy.

3.1 Classification of Fuel Cells

Fuel cells are classified based onoperating temperature into twogroups [124]: (i) low-
temperature fuel cells, where the operation temperature is below 250 °C. Owing to its
faster start-up times, low-temp fuel cells widely popular among portable applications
in the area of propulsion systems. (ii) In high-temperature fuel cells, the operation
temperatures are above 600 °C. Since the electro-catalysis do not have a significant
role at high temperatures, several fuel types are used in high-temperature fuel cells.
Based on the electrolyte utilized in the fuel cell (Fig. 11), it is classified into

(i) Polymer electrolyte membrane fuel cell (PEMFC)
(ii) Direct methanol fuel cell (DMFC)
(iii) Alkaline fuel cell (AFC)

Fig. 11 Classification of fuel cells based on electrolyte utilized [125]
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(iv) Phosphoric acid fuel cells (PAFCs)
(v) Solid oxide fuel cell (SOFC)
(vi) Molten carbonate fuel cells (MCFC).

3.1.1 Polymer Electrolyte Membrane Fuel Cell (PEMFC)

It is also commonly known as proton electrolyte fuel cells. Polymer electrolyte
membrane (PEM) uses solid polymeric membrane as electrolyte and porous carbon
electrodes containing platinum or platinum alloy as catalysts. The fuel cell typically
feeds on pure hydrogen supply source like storage tanks, oxygen from air and ample
supply of water to operate. Here, the protons from hydrogen source. Thus electrical
energy is produced through chemical energy liberated in the form of protons and
electrons during electrochemical reaction between hydrogen and oxygen.

PEM fuel cells (Fig. 12) encompass membrane electrode assemblies (MEA) sys-
tem that comprises electrodes, catalysts, and electrolyte and gas diffuser. The elec-
trolyte is a specially treatedmaterial that allows proton exchange and blocks electron.
For optimum performance of the electro-chemical reaction, electro-catalysts play a
vital role by positioning them on either side of the electrolyte. A catalyst is made of
special materials like platinum nanoparticles coated with carbon paper or cloth. The
catalyst has rough surface that facilitates maximum area to be exposed to the reaction
between hydrogen and oxygen. Triple phase boundary (TPB) is the important part
of the cell where the reactions between the constituents like electrolyte, catalyst and
reactants mix at the operating temperature of around 100 °C. Hydrogen as a fuel is
supplied to the anode side where in the presence of electro-catalyst; it divides into
protons and electrons. This oxidation half-cell reaction is represented by:

Fig. 12 Polymer electrolyte
fuel cell [126]



140 M. Ramesh and M. Muthukrishnan

H2 → 2H+ + 2e−

The protons that are formed through half reaction oxidation are permitted through
the polymer membrane. Electrons are supplied though external circuit. A stream of
oxygen supplied at the cathode side reacts with protons and electrons forming water
molecules and current. The half reaction is given by:

1

2
O2 + 2H+ + 2e− → H2O

PEMFC are the perfect candidates for power source in cars, buildings and other
smaller applications. Theyoffer considerable density of power, lightweight and quick
start. The disadvantage is that it requires costly noble metal catalyst like platinum for
the hydrogen electro-chemical reactions. The platinum catalyst is not resistant and is
sensitive to CO poisoning. Thus, an additional reactor is necessary to be employed
for reduction of CO poisoning.

3.1.2 Alkaline Fuel Cells (AFC)

AFC are medium temperature (100–150 °C) fuel cells that make use of aqueous
potassium hydroxide as electrolyte, non-precious metals as catalyst and utilize an
alkaline membrane. AFC’s utilize hydrogen and oxygen and generate heat, water
and electricity. Some of the fuels that are compatible to use as fuel in AFC are
methanol, ethanol, propanol, ethylene glycol, and sodium borohydride. AFC’s effi-
ciency is around 70% and was used in the famous NASA’s space shuttle Apollo in
1960. A Nafion-based alkaline polymer electrolyte fuel cell was developed where
the catalyzed Ni-Cr serves as anode side and Ag as cathode side. The principle is
similar to other AFC’s where OH− ions are produced by ORR. These ions produce
H2O transfer to the anode and reacts with H2O which results in the production of
electrical energy to the external circuit [127] (Figs. 13 and 14).

The challenges faced by the AFC’s are CO2 poisoning where the performance
of hydrogen and oxygen are highly affected by the presence of CO2. Thus constant
purification of hydrogen and oxygen is necessary and it increases the cost. Also
the electrolytes are facing issues with wettability, increased corrosion, etc. Alkaline
membrane fuel cells (AMFCs) also known as alkaline anion exchange membrane
fuel cell (AAEMFC) or anion-exchange membrane fuel cells (AEMFCs) are devel-
oped to address the issues faced in AFC, where the liquid electrolyte has lower
susceptibility to CO2 poisoning [130]. Instead of standard KOH used in AFC, a solid
polymer electrolyte membrane is used to transport hydroxide OH−ions. The major
challenge of AMFC is the fabricate anion exchange polymer membrane with good
OH− ion conductivity. Qiao et al. [131] produce three types of polymer membranes
using polyvinyl alcohol (PVA) base matrix and developed PVA-KOH (Potassium
hydroxide), PVA_PAADDA_GA (poly(acrylamide-co-diallyl dimethyl ammonium
chloride)) [132] and PVA/PDDA-OH (poly(diallyl dimethyl ammonium chloride))
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Fig. 13 Alkaline fuel cell
[128]

Fig. 14 Alkaline polymer
electrolyte fuel cell [129]

[133]. These membranes are found to exhibit good thermal stability and ionic con-
ductivity. Another polymer material, poly(arylene ether)s satisfies the requirements
of AAEMs with their excellent properties of stability and water resistant [134].
Tanaka et al. [135] synthesized polymer membrane of arylene ether by block co-
polycondensation of fluorene containing hydrophilic oligomers and linear hydropho
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Fig. 15 Phosphoric acid
fuel cells [139]

bicoligomers, chloromethylation, quaternization, and ion-exchange reactions. Simi-
larly poly(2,6-dimethyl-1,4-phenyleneoxide) (PPO) [136], poly (tetrafluoroethylene)
(PTFE) [137], poly(arylene ether sulfone) [138] are polymers used for their excellent
mechanical properties, thermal stability, minimal water absorption, no toxicity, low
flammability and electrical properties.

3.1.3 Phosphoric Acid Fuel Cells (PAFCs)

PAFCs (Fig. 15) operates between 170 and 200 °C uses phosphoric acid (H3PO4) as
electrolyte in highly concentrated formwhere it is contained in Teflon bonded silicon
carbon matrix to protect the other internal parts from corrosion. PAFC uses porous
carbon electrodes coated with platinum catalyst. PAFCs are more CO2 tolerant of
1% at 200 °C and as a result wide range of fuels like natural gas; petroleum products,
coal liquids, etc. are used. PAFCs are suitable for distributed power generation with
its efficiency of 85%.

3.1.4 Molten Carbonate Fuel Cells (MCFCs)

MCFSs are high temperature fuel cell that operates at 650 °C. Molten carbonate salt
mixture (62% Li2CO3 and 38% K2CO3) contained in lithium aluminate (LiAlO2) is
used as electrolyte because of its corrosive nature [140]. Instead of costly platinum,
non-precious metals like nickel is favoured as catalyst at anode and cathode. MCFCs
are not susceptible to CO2 poisoning. The schematic representation of MCFC unit
is given in Fig. 16.
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Fig. 16 Molten carbonates
fuel cells [141]

3.1.5 Solid Oxide Fuel Cells (SOFCs)

SOFCs are high temperature fuel cells (650–1000 °C) that use Yttria-doped zirconia
(YSZ) as electrolyte for adequate mechanical strength, chemical stability and better
ionic conductivity. Due to its high temperature workability, hydrocarbon fuels like
methane, butane, propane, gasoline, jet fuel, diesel and bio-diesel can be used as
fuel. SOFCs are 60% efficient in converting fuel to electricity and 85% efficient after
reusing the systemwaste heat. The anodes used in SOFCs are usually zirconia cermet
and the cathodes are made of strontium-doped-lanthanum manganite. Non precious
metals like nickel are used as catalyst. SOFCs are acid resistant fuel cells and are not
poisoned by CO2 gas.

4 Conclusion

Now-a-days, many new analyzes in polymer electro-catalysis process have been
carried out. This chapter provides an overview of this materials and process, lat-
est characterization techniques, and fundamental studies of degradation methods.
Electro-catalysis studies show significant differenceswhen comparedwith other con-
ventional process of polymer catalysis. From this chapter the following conclusion
have been arrived:

• The metal-melamine based polymers can be promising pre-cursors for the
preparation of efficient metal-embedded nitrogen-doped carbon materials for
electro-catalysis process.

• It is expected that the processing of polymeric materials, as catalyst and supports,
will have major influence on the processing of catalysis in future.
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• Despite the knowledge in the field of electro-catalyst and catalyst layer degradation
mechanisms on the polymers, one of the major challenges in the near future is to
develop new catalyst supports that improve the durability of the catalyst layer and
also impact the properties of the active phase to improve the catalyst kinetics.

• The durability properties also have highly attracted the attention of researchers in
coming years.

• Therefore focus will be given on expanding the family of polymers as well as
investigation on the electro-chemical properties in future.
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Oxygen Evolution Reaction

A. Brouzgou

Abstract Oxygen evolution reaction is evinced as one of the main rate-determining
steps for clean energy production, energy security supply and therefore for the evo-
lution of a sustainable society. The production of clean energy, the security of energy
supply (autonomy) and lower cost of energy supply constitute the main key points
for a sustainable future. It is known, that a sustainable future can be achieved only
if the current power supply shifts to other sources than the conventional ones; with
the renewable energy sources and hydrogen fuel to own a leading role. The oxygen
evolution reaction mechanism in acidic and alkaline media remains a mystery even
today, after so many years of research activities. Bockris in 1954 and then Bockris
and Huq in 1956 were the initial founders of the oxygen evolution reaction mecha-
nism study. Then, many mechanisms were suggested and up-to-date many materials
have been studied, with the metal perovskite oxides to be the most promising can-
didates. When this ‘mystery’ is solved, then a big step towards a sustainable future
will become.

Keywords Oxygen evolution reaction · Metal perovskite oxides · Water
electrolysis · Metal-air batteries · Materials for oxygen evolution reaction

1 Introduction

The advances in oxygen evolution reaction (OER) materials are an instigator for the
further development of the main energy storage and energy conversion electrochem-
ical devices. Their development, can be a significant step towards the target of the
socioeconomic and environmental intendment for ‘clean’ energy production, via the
renewable energy sources, and the feasibility of great energy capacity storage [1].

Oxygen evolution reaction is evinced as one of themain rate-determining steps [2]
for clean energy production, energy security supply and therefore for the evolution of
a sustainable society (Fig. 1). The production of clean energy, the security of energy

A. Brouzgou (B)
Laboratory of Alternative Energy Conversion Systems, Department of Mechanical Engineering,
University of Thessaly, Volos, Greece
e-mail: amprouzgou@uth.gr; brouzgou@gmail.com

© Springer Nature Switzerland AG 2020
Inamuddin et al. (eds.), Methods for Electrocatalysis,
https://doi.org/10.1007/978-3-030-27161-9_6

149

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27161-9_6&domain=pdf
mailto:amprouzgou@uth.gr
mailto:brouzgou@gmail.com
https://doi.org/10.1007/978-3-030-27161-9_6


150 A. Brouzgou

Fig. 1 The role of OER for a sustainable and energetically-secure future

supply (autonomy) and lower cost of energy supply constitute the main key points
for a sustainable future. It is known, that a sustainable future can be achieved only
if the current power supply shifts to other sources than the conventional ones; with
the renewable energy sources and hydrogen fuel to own a leading role.

Up-to-date, fossil fuels constitute the main hydrogen source (96% production).
In the market there are many available technologies for hydrogen’s production, but
all of them emit greenhouse gases contributing more to the environmental pollution
[3].

Thereupon, hydrogen production from water electrolysis appears as the most
environmentally friendly approach. Today, the power-to-gas system to which the
required energy is derived from renewable energy sources it is supported as the most
promising one; holding 4% of the current hydrogen production. By 2050, if the main
challenges of the water splitting process (or water electrolysis), be overcome, it is
envisaged an increment of its share at 22% [3].

In 2015, theDepartment ofHydrogenEnergy ofU.S.A set the target for ‘green’H2

production efficiency (%LVH based), from wind-based water electrolysis (onshore
and offsite) at 30% with the respective cost to be 5–7 e/kg; 15% from solar-based
water electrolysis (offsite) with a cost of 6.5–8.5 e/kg and 33% from nuclear energy
with an estimated cost of 4.5–6.5 e/kg [4].
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However, over and above the obstacle of clean energy production, energy stor-
age establishes another one that must be overcome. The energy production from
renewable energy sources renders instantly the power supply unreliable, while at
the same time make the necessity for reliable energy storage devices indispensable.
Among the current energy storage technologies, electrochemical devices offer the
most encouraging operational characteristics.

Specifically, today metal-air batteries due to their high energy density (0.5–0.7
kWh/kg vs. 0.02–0.05 kWh/kg of lead-acid batteries) are one of the most promising
electric energy-storage technologies [5]. During their charging and discharging pro-
cesses two main electrochemical reactions take place, respectively: (i) the oxygen
evolution reaction and (ii) oxygen reduction reaction (Eq. 1):

4OH− → O2 + H2O + 4e− (1)

Themain challenge for themetal-air batteries is the increase in the rate of charging
by improving the OER electrode performance. The increment of catalytic efficiency
towardsOERwill also increase the reversibility of the two reactions and consequently
will increase the cyclic life of the batteries. For this reason, two main pathways have
been followed, the one that aims at the electrode reaction rate or electrode surface-
area increment and the other that aims at the internal resistance electrode reduction.
The increased resistance is attributed to the produced gas bubbles [6].

1.1 Challenges to Be Overcome

Up-to-date, oxygen evolution reaction, has been studied mainly as half-reaction of
water electrolysis process. The water electrolysis is an endergonic reaction (thermo-
dynamically non-spontaneous) meaning that energy must be consumed in order to
be processed. The reaction can take place either in acidic media or in alkaline one:

Acidic media:

anode: H2O (l) → 1/2 O2(g) + 2H+ + 2e− (2a)

cathode: 2H+ + 2e− → H2(g) (2b)

full reaction: H2O (l) → H2(g) + 1/2 O2(g) (2c)

Alkaline media:

anode : : 2OH− → H2O + 1/2 O2(g) + 2e− (3a)

cathode: 2H2O + 2e − → H2(g) + 2OH− (3b)
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full reaction: H2O(l)H2(g) + 1/2 O2(g) (3c)

Comparable to acidic media, in alkaline media, can be used materials of low
costs, such as nickel or cobalt and their respective oxides which in acidic media
are corroded. This one advantage of the alkaline water electrolysis systems was
considered as the main motive for the ultra-domination of the market with alkaline
water electrolysis technology. Nevertheless, independently of the kind of the media
that the reaction takes place as well as the electrode material, OER (Eqs. 2a and
3a) constitutes the rate-determining step [7]. Oxygen evolution reaction kinetics are
much more sluggish than hydrogen evolution reaction, creating high overvoltage at
the anode electrode.

Dating back in 1789 and 1800, Holland Paets van Troostwijk with J. R. Demain
and the British W. Nicholson with A. Carlislie, respectively were the pioneers of the
water electrolysis process [8]. Even though themany years that passed since this great
discovery, up-to-date the exact mechanism that oxygen evolution reaction follows
remains a mystery, ‘the great enigma’ as has been named by some researchers [9].
When the exact mechanism of OER is realized, then may highest efficiency of water
electrolysis reaction as well as a higher rate of batteries charging be succeeded. Thus,
the realization of the OER mechanism is one of the main challenges that must be
overcome.

2 The History of Oxygen Evolution Reaction Proposed
Mechanisms

The initial OER mechanisms that were proposed suggested metal centers as the
active sites of the reaction. It worths being mentioned that the first patent of water
electrolysis device is recorded back in 1874 [10]. However, there was no relative
information about OER. The first reference about OER mechanism is tracked down
in 1954 in a published work of Bockris [11]. His electrode materials were limited to
noble metals; the main problem that he faced was the failure to achieve the potential
of reversible oxygen electrode and as a result the recorded data deviated from Tafel
line linearity.

The above deviation was corrected from Bockris and Huq [12] who then studied
the OER mechanism on platinum (Pt) electrode. Those years the main problem for
the kinetic studies of the OER was the presence of impurities on the metals, whose
reaction could cover the oxygen evolution reaction. Thus, Bockris and Huq solving
that problem proposed the first OER mechanism:

OH− → MOH + e−
0 (4a)

MOH− + OH− → MO + H2O + e−
0 (4b)
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MO + OH− → MHO2 + e−
0 (4c)

So, it becomes known that at 25 °C a Tafel slope of 0.1 is connected with a three-
step reaction of hydroxyl ions discharge [12]. According to the authors [12] all the
three chemical Eqs. (4a–4c) could be the rate-determining step of OER. Moreover,
one of each chemical equations could lead to many different pathsways through
which the oxygenwould be produced. But even so, those years the researchers did not
have access to the appropriate equipment in order to further into OER mechanism.
It is remarkable, that even today that we have the necessary equipment the OER
mechanism remains a mystery.

In 1957 Wade and Hackerman [13] proposed the following OER mechanism in
acidic environment:

2M + 2H2O → MO + MH2O + 2H+ + 2e− (5a)

MO + 2MOH− → 2M + MH2O + O2 + 2e− (5b)

(M: active site = transition metal cation)
Oxygen evolution reaction mechanism had been studied over nickel and nickel

oxides in 1959 by Conway and Bourgault [14]. Those years nickel and nickel oxides
were the most interesting materials for nickel-cadmium and nickel-iron batteries.
The authors suggested a third different reaction pathway, being consisted of four
steps:

M + OH− → MOH + e− (6a)

MOH + OH− → MO + H2O + e− (6b)

MO + MOH → MHO2 (6c)

MHO2 + MOH → M + H2O + O2, (6d)

where M is the electronically conducting bulk oxide phase.
Later in 1963 Krasil’shchkov proposed two different OER pathways in acidic and

alkaline media, respectively [15]:
Acidic media:

M + H2O → M − OH + H+e− (7a)

M − OH → M − O + H+ (7b)

M − O− → M − O + e− (7c)
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2M − O → 2M + O2 (7d)

Alkaline media:

M + OH− → M − OH + e− (8a)

M − OH + OH− → M − O− + H2O (8b)

M − O− → M − O + e− (8c)

2M − O → 2M + O2 (8d)

(M: active site = transition metal cation)
They supported that at the onset potential of OER firstly an unstable oxide layer is

formed which then decomposes with oxygenproduction. The same theory was also
supported by Tsinman [16].

The dependence of OER kinetics on pH value over nickel electrodes, in sulfate
electrolyte, was evaluated and confirmed in 1965 by Sato andOkamoto [17]. Accord-
ing to them in acidic media the rate-determining step was observed in a relative high
current-density region:

H2O → OH(ads) + H+ + e− (9)

On the contrary, in alkaline media, the rate-determining step was noted in a low
current region suggesting the following equations as a possible reaction pathway for
O2 evolution. The adsorbed hydroxide anions (Eq. 10b) were found to determine the
rate of OER:

OH− → OH(ads) + H+ + e− (10a)

OH(ads) + OH− → O(ads) + H2O + e− (10b)

2O(ads) → O2 (10c)

Then, in 1976 Damjavonic and Jovanovic [18] studied the OER kinetics and
mechanism over Pt electrode in acidic media. They stated that after the first charge
transfer, a chemical step takes place which constitutes the rate determining step to the
OER. Specifically, the two formed H+ ions are not involved in the rate determining
step process with the following reactions to be a possible pathway of the reaction:

H2O ↔ H+ + OH + e− (11a)
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OH + X → [X . . . OH] or [X . . . O − + H+] (11b)

[
2X . . . OH ↔ 2X + O2 + 2H+ + 2e−]

, (11c)

where X is a site on the surface of the formed oxide film.
Moreover for the first time is proposed the direct involvement of oxygen atom

from the metal’s oxide film. Thus, after (11a) reaction takes place, the formed OH
bonds to the oxygen of metal oxide. In sequence the H+ departs from OH and so O−
remains bonded to the oxygen of metal oxide; which both leaves the metal forming
the O2 (Fig. 2).

After the release of O2 an oxygen vacancy appears on metals surface, which is
supposed to be filled via the (11a) and (Fig. 3) reactions that take place in a parallel
pathway with the first pair of reactions and in a sequence way being combined with
oxidation.

The fact that the oxygen is part of the catalyst lattice structure makes it automat-
ically a constant factor to the OER mechanism. The characteristic of this reaction

Fig. 2 OER suggested by Damjavonic and Jovanovic mechanism, in 1976

Fig. 3 A series of 4d reactions
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pathway is that the reaction intermediates are not necessary in order to play the role
of the metallic surface coverage layer.

Damjavonic and Jovanovic [18] reported that the first hint for the lattice oxygen
implication in OER was given by Rosenthal and Veselovski. The latter observed
that when 18O was sent to the platinum’s oxide surface then the initial gas that was
produced was enriched with 18O.

The assumption of a chemical step to be the rate-determined step was also sup-
ported by Hoare [19]. They stated that when transfer coefficient takes the value of
1.5, means that the second electron is transported very slow. Additionally, O’ Grady
et al. [20] and in [21] who experimented in alkaline media reported the inclusion of
the formed oxide film and an oxidation-reduction cycle of an active surface site, as
part of OER mechanism:

M + OH− → M − OH + e− (12a)

MZ − OH → Mz + 1-OH + e− (12b)

2Mz + 1-OH + 2 OH− → 2M + 2H2O + O2 (12c)

Indeed this film was not observed when other reactions conducted.
In 1978Miles et al. [22] investigated the OER over Ru-Ir, Ru-Pt, and Ir–Pt (50:50

at.%) alloys in acidic media. Moreover, for comparison reasons they experimented
over RuO2/TiO2 or Ir electrodes. They concluded that the presence of oxide (either
formed during OER or from the beginning of OER) has a positive impact on oxygen
production.

Bronoel andReby [23]made an attempt to validate the hitherto theoretical assump-
tions about OER mechanism over nickel electrodes in an alkaline environment.
From the five proposed hypothetical mechanisms, the one that includes OHads and
OH− chemical association with the OH− and O−

ads chemical discharge was validated
experimentally:

OH− � OHads + e− (13a)

OHads + OH− � O−
ads + H2O (13b)

O−
ads � Oads + e− (13c)

2Oads � O2 (13d)

In 1983 Bockris and Otagawa [24] studied the OER on perovskite materials. They
concluded that lattice oxygen was involved into OER, but none change of transition
metal oxidation state was observedBockris andOtagawa [24]. Thus, it was supported
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that OER progression is provoked by the lattice oxygen ions oxidation and not by
the move of cations to higher valence states.

In 1987 the OER over Ru and RuO2 was investigated by Wohlfahrt-Mehrens and
Heitbaum [25]. They pointed out that the produced oxygen gas comes from both: (i)
the electrolyte and (ii) the lattice oxygen. Moreover, they assumed that in the case
of RuO2, not only the metal acts as active site, but also the total metal oxide. In the
case of pure metal (Ru) an oxide layer is created over which the OER progresses in
the same way with the metal oxide.

According to Matsumoto and Sato [26] review work about studied catalysts for
OER the OER activity had the following order: RuO2 > IrO2 > Co and Ni > Fe > Mn
and Pb. Matsumoto stated that two main factors engrossed up to 1986 investigations:
(i) the strength of theM-O bond and (ii) the transfer of the electron.More specifically,
about the electron transfer, the Franck-Condon principle was supported, according
to which the orbitals of the active sites and of the adsorbed species overlap each
other. The degree of overlapping along with the density of states of the electron at
the Fermi level are the key-elements for the electron transfer rate.

It is characteristic that all the works up to 1986 that investigated the OER over
noble and non-noble metals reported that the oxide layer is always formed which
certain is engaged into the reaction and that metal oxides have higher stability than
their respective pure metals. An additional general feature is that the Langmuir or
Temkin models were adopted for adsorption process, making at the same time also
the assumptions that the potential drop takes place into the Helmholtz layer on the
side of electrolyte. So, the area into which the activation drop occurs was also those
years under investigation. In Fig. 4 the founders of the OER mechanism over the
years, are summarized.

Over the years theOERmechanismhas been studiedmore thoroughly, but still, the
exact reaction pathway remains unknown and under investigation. Today a proton-
coupled electron transfer that includes a 4-step reaction pathway is proposed (Fig. 5).

More precisely, the d-band position of the metal and the p-band position of the
metal oxides constitute a key-element to the water electrolysis procedure. Figure 3
shows that the metal center has the role of the adsorption site and of the redox
site, synchronously. At the same time the transport of four electrons occurs. This
transport of electrons shall take place if an amount of energy will be provided which
will be close to the thermodynamic energy. The formation of hydrogen peroxide
intermediate during step 2 is considered as the rate-determining step.

Additionally, today it is suggested that in theOERprocess proton-coupled electron
transfer occurs in a continuous way along with spin states changeover. Thus, for the
last action, OER requires extra energy except for the overpotential energy.

Distinctively, when themetal state is 3+/4+ the d-band and p-band are engaged and
so the redox active site is not consisted only by metal. Thus, at a potential higher than
1.23 V versus RHE the OER is evolved through the lattice oxygen oxidation reaction,
as had been reported by Damjavonic and Jovanovic in [18] and some more recent
works [27, 28]. In 2015 Binnigner et al. [29] named it as lattice oxygen evolution
reaction (LOER) mechanism.
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Fig. 4 The founders of the OER mechanism

Fig. 5 Currently proposed
OER mechanism in alkaline
media

Considering all the above-mentioned historical evolvement of OER study all the
following three chemical reactions it is possible to take place [9]:

common OER : 2OH−
aq ↔ 1/2O2 + H2O + 2e− (14)
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metal oxide chemical dissolution : M2n + O2−
n + nH2O ↔ M2n +

aq + 2nOH−
aq

(15)

LOER : M2n + O2−
n ↔ M2n +

aq +1/2 nO2 + 2ne− (16)

Thermodynamically and kinetically, OER and LOER are very close and so fairly
can be distinguishable, as except for the lattice oxygen also oxygen from the elec-
trolyte contributes to the OER process. In this case, it is proposed [9] that at the onset
potential of OER and LOER the cations of the metal that are produced from the latter
‘render’ into the electrolyte and then either are oxidized to higher valence states or
are reconnected with electrolyte’s hydroxide ions. When the first scenario happens
electrodes mass is lost, while when the latter scenario is followed an oxyhydroxide
layer is formed, which make the catalyst more stable [30]. In the following sub-
section, the most promising materials for OER that have been appeared in literature
in the last years are reported and analyzed.

3 Trends of Materials for Oxygen Evolution Reaction

Among the studied materials for OER perovskites and their respective oxides are
the most promising ones. Perovskites as materials own rich chemical structure due
to which the electronic properties of oxides, are defined. In literature, many efficient
OER has been reported when electropositive metals with high oxidation states have
been reported. Some kind of perovskite materials that have shown increased OER
activity has also presented increased M-O covalency; with a p-band close to Fermi
level.

The OER process swap from a cationic redox to an anionic one. It is known that in
the case of metal transition oxides, the bond between two oxygen composes the rate-
determining factor. Thence, most of the works considered the Sabatier’s principle
which states that the most active electrocatalyst is the one which binds oxygen with a
median strength (neither too strong nor too weak) have focused on the bond strength
between the catalytic surface and the oxygen.

Based on the above-mentioned findings the research interest focuses to the alter-
ation of materials structure in order to move the oxygen p-band closer to the Fermi
level. Tuning the surface electronic structure of perovskite oxides has shown to
reduce the p-band—Fermi level distance and therefore enhances the catalytic activ-
ity. It worths being mentioned that IrO2is considered as the state-of–the-art material
for efficient OER. Since in the last decade themain research interest focuses onmetal
perovskite oxide materials, are the main topic in the current Chapter.
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3.1 Transition Metal Perovskite Oxide Materials

Transitionmetal-based perovskite oxidematerials present the advantages of low cost,
very good stability and favorable electrocatalytic activity [31]. In 2011g Suntivich
et al. [32] suggested a diagram of volcano-shape which expressed OER efficiency
in terms of surface transition metal cations eg electrons. Thus it is confirmed that
the OER activity depends on the occupancy of the 3d electron with an eg symmetry
of surface transition metal cations in an oxide. The spin state of the magnetic ions
was intermediate which attributes to the eg electrons a value of 1.2. This finding
functioned as a guideline for the next materials investigations about OER.

3.2 Ferroelectricity Feature of Metal Perovskite Oxides

Since in composites the above-mentioned finding cannot be fully defined and the
eg electron number has limitations concerning its regulation a numerous of works
appear about the eg electrons regulation efficiency. Increasing the available surface
area by changing its morphology is proved an effective approach [33].

Another possible approach is the exploitation of the internal polarization of ferro-
electrics. Ferroelectricity is a property of a material that has a spontaneous electrical
polarization reversible by the application of an external electric field. Transformed
material systems that do not contain ferroelectric components are expected to showno
organization associated with ferroelectricity. In heterostructures consisting of tran-
sition metal oxides, however, the disorder that introduces an interface can affect the
balance of the antagonistic interactions between the electronic self-charges, charges,
and orbits. This has led to the emergence of emerging properties that are absent in
the original building blocks of a heterostructure, including metallicity, magnetism
and superconductivity at interfaces of insulating materials.

Instead of only adjusting the electronic structure, as well in order to accelerate the
OER Li et al. [34, 35] utilized ferroelectric polarization. They utilized layered per-
ovskite materials which conserve similar characteristics with the perovskite source,
such as couplings between orbitals, charge and others. Those materials also can
be modulated easier since they have more degrees of freedom. So, the eg electron
number was tuned by growing an in situ ferroelectric matrix (secondary phase).
Specifically, many BiCoO3 layers were introduced into a three-layered perovskite
Bi4Ti3O12, but finally only one layer was acceptable, in terms of thermodynamics
and structural stability, to the three-layered perovskite. The as-prepared electrocat-
alyst displayed 320 mV overpotential and 34 mV dec−1 Tafel slope (Table 1). The
ferroelectricity also for photocatalytic OER assigns higher activity to the electrocat-
alysts. A Bi6Fe2Ti3O18

−BiOBr (BFTO/BOB) heterostructure with intimate 2D/2D
interfaces leads to seven times higher activity in comparison to the non-ferroelectric
BFTO/BOB or pure BFTO [36].



Oxygen Evolution Reaction 161

Table 1 Sample of studied materials for OER in 2019 literature

Catalyst Overpotential
(mV vs. RHE
@10
mAcm−2)

Tafel
slope
(mV
dec−1)

pH (or
electrolyte)

Stability (hrs)
(or
%degradation)

Refs

Ni0.5Fe0.5 372 37 1 M KOH – [37]

CoP (phosphide) 370 96 0.1 M
KOH

5 [38]

Amorphous Co–MoOx 340 49 1 M KOH 3 [39]

BiCoO3 layer into a three-layered-
Bi5CoTi3O15

320 34 1 M NaOH – [34]

Mn-Ni2P-0.053 330 116.7 1 M KOH 24 [40]

2D Co-based bimetallic MOFs
(Co-Fe/Ni@HPA-MOF
nanosheets)

320 58 1 M KOH – [41]

N-doped CoO nanowire arrays
(N–CoO)

319 74 1 M KOH 24 [42]

MoxC-FeCo@NC 318 80 1 M KOH – [43]

Sr2Fe0.8Co0.2Mo0.65Ni0.35O6-δ 310 56 – – [44]

Oxygen-enriched nickel-iron
layered double hydroxide
(NiFe-LDH) nanosheets

310 74 1 M KOH 10 [45]

Anionic metal–organic framework
nanowire arrays not only directly
grown on Cu foam but also
captured Ni (II) ions hybrid

310
(@20
mAcm−2)

102 1 M KOH – [46]

CoSe2@N-Doped-carbon-nanorods 310 95 1 M KOH – [47]

LaFexNi1−xO3 nanorods 302 50 1 M KOH 20 [48]

Boronized Ni plate 300 43 1 M KOH >1500 [35]

Au/Ir nanochains 300 52.94 1 M KOH 32 [49]

NCO-Na 300 70.32 1 M KOH 13.1% [50]

Co3O4@Ni2P-CoP/NF 298
(@50
mA cm−2)

75 1 M KOH 40 [51]

Nanocoral-like NiSe2/g-C3N4 290
(@40
mA cm−2)

143 1 M KOH 10 [52]

MnCo2S4 flakes 290 72 1 M KOH 100 [53]

Nanosheet-like Co3(OH)2(HPO4)2 290 82 1 M KOH 8% [54]

CoxNi1xS2, CNS) 290 46 1 M KOH 10 [55]

Mn3O4@CoxMn3-xO4 284 73.1 1 M KOH 20 [56]

Cu2S/TiO2/Cu2S core-branch
arrays

284 72 1 M KOH – [57]

CoSe2 ultrathin nanomeshes 284 46.3 1 M KOH 20 [58]

(continued)
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Table 1 (continued)

Catalyst Overpotential
(mV vs. RHE
@10
mAcm−2)

Tafel
slope
(mV
dec−1)

pH (or
electrolyte)

Stability (hrs)
(or
%degradation)

Refs

CoNi oxyhydroxide nanosheet 279 32 1 M KOH 60 [59]

3DMo1Ni1P hollow nanoflowers 275 56.3 1 M KOH 36 [60]

Co/Fe double hydroxide nanofilm 275 34 1 M KOH 10 [61]

AgCoO2 (ACO) 271 – 1 M KOH 2.58% [62]

e–Co based bimetallic Prussian
blue analog

271 53.7 1 M KOH 24 [63]

P-NiFe-800 NPs 270.1 39 1 M KOH 12 [64]

Co3O4 2D nanosheets 270 46 13.6 [33]

Mn2O3 nanotube arrays 270 85 1 M KOH 10% [65]

Co0.15Fe0.85N0.5 266 30 1 M KOH 90 [66]

Excavated trimetallic Prussian blue
analogue

261 38 1 M KOH 15 [67]

Co1-xS embedded in porous carbon 260 85 1 M KOH 80 [68]

Fe1Co3/VO-800 260 53 1 M KOH 15 [69]

NiOOH-decorated α-FeOOH
nanosheet array

256 45 1 M KOH 53.8% (30 h) [70]

IrO2@Ir 255 45 1 M KOH – [71]

NieFeeSn film 253 61.5 1 M KOH 12 [72]

FexNi1-xSe2 nanotubes 253 49 1 M 10 [73]

2D Nanolayers of Ni(II) doped 239 90.4 pH = 9 – [74]

Ultrathin wrinkled Ni1Fe0.8P
nanosheets

237 39.7 1 M KOH 30 [75]

Plasma modified C-doped Co3O4
nanosheets

235 83 0.1 M
KOH

10 [76]

Co3O4 nanosheets (CoxOy-0) were
treated under NH3 plasma

234 68 0.1 M
KOH

– [76]

CoCo-LDH 2D nanomesh layered
double hydroxide

220 42 1 M KOH 6 [77]

3D binder-free np-Ir70Ni15Co15 220 44.1 0.1 M
HClO4

24 [78]

triple Hierarchy and Double
Synergies of NiFe/Co9S8/Carbon
Cloth

219 55 1 M KOH 20 [79]

Ni Foam Supported Fe-doped 219 53 1 M KOH – [80]

D Fe-containing cobalt
phosphide/cobalt oxide
(Fe-CoP/CoO)

219 52 1 M KOH 12 [81]

Mn0.8Ir0.2)O2:10F(fluorine) 200 38 1 N H2SO4 24 [82]

(continued)
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Table 1 (continued)

Catalyst Overpotential
(mV vs. RHE
@10
mAcm−2)

Tafel
slope
(mV
dec−1)

pH (or
electrolyte)

Stability (hrs)
(or
%degradation)

Refs

NiFe alloy onto three-dimension
nickel foam

191 44.1 1 M KOH 9 [83]

Mo6Ni6C precatalyst
reconstructing in the bulk form
small MoNi alloys clusters
interconnected with atomically
dispersed carbon

190 65.35 1 M KOH 100 [84]

Cr0.6Ru0.4O2 178 58 0.5 M
H2SO4

10 [85]

CoP2@3D-NPC 167
(@20mAcm-2)

59 1 M 8 [86]

CoP2@3D-NPC 126 – 0.5 M
H2SO4

8 [86]

PrBaCo2(1−x)Fe2xO6-δ (PBCF55) – 50 0.1 M
KOH

32% [87]

Cu2WS3.4P0.6 – 194 – 24 [88]

Ferroelectricity constitutes a novel feature (as it is indicated by the limited number
of relative publications) of metal perovskite oxides which can be given to them via
special techniques. Perovskite metal oxides structure is ABO3, where A and B are
cations. Their powerful structure omits to intervene tomaterials properties for tunable
effects into the eg filling for succeeding an ideal electron occupancy [89].

3.3 Double Perovskites

In double perovskites AA′BB′O6 the A and B are replaced with a different cation
delivering enhanced OER electrocatalytic properties. More precisely, when B is
substituted by another transition metal, the d-band center shifts closer to the Fermi
level. Moreover when p-band centre of O moves to an appropriate position to Fermi
level double perovskites exhibit stable structure during OER [90]. Today, the high
durability, intrinsic activity and mass activity still remain the main challenges of this
groups of materials [91].

A double perovskite LaFexNi1−xO3 (LFNO) nanorods (NRs) was reported by
Wang et al. [48, 52]. The authors attributed the good catalysts OER activity
to the tailored electronic structure and the strong hybridization between O and
Ni (Table 1). Sun et al. managed to interact active sites by designing a novel
Sr2Fe0.8Co0.2Mo0.65Ni0.35O6−δ double perovskite electrocatalyst [44]. More specifi-
cally step by step they substitutedMo-sites with Ni and Fe-sites by Co establishing in
this way a synergistic interplay among the transition metal elements. As it is reported
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in Table the as-prepared material show a 310 mV overpotential value, with a 56 mV
dec−1 Tafel slope.

Among the studied double perovskites the PrBaCo2O6−δ (PBC) layered one has
been identified as the most promising, in alkaline media [92]. In general since the
involvement of lattice oxygen in LOER mechanism does not require the cover of
the catalysts surface with OH− from the alkaline electrolyte, the layered double
perovskite oxides are benefited. To be more specific, the A-site ordering restrains
the oxygen vacancies that are present into the layers hence promoting the oxygen
mobility.

After this finding several studies have been focused on investigating the role of
Fe in Co-based perovskite oxides. It was found that the insertion of Fe to PBC
(PrBaCo2(1−x)Fe2xO6−δ) reduces the Tafel slope from 72 to 50 mVdec−1. Addition-
ally, the insertion of Fe inhibits the Co corrosionwhose layer serve as oxy(hydroxide)
layer.

One key-element of enhanced OER activity is the as above-mentioned
oxy(hydroxide) layer that the B cations form (Co/Fe) when we refer to
Ba0.5Sr0.5Co0.8Fe0.2O3–δ [87]. This is a self-assembled layer which is evolved due to
the LOER mechanism. The high oxygen vacancy in combination with the structural
flexibility facilitate the LOER mechanism.

3.4 Studied Materials in 2019 Literature

The main key-issues for the development of OER electrocatalysts are: (i) the high
overpotential, (ii) the high Tafel slope and (iii) the stability. It is known that at pH
= 0, at 25 °C an Eeq = 1.23 V versus NHE potential shall be applied in order water
electrolysis reaction to occur. In literature for it has been established the overpotential
value to be referred at 10 mA cm−2 current density. In Table 1 are reported the
overpotential values η10 of a big sample of 2019 publications.

The value of Tafel slope indicates the electrocatalyst ‘behavior’ with the reactnats.
A low value of Tafel slope implies good electrocatalytic activity. When a Tafel slope
is lower means that with a small overpotential change (meaning faster reaction rate)
the current density increases faster. Finally, stability is a parameter of the same
importancewith overpotential andTafel slope. This ismeasured even in galvanostatic
or in potentiostatic mode and usually must exceed the 24 h in order to say that the
material is very stable.

Comparing the as-reported in Table 1 materials, it is characteristic that the major-
ity of the materials show overpotential values into the range 200–300 mV versus
RHE. The lowest η10 was reported 126 mV, but in acidic media [86] presenting so
the disadvantage of short time stability, only for 8 h. In alkaline media (compara-
ble to acidic media) the lowest reported overpotential (190 mV) at 10 mA cm−2

[84] show 100 h stability indicating the better performance that the electrocatalyst
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present in alkaline media. The electrocatalyst with those characteristics was a three-
dimensional one (CoP2@3D-NPC). In general 3D materials offer the possibility of
higher electrochemical active surface area [93].

It is not random that almost all the experimental investigations take place in
alkaline electrolyte (Table 1). Up-to-date, there have not been fabricated anymaterial
that will fulfill the low overpotential and Tafel values along with the very high
stability. This will be succeeded only of OER mechanism is fully realized.
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Electrocatalysts for Photochemical
Water-Splitting
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Abstract The photochemical water splitting to produce O2 and H2 is considered
as the most promising, sustainable, renewable and cost-effective energy technology
for the future. In photochemical water splitting process, the efficiency of H2 and O2

production rates depends on the properties of the selected semiconductor material.
However, most of the semiconductors face various limitations which confines their
water splitting efficiency. Different strategies could be implemented to improve the
water splitting efficiency of semiconductors. Among them, loading of catalyst onto
the water splitting material is known to be one of the effective strategy to enhance the
H2 andO2 production rates. Given this, several catalyticmaterials have been explored
and successfully utilized in efficient O2 and H2 production systems. In this chapter,
we summarize some of the effective O2 and H2 production catalysts derived from
noblemetal, noblemetal oxides, earth-abundantmetals and oxides, metal phosphides
and metal chalcogenides. The surface deposited catalysts were known to reduce the
surface trap states, which decreases the charge recombination and acts as protective
layer to minimize photo-corrosion of the light absorbing semiconductors. Conclu-
sively, to explore the efficient catalysts for photochemicalwater splitting requiremore
research contribution towards the understanding of the core reaction mechanism of
catalytic process with the use of sustainable and stable materials.
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1 Introduction

1.1 General

A viable alternative to the depleting fossil fuels is in high demand to cope with the
future energy requirements that backbones the industrial and economic advancements
[6, 72]. Moreover, the extensive usage of fossil fuels requires stricter restriction to
protect the environment and the global climate [96]. Therefore, the production and
the utilization of a viable alternative energy source to fossil fuels must be sustainable
and renewable. Moreover, the production of energy sources must par the requirement
and the global demand and should be primarily derived from the abundant resources
such as solar, wind, geothermal etc., and at the same time environment-friendly with
a minimal impact. Based on these critical requirements, the scientific community has
been working intensively to explore and develop a sustainable and renewable source
of energy for the future.

At present, a variety of renewable and sustainable energy technologies are being
utilized in society. However, to meet the commercial necessity and to serve as energy
on demand, the proposed energy source needs to fulfil the crucial requirements such
as efficiently storable, transportable and accessible whenever required [102]. Cur-
rently, solar power is considered as one of the significant clean energy contributing
source along with wind and other means of green energy production technology [55].
However, the solar energy or other means of energy production routes are limited
due to the day and night rotations, weather factors, climate conditions and economic
viability [92]. Moreover, the storage and transportation of such energy sources face
various limitations. Therefore, a clean, sustainable and renewable source of energy is
required, which could be easily storable, transportable and importantly must provide
energy on demand.

Based on the above crucial requirements and the available energy sources, the
hydrogen (H2) gas emerge as a best clean energy candidate because it is storable,
transportable and could be easily accessible whenever required [41]. Importantly, the
hydrogen as a source of energy is considered to be the worthy alternatives to fossil
fuels for future energy advancements and economy. By using a fuel cell system,
the hydrogen gas could be utilized to produce electricity on demand and could be
effectively employed in vehicles and industries as a clean energy production system
[20, 94]. In the fuel cell system, a thermodynamically favourable reaction is utilized
in which H2 and oxygen were combined to undergo reaction yielding electricity as
the primary energy product along with water as a waste product. Also, H2 could also
be employed in CO2 conversion reaction into useful chemicals that help in protecting
the environment by decreasing carbon footprint [76]. Conclusively, H2 could play a
vital role in mitigating climate change and ocean acidification [81]. Therefore, H2 is
currently considered as a future energy carrier and the best alternative to fossil fuels
[40].
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1.2 H2 Production Routes

The efficient, clean, sustainable and economical production of H2 becomes a vital
task based on the significant role and impact it can contribute to the future energy
system and economy. The H2 can be produced by a variety of methods derived
explicitly from the hydrogen-containing molecules. Currently, the most widely used
hydrogen production methods (Fig. 1) include electrolysis (electricity is used across
specific electrodes to split water), biological process (the interaction ofmicrobes such
as bacterias and microalgae using sunlight or organic matter), solar water splitting
(the semiconductors exposed to light in an electrolyte to split water to hydrogen),
thermally assisted water splitting (utilization of thermal energy in reactors to break
water into H2), cracking of petroleum and hydrocarbon reforming (the reaction of
natural gas with steam), fermentation (H2 production by the fermentation of sugar-
rich feedstocks derived from biomass), renewable liquid reforming (producing H2

from high-temperature reaction of ethanol) [3, 15, 30]. These methods are different
from each other based on their, production efficiency, rate, cost-effectiveness and
mainly the impact on the environment.

The total amount of H2 produced by combining all the abovemethods is incapable
of satisfying the production requirement and accounts for only 3% of energy demand

Fig. 1 Various routes of producing hydrogen gas
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globally [4, 18]. At present, the major portion of the hydrogen is produced via steam
reforming of fossil fuels or by the partial oxidation of methane and coal gasification
[3]. Whereas, cleaner techniques such as water electrolysis and solar water splitting
are rarely used. Moreover, the steam reforming process of fossil fuels is believed to
be the most efficient and cost-effective method. Unfortunately, the steam reforming
process of hydrogen production is not viable for future energy demand as the fossil
fuels are depleting. Importantly, the steam reforming process produces enormous
amounts of greenhouse gases, which are the primary concern of global warming.
Therefore, a sustainable and renewable route of hydrogen synthesis needs to be
explored and practically made viable to meet the energy demand without harming
the environment. Given this, the hydrogen production routes such as electrolysis
and solar assisted water splitting could play a significant role in the future energy
systems. Despite being clean, sustainable and renewable nature of the electrolysis
and solar water-splitting methods; these routes are known to be inefficient in pro-
ducing H2 and importantly less cost-effective. Therefore, the practical application
of these techniques face a considerable challenge and require a great deal of scien-
tific advancement. Thus the future of sustainable and renewable energy technology
depends on the level of research contribution in these fields.

2 Water Splitting

2.1 Solar Water Splitting

Among the available and sustainable hydrogen production routes, the solar water
splittingwas found to be themost promising future energy technology as it utilizes the
most renewable, abundant and exploitable resources such as solar energy and water
[46]. The solar water splitting process captures and stores solar energy in the form of
H2 molecule without producing any undesirable pollutants [36, 50]. Consequently,
thus produced hydrogen can be storable, transportable and accessible based on the
requirements via fuel cell system. The first successful water splitting process under
sunlight was demonstrated using TiO2 semiconductor in 1972 [24], and that initiated
tremendous research establishing significant milestones and outcomes. As seen from
the Fig. 2, a rapid increase in the number of publication since last ten years indicates
the dedication and research contribution towards the optimization and exploration of
suitable of materials and system for the efficient solar water splitting reaction. Such
an increase in the research contribution mainly indicates the significance of solar
water splitting technology and its potential to meet the energy demand of the future.

The mechanism of solar water splitting involves the dissociation of a water
molecule into H2 and O2 (present in the solution) at the material surface in the
presence of light. The photoexcited electrons and holes produced in the material are
known to drive the water oxidation and reduction reactions. Hence, the semiconduc-
tors capable of producing electron-hole pair under illumination are generally utilized
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Fig. 2 Number of research articles published since last 10 years related to solar water splitting
(obtained from scopus)

as suitable materials for solar water splitting. The reaction involved in the solar water
splitting process is shown below:

H2O → H2 + 1/2O2

The solar water splitting process involves three crucial stages, as shown in Fig. 3.
First, the absorption of photons by a semiconductor, secondly the generation and
separation of electron-hole pair and lastly the diffusion of photogenerated charges
towards the material surface to carry out water oxidation (holes) and reduction (elec-
trons) reactions. Precisely, the materials require a suitable optical, electrical, and
band edge properties and stability to perform efficient solar water splitting reaction.
For example, the appropriate bandgap necessary for the absorption of a significant
portion of incident light is ~1.5 eV. As per the band edge position requirements
with respect to the reversible hydrogen electrode (RHE) scale, the valence band
edge potential need to be located more positive than water oxidation to O2 potential
(1.23 V) whereas, the conduction band potential need to be more negative than the
water reduction to H2 potential (Fig. 3). Furthermore, the semiconductor needs to
show efficient charge separation, mobility, and stability during water splitting condi-
tions in an aqueous system in a wide pH range. Therefore, the semiconductors need
to satisfy above all mentioned conditions to perform efficient solar water splitting
reactions.



176 S. S. Kalanur and H. Seo

Fig. 3 Photochemical water splitting process showing the (1) absorption of photons by thematerial,
(2) generation and separation of electron-hole pair, and (3) diffusion of photogenerated charges to
carry out water oxidation and reduction reactions

Currently, an intense effort is being made to develop and optimize the suitable
materials that fulfil all the above-required conditions to perform efficient water split-
ting reaction. However, the efficiency of water splitting has not been productive as it
faces numerous limitations. Mainly, the solar water splitting reaction of producing
H2 and O2 is considered as thermodynamically (change in Gibbs free energy �G0 =
+237.2 kJ mol−1) and kinetically uphill process [58]. Hence, the generation of H2

and O2 does not occur spontaneously due to the energy requirement and inefficient
carrier dynamics. More precisely, the production of oxygen is considered highly
challenging as it requires four electron transfer process and efficient hole dynamics.
As shown in Fig. 3, a minimum of 1.23 eV of photon energy is needed to drive
the water oxidation reaction as per the thermodynamic limitations. Theoretically, a
maximum solar to hydrogen (STH) conversion efficiency of 31% is achievable in
ideal solar water splitting conditions with the appropriate semiconductor material
[7]. However, based on the several preliminary reports the highest STH efficiency
achieved so far is only about 14% [68] using a tandem cell design and about 18.3%
[60] with a multijunction device. Therefore, more significant research contribution
is necessary to reach higher efficiency in solar water splitting.

2.2 Types of Solar Water Splitting

The solar water splitting process is further divided into two categories, namely pho-
tochemical (PC) water splitting and photoelectrochemical (PEC) water splitting.
The underlying working mechanism of water splitting in both PC and PEC system
remains the same. However, both the PC and PEC water splitting techniques have
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some advantages and limitations over one other, indicating their utilization based on
the requirements and conditions. In a PC system, the suitable semiconductor/catalyst
material is suspended in the solution and illuminated with a light source. Here, the
photogenerated electrons and holes drive water oxidation and reduction reaction in
the aqueous medium on the material surface; as a result, the bubbles of both H2

and O2 are generated in the same reaction chamber. In contrast, the PEC water
splitting reactions were carried out in an electrochemical cell containing photoan-
ode/photocathode and a counter electrode with or without an applied bias potential.
Mainly in PEC system, the electrodes are placed in different compartments sepa-
rated using a membrane or salt bridge, and as a result, the production of H2 and O2

occurs in separate chambers [39]. Hence, in the PEC system, the produced gases
do not need separation procedure whereas in PC system, the H2 and O2 have to be
separated. However, the PC system has advantages such as it can be used with sim-
ple experimental setup without any instrumentation or additional potential energy. In
contrast, the PEC system requires a specific experimental setup and a potentiostat for
bias input. Overall, both PC and PEC water splitting methods have their advantages
and limitations and highlighting the superior system among the two is still under
debate. Hence, both techniques are believed to be productive and employable based
on the requirement. In this chapter, the material and catalytic system utilized in the
PC water splitting system is discussed (PEC water splitting system are presented in
the different chapter and out of the scope of this chapter).

3 Photochemical Water Splitting

Since from the early years of research, a variety of materials have been introduced,
explored and investigated their efficiency of water splitting reaction. However, the
ability of a material to perform overall or partial water splitting were found to be
different based on their optical and band edge properties. Hence, the photochemical
water splitting was further categorized into photocatalytic water splitting and Z-
schemewater splitting system. The essential requirement of thematerial andworking
principle of both of these systems remains similar. Mainly, the production of both
H2 and O2 occurs in the same compartment in the solution. However, the employed
materials are different based on their properties. Because themajority of thematerials
are incapable of performing overall water splitting and most of the materials could
only show efficient and partial or simply water splitting. Here, the overall water
splitting refers to the evolution of both H2 and O2 products during the illumination
in the reactor. In contrast, the partial or just water splitting could simply mean the
production of a single gas product that is either O2 or H2 only. The partial water
splitting reactions occurs due to the unsuitable band edge positions of the materials,
and in such cases, either sacrificial electron/hole donor or acceptor could be utilized
to perform and balance gas evolution chemical reactions. Therefore, the materials
were selected for the suitable technique of water splitting based on their properties.
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3.1 Photocatalytic Water Splitting

The working mechanism of photocatalytic water splitting is the same, as shown in
Fig. 3. Specifically, during the illumination of light on semiconductor, both the evo-
lution of O2 andH2 takes place at the samematerial surface. Hence thematerial could
be utilized in the powder form inside the reactor. Notably, both the generation and
mass transfer of photogenerated electrons and holes occur within the same particle.
In such systems, both the water oxidation and reduction catalysts can be deposited
on the same particle that minimizes the overall synthesis complications. Overall, the
photocatalytic water splitting scheme offers simple, rapid, and cost-effective system,
with the only issue of separating the generated H2 and O2 gases [54, 65].

The choice of suitable materials for efficient photocatalytic water splitting reac-
tion remains the main challenge due to the optical, electrical and band gap require-
ments of the semiconductor material. That is, the narrow bandgap semiconductors
capable absorbing sufficient portion of sunlight and which are having suitable band
edge positions between water redox potentials are recommended. Importantly, the
material has to be highly stable during the water-splitting reaction under the illumi-
nation. However, none of the single element semiconductor materials satisfies the
above-mentioned requirements alone. For example, the wide band gap of semicon-
ductors such as TiO2 [24, 71], SrTiO3 [86], ZnO [49], NaTaO3 [91], ZnGa2O4 [125],
K4Nb6O7 [88], ZrO2 [85] etc. have well positioned band edge positions with respect
to water redox potential (vs. RHE) to perform overall water splitting to generate both
H2 and O2. Furthermore, these materials are easy to synthesize and are known to be
stable and show efficient charge mobility. However, the wide bandgap these mate-
rials allow the absorption of very limited (4%) or insignificant amount of incident
sunlight that too mainly in the UV spectrum that effects their water splitting efficien-
cies. Because the sunlight reaching the earth’s surface mostly consists of the visible
and IR region, which are unutilized by these materials. Therefore, these materials
are considered unsuitable for performing overall water splitting even though they
possess well-matched band edge positions.

Semiconductors such as Ta3N5 [113], Cu2O [28, 77], CdS [43, 45], CdSe [112],
GaAs [51] etc. have narrow band gaps to absorb significant portion of sunlight and
suitably positioned band edges for overall water splitting. However, these materials
show poor stability during solar water splitting activity due to the photo-corrosion
when they come in direct contact with aqueous electrolytes [32]. Furthermore, most
of the oxide materials derived from single element and multiple elements such as
Fe2O3 [26], WO3 [41, 42], BiVO4 [107], CuxVxOx [47], CuWO4 [44] etc. exhibit
excellent stability and significant light absorption ability. However, their band edge
positions are not suitably aligned with the water reduction potentials. That is, the
valence band edge positions are located at the positively higher potential to carry out
water oxidation reaction whereas the conduction band edge is not positioned signifi-
cantly near water reduction potential. Therefore, during the illumination spontaneous
evolution O2 will be achieved whereas H2 could be produced. As a result, performing
an efficient overall water splitting using the single absorber semiconductor material
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face severe limitation. Hence, the single absorber semiconductors are generally uti-
lized in PECwater splitting systems with an applied bias potential to perform overall
water splitting reaction. However, to achieve overall PC water splitting using the
single absorber material is done using Z scheme water splitting, which is discussed
in the following section.

3.2 Z-Scheme Water Splitting

The selection of an appropriatematerial for performing efficient photochemical over-
all water splitting is challenging due to the stringent material property requirements.
Based on the band gap and electrical properties, the oxide semiconductors are well
suited for photochemical water splitting reactions. Moreover, the high stability of
metal oxides makes them ideal materials for water splitting. However, achieving
unassisted overall water splitting using oxide semiconductors is challenging due to
their unmatched band edge positions with respect to water redox potentials; as a
result, partial water splitting reaction (either H2 or O2 production) is accomplished.
Therefore, a unique strategy needs to be adopted to achieve overall and unassisted
water splitting using most of the stable materials.

Given this, Z-scheme water splitting schemes are proposed [5] in 1979, which
utilizes the two-step photoexcitation pathways instead of a single step. The working
principle of Z-scheme water splitting is similar to the natural photosynthesis process
of plants and is depicted in Fig. 4 [1, 14, 101]. In this method, two semiconductors are
used to carry out H2 and O2 evolution separately instead of single absorber material.
This strategy adds up the band gaps of the two materials allowing the absorption of
the broader range of incident wavelength. The two materials were carefully selected

Fig. 4 Overview of a Z-scheme water splitting process showing the two-step photoexcitation
pathways to produce both H2 and O2
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based on their band edge positions. Importantly, the materials were chosen to over-
come the limitation of band alignment faced by each of the material with respect
to water oxidation and reduction potentials. Precisely, the conduction band edge
position of one of the material should be situated in H2 production potential, and
simultaneously, the valence band edge of another material must be located at O2 pro-
duction potential. That is, one of the material allows the spontaneous water oxidation
reaction (O2 production) using the photogenerated holes whereas the photogenerated
electrons will be utilized to drivewater reduction (H2 production) reaction by another
material. Tomaintain the charge balance within thematerial and solution and to carry
out unassisted overall water splitting, the photogenerated electrons from the water
oxidizing material and the photogenerated holes on the water reduction material are
short-circuited through a medium. Generally, the short circuit between these charges
is achieved using the redox mediators in the solution or by the solid-state electron
mediator.

As shown in Fig. 4, the unassisted overall water splitting proceeds via the two-step
excitation route. Thermodynamically, such a two-step excitation pathway reaction
are favourable, whereas kinetically challenging due to the increase in the number
of excitation pathways compared to that in single material excitation. Specifically, a
poor charge balance kinetics will lead to the significant energy loss via recombination
reactions. Furthermore, the two-step pathways involved in the Z-scheme process
allows the utilization of a wide range of materials having different absorbance in
UV, visible and also in IR region. Conclusively, the Z-schemewater splitting reaction
offers an promising strategy to perform unassisted overall water splitting.

4 Catalysts for Photochemical Water Splitting

A wide range of materials have been introduced and explored for the photochemical
water splitting process till today. However, most of the materials face severe lim-
itations in fulfilling the necessary condition for overall water splitting, as a result,
the efficiencies are reported to be insignificant. Therefore, to improve the solar water
splitting efficiency of the materials, various strategies have been implemented. These
strategies include the tuning of size and morphology, engineering to design the elec-
tronic band structure to satisfy overall water splitting potential condition, doping,
sensitization with narrow bandgap elements, heterojunction formation, and utiliza-
tion of catalyst to carry out efficient water oxidation/reduction reaction [103, 122].
Among these, the use of catalysts or cocatalysts has been considered as one of
the essential strategies that could effectively improves the water splitting efficien-
cies. Importantly, during the overall water splitting, the water oxidation reaction is
known to bemore challenging and rate determining process compared towater reduc-
tion reaction as it involves photogenerated holes and four electron transfer pathway.
Hence, the use of catalyst becomes essential to catalyse of water oxidation reac-
tion to avoid the recombination and to improve the overall water splitting efficiency.
The catalysis are chosen based on their specificity and selectivity to carry out either
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water oxidation or reduction reaction. That is, the catalyst are briefly categorized as
water oxidation and water reduction catalysts. The water oxidation and reduction
catalysts are selective towards extracting holes and electrons, respectively, to carry
out the desired reaction and product. Therefore, based on the reaction selectivity,
the catalyst are chosen. In this chapter, the most effective catalysts employed in the
photochemical water splitting are discussed demonstrating their positive impacts on
the reaction efficiencies.

4.1 Effect of Cocatalyst

Cocatalyst are the conductive materials deposited on the water-splitting materials
assisting them indirectly during gas evolution reactions. Generally, cocatalysts does
not harvest light and tends to tune the kinetics of the water redox reactions [48].
Hence, the cocatalysts deposited on the material were used to lower the overpotential
and activation energy required to split water [57]. Precisely, the cocatalyst captures
the photogenerated charges that are diffused at surface of the material and provide
them an active reaction sites for the efficient water splitting reactions [116]. Most of
the cocatalysts exhibit selectivity in carrying out reactions and hence the photogen-
erated electrons, and holes are selectively and rapidly captured by the cocatalysts
to carry out either oxidation or reduction of water. Such an selectively ensures the
efficient separation of electron-hole pairs and the distribution of charges [48, 116].

The interface between the material and the electrolyte is a critical region as it
involves the charge transfer process to oxidize and reduce water during illumination.
When the semiconductor material come in contact with the aqueous solution, the
band bending occurs at the material/electrolyte interface due to the mutual charge
transfer and energy level alignment between redox potential and Fermi energy [41].
The bandbendingwill be either upwards or downwards depending onp-type or n-type
material, respectively. However, in photochemical water splitting the band bending
is not significant due to the absence of applied bias potential as in case of PEC water
splitting system leading to the recombination of charges. Therefore, at the interface,
an intimate junction could be formed by depositing an selective co-catalyst that could
affect its band bending. Importantly, the presence of catalyst enhances the upward
band bending at the interface that ensures efficient charge separation. Hence, efficient
depletion of charges is believed to occur at the space charge region where catalyst
provides active sites for water oxidation reaction. Thus the presence of catalyst
decreases the hole concentration the at interface and shifts that in turn reduces the
surface recombination [12, 83, 128]. The presence of catalyst on the material surface
effectively reduces the recombination process by removing the surface trap states at
the surface as shown in Fig. 5 [52, 22]. The surface trap states present on the material
are known to act as a recombination centres for photogenerated charges.

The addition of a catalyst protects the material from photo-corrosion during the
water oxidation and reduction reactions. The photogenerated holes during the illu-
mination are known to be the major cause of photo-corrosion during water splitting
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Fig. 5 The charge recombination pathways and photo-corrosion in the absence and presence of
catalyst on the material surface

reaction. Therefore, the presence of catalyst on the material surface tends to con-
sume the photo-generated holes and push them to undergo rapid water oxidation
reaction (Fig. 5). For example, the photo-corrosion is generally observed in case
of sulfide, nitrides, (oxy)nitrides and (oxy)sulfides materials during water splitting
that decreases their efficiency significantly. Therefore, by the addition of a catalyst,
the photo-corrosion in such materials could be avoided. Moreover, the presence of
catalyst could also prevent the direct contact of materials with the surface, which
also decreases the photo-corrosion process [83] (Fig. 5). Furthermore, the catalyst
on the material surface give increased reaction sites compared to bare materials. The
increase in reaction sites causes the decrease in the overpotential required to carry
out water oxidation or reduction reactions [13, 83, 120].

The amount of catalysts deposited on the material surface and its thickness was
found to affect its reaction efficiencies. For example, higher amounts of catalysts
could block the light, reaching the material causing efficient light harvesting and
carrier formation. Therefore, the optimization of catalyst amount is necessary. Fur-
thermore, the selection of a suitable catalyst on a specific material is crucial for the
efficient working of water splitting reactions. Figure 6 shows the effect of catalyst
amount on the water splitting activity of the material. Conclusively, the presence of
catalyst on the water splitting material surface is reported to be an effective strategy
to enhance the water splitting reaction. Till now, a variety of catalysts have been
proposed for improving the water splitting efficiency, and in the next section, few of
the important catalysts have been highlighted and discussed.

4.2 Noble Metal and Their Oxide as Catalysts

Noble metals are widely used as catalysts on the semiconductor material for efficient
solar water splitting reactions [56, 63, 118].Mainly, the noblemetals are known to act
as very efficient hydrogen production catalysts rather than oxygen evolution reaction
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Fig. 6 The water splitting performance of the catalyst loaded on to the material and its relation-
ship with the concentration of the cocatalyst. Adapted with permission from the Royal Society of
Chemistry [83]

when loaded on to semiconductors. The noblemetals such as Pt [56, 63, 118], Au [62,
73] Ru [29], Pd [89], Rh [87], and Ag [53, 75] have been broadly employed as the
most efficient for water splitting to hydrogen generation. Particularly, Pt catalyst is
believed to be most effective catalyst among the noble metals. Because, compared to
other metal elements, Pt exhibit highest work function and provide low overpotential
for water reduction reaction [120].

The formation of a favourable Schottky junction (SJ) between the noble metal and
the semiconductor is believed to be themain cause of improved charge separation and
higher H2 production efficiency [120]. That is, when metal catalyst come in contact
with semiconductors, a SJ is formed due to the transfer of charges across interface.
The SJ creates a unique barrier that limits the flow of charges [82]. Mainly, the SJ
allows the efficient diffusion of only electrons towards the metal atom facilitating the
effective charge separation. For example, the Au nanoparticles deposited on the TiO2

semiconductor experience shift in Fermi level to more negative potentials providing
improved charge separation and enhances the efficiency of hydrogen generation
during water splitting (Fig. 7a). In this system, Au selectively and rapidly captures
photogenerated electrons, thus efficiently separating it form holes and decreases
the recombination rate. Importantly, the loading of noble metal on semiconductor
yield a favourable band alignment due to the position of conduction band edge of
semiconductor being higher than the Fermi level of metal catalyst. Unlike noble
metals, the oxides of noble metal elements act as water oxidation catalysts rather
than water reduction catalyst. Some of the routinely used catalysts are RuO2 [21, 38,
74] and IrO2 [23, 59]. However, based on the necessity and price factor, the use of
noble metal and their oxides as catalyst for water splitting is not practical. Moreover,
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Fig. 7 a The Fermi-level alignment between the metal catalyst and the semiconductor due to the
charge distribution. Adapted with permission from American Chemical Society [37]. b photocat-
alytic H2 production on the Cu-Ag supported graphitic carbon nitride via the photodegradation of
triethylamine (TEA) into diethylamine (DEA) and acetaldehyde. Adapted with permission from
American Chemical Society [130]

some of the noble metals are less abundant. Hence, a viable alternative to the noble
metals is required as catalyst for water splitting reaction. In view of this, variety of
catalyst were introduced derived from abundant and cheap transition metal elements
which are discussed in the following sections.

4.3 Earth-Abundant Metal Catalysts

The noble metal catalysts are highly expensive and are not economically viable for
high quantity usage. Hence alternatively, earth-abundant metals were explored as
catalysts for photochemical water splitting. The metal elements such as Cu, Ni, Cd,
Fe, Co and Ti have been reported to perform as an effective catalyst during water-
splitting reaction [121]. Like noble metals, Cu catalyst acts as a efficient hydrogen
evolution catalyst due to its excellent electrical and optical properties [64, 105] and
low price. Cu metal catalyst is found to extracts the electrons from semiconductors
allowing effective charge separation. However, Cu catalyst are known to be less
stable compared to noblemetal catalysts and hence require stabilization duringwater-
splitting reactions. The Cu metal is prone to under oxidation to form CuO or Cu2O
during the synthesis and water splitting process [67, 79]. A unique strategy proposed
by Huang et al. indicate that Cu catalyst can be stabilized by loading it on the TiN
surface [34]. Furthermore, the Cu metal can be alloyed with Ni, Ag, and Au, to
enhance the catalytic effect of water splitting [61, 130]. For example, the hydrogen
evolution from the graphitic carbon nitride nanotubes can be achieved by loading the
bimetallic Cu-Ag alloy, as demonstrated by Yuxiang et al. [130]. Figure 7b illustrate
the mechanism of photocatalytic H2 production on the Cu-Ag supported graphitic
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Fig. 8 The charge transfer process undergoing during the illumination on Ni catalyst loaded on
CdS-titanate nanodisc composite. Here the photogenerated electrons are used to produce hydrogen
in the presence of ethanol in the water as sacrificial electron donor to the composite, reproduced
with permission of Royal Society of Chemistry [19]

carbon nitride via the photodegradation of triethylamine (TEA) into diethylamine
(DEA) and acetaldehyde [130].

Metallic Ni can also be utilized as an cost-effective catalyst alternative to the
noble metals for the production of hydrogen during water splitting [19]. Although
its utilization has not been popular compared to the noble metals, but show some
promising results as a catalyst. For example, metallic Ni nanoparticles deposited
on the CdS–titanate composite has exhibited significant hydrogen production [19].
The Ni nanoparticles were deposited on CdS–titanate nanodiscs using the photo-
deposition method. As shown in Fig. 8 during the irradiation the photo-generated
electrons from CdS are ejected into the titanate conduction band which are extracted
by Ni nanoparticle to carry out efficient water reduction to hydrogen production
reaction whereas the holes from the CdS are removed into the water-ethanol elec-
trolyte. Such a heterojunction with Ni catalyst offers efficient separation of charge
carriers resulting in hydrogen evolution rate of 11.038 mmol h−1g−1. Similarly, Ni
metal catalyst has explicitly been loaded on to CdS in several other reports for H2

production and reached the highest quantum yield 53% and H2 production rate of
63 mmol g−1h−1 [11, 93, 109]. Furthermore, the earth-abundant metals such as Co,
Cd, Ti and Fe [33, 70, 90, 106, 111] have been rarely used as catalysts for hydrogen
production either separately or in conjugation with various oxides and noble metals.
Interestingly, more than two metals could be combined to form multimetal catalysts.
However, the extensive usage of such catalysts has been utilized in electrochemical
water splitting and electrolysis rather than photochemical water splitting.
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4.4 Earth-Abundant Metal Oxide Catalysts

The limitation of using noble metals as a catalyst has opened the research focus on
new and efficient water splitting catalysts derived from earth-abundant materials.
Recently, the earth-abundant catalysts derived from the transition metal oxides are
considered as the best alternative to the expensive noble metal catalysts. Moreover,
most of the catalysts of earth-abundant metal oxides are stable in aqueous water
splitting condition in the presence of light.Among the catalysts, thewidely usedmetal
oxides are namely Co3O4, CoOx, MnOx, FeOx, and NiOx (Note that the number of
catalysts explored for photoelectrochemical water splitting and electrolysis are large
compared to photochemical water splitting and are discussed in other chapters).

The cobalt-based catalysts are the widely studied earth-abundant metal oxide
catalyst due to their unique properties. Interestingly, the oxides of Co could be used
as both water oxidation and reduction catalyst. For example, Co3O4 catalyst has been
utilized for hydrogen production, whereas the CoOx catalyst is known for its water
oxidation abilities makes. The Co3O4 water reduction catalyst shows significant light
harvesting properties and efficient electron mediation. The Co3O4 catalyst loaded
onto the semiconductor has been found to produce H2 [25] at the highest rate of
8275 μmol h−1 g−1 [66]. In contrast, CoOx has been employed as water oxidation
catalyst on various semiconductors and Z scheme water splitting systems [35, 69,
108]. Importantly CoOx is found to decrease the activation energy of water oxidation
via the formation of built-in electric field and shows high selectivity. For example,
Fig. 9a shows the Z-schemewater splitting system consisting of CoOx catalyst loaded
onto BiVO4 semiconductor for water oxidation reactions [35]. Similarly, CoOx could
be used on various semiconductors as efficient water oxidation catalyst [35, 69, 108].

The oxides of Ni are also reported to be a very popular catalyst for PEC, PC
water splitting and electrolysis. Interestingly, NiOx has been utilized as both water
reduction [2, 95] and water oxidation catalyst [129]. The low cost and stability of

Fig. 9 a Z-scheme water splitting system containing CoOx water oxidation catalyst and Pt water
reduction catalyst on BiVO4 and metal sulfide semiconductors for overall water splitting. Adapted
with permission from American Chemical Society [35]. b photochemical water splitting to H2
production under visible light irradiation at Ni/NiO catalyst supported on KNbO3/CdS composite,
Reproduced with permission of Royal Society of Chemistry [17]
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the NiO catalyst make it very suitable for efficient water splitting reactions. Fur-
thermore, NiO catalyst can be conjugated with metallic Ni to boost its hydrogen
production efficiency [17, 123]. Figure 9b shows The Ni/NiO catalyst loaded on
KNbO3/CdS electrode for efficient H2 evolution reaction. Here, the Ni/NiO cata-
lyst produces hydrogen by combining the photoelectrons generated at both CdS and
KNbO3 composite [17]. In addition to the above catalysts, there are numerous oxide
based catalysts reported. However their usage was mainly constrained to PEC water
splitting and electrolysis techniques.

4.5 Metal Chalcogenides as Catalysts

Metal chalcogenides are considered as excellent catalysts for photochemical water
splitting reactions. In particular, the metal sulfides have been reported as a superior
catalyst for water reduction reactions for H2 production. The most routinely used
metal sulfide catalyst areNiS [31, 110, 127], NiS2[124], CoS [110],MoS3 [104], CuS
[110, 126], MoS2 [132], Mo6S4 [119] andWS2 [131]. The metal sulfide catalysts are
generally loaded on to the semiconductors to extract photogenerated electrons during
illumination to carry out water reduction reactions. Figure 10a shows the carrier
dynamics of photogenerated charges in metal sulfide supported semiconductor in
presence of light irradiation [110]. That is, during the irradiation the photogenerated
electron and holes are generated at the semiconductor. Here the photogenerated
holes are generally extracted into the electrolyte of S2−/SO3

2− whereas the electrons
are diffused towards the metal sulfide catalyst to carry out H2 production reaction.
The metal sulfide catalyst is capable of extracting electrons efficiently from the
conduction band of the supported semiconductor. Hence, the effective separation of
photogenerated charges can be achieved. With the optimized catalyst system, the
enhanced H2 production efficiency can be achieved as sown in Fig. 10b [110]. Note
that compared to Co and Cu, the 0.1 wt% NiS loaded catalyst show similar H2

production rate as that of noble metal Pt catalyst. This indicates that metal sulfide
catalyst has the potential to replace noble metals as efficient H2 production catalyst.

In the absenceofmetal sulfide catalysts, the photogenerated charges are believed to
be inefficient in utilizing electrons forH2 production, as shown inFig. 10c [131]. Even
though the photogenerated holes are consumed by the lactic acid, the photogenerated
electrons are incapable of reduction water to H2 due to the lack of active reaction
sites on the CdS semiconductor surface. Therefore, themetal sulfides (WS2) provides
enough active sites for hydrogen production under the irradiation. Among the metal
sulfide catalyst, the Mo-based sulfides have shown promising results comparable to
the noble metal catalysts. As demonstrated by Zong et al., a very small amount of
MoS2 loaded onto CdS with the optimization can achieve hydrogen evolution rate
even higher than ideal CdS/Pt system as shown in Fig. 10d and also other noble
metal catalysts [27, 132]. Furthermore, the utilization of graphene sheets between
the semiconductor and MoS2 catalyst was found to favour efficient H2 production as
shown in Fig. 11 [115]. As in Fig. 11 the superior catalyst and conductive property
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Fig. 10 a The carrier dynamics in metal sulfide catalyst supported CdZnS. b H2 production rates
at various metal sulfide catalyst loaded CdZnS material compared to the Pt catalyst under visible
light irradiation Reprinted with permission from Elsevier [110]. c The pathways of photogenerated
charges in WS2 coated CdS showing the efficient and inefficient H2 production routs. Adapted
with permission from American Chemical Society [131]. d The superior H2 production rate of
CdS/MoS2 composite compared to Pt catalyst. Adapted with permission from American Chemical
Society [132]

of graphene allow the effective extraction of photogenerated electrons from TiO2

and carrying out water reduction reaction on its own or by transporting it to MoS2
catalyst. In both ways, the photogenerated electrons were utilized efficiently for H2

production. Therefore, compositingmetal sulfideswith carbonmaterials is a valuable
strategy for solar H2 production.

4.6 Metal Phosphides as Catalysts

Recently, metal phosphides have been introduced as a very useful catalysts for pho-
tocatalytic water splitting reactions [10]. Importantly, the superior catalytic activity
and stability of metal phosphides have the potential to replace some of the noble
metal catalysts. In metal phosphides, the ratio of metal and phosphide can be tuned
that affects its catalytic properties, and hence its features are quite similar to metals
and ceramics. Also, the metal phosphides are found to be excellent electrical conduc-
tors and are thermally and chemically stable [10]. The first successful employment
of metal phosphides for photocatalytic water splitting reaction was demonstrated in
2013 using Ni2P and FeP [80, 117]. Since then, various metal phosphides have been
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Fig. 11 The hydrogen production using TiO2/MoS2/graphene composite under illumination. The
ejection of photogenerated electrons from TiO2 to the MoS2 and graphene sheets. The superior
catalytic and charger transport property MoS2 and graphene sheets synergically allow efficient
reduction to H2 production reaction. Adapted with permission from American Chemical Society
[115]

introduced, explored and efficiently employed as a catalyst in photochemical water
splitting reactions.

In photochemical water splitting, themetal phosphides perform aswater reduction
catalysts for hydrogen production. The literature survey shows that metal phosphides
have been extensively used as catalysts for CdS and C3N4 and rarely with other
materials. The metal phosphides catalysts reported so far include Ni2P [8], CoP [9],
Cu3P [9], FeP [16], Fe2P [97], and Ni12P5 [114]. Generally, the metal phosphides
are loaded onto the semiconductor that absorbs light and produces photogenerated
charges. During the illumination, the photogenerated electrons from semiconductors
are transferred to metal phosphides which are used to reduce water to hydrogen.
Therefore, the anchoring mode of metal phosphides to semiconductors is highly
crucial. In the homogeneous reaction system, the metal phosphides and semicon-
ductors were suspended in liquid media without mutual attachment/bonding. In such
cases, the electron transfer is believed to take place only during the collision between
semiconductor and metal phosphides; as a result, the efficiency is found to be lim-
ited. Therefore, it is beneficial to anchor metal phosphides onto the semiconductors
for enhanced hydrogen production efficiency. The metal phosphides can be directly
anchored to semiconductors or by using capping or stabilizing agents. In some syn-
thesis schemes, the use of stabilizing and capping agents is necessary during the
synthesis to regulate particle size and morphology. However, the use of capping and
stabilizing agent is believed to decrease the active sites for hydrogen evolution catal-
ysis, and hence the water splitting efficiency gets affected. Therefore, direct contact
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of metal phosphides with semiconductors is necessary for efficient charge transfer
and increased H2 productivity.

A theoretical study on metal phosphide-semiconductor interface showed that an
inherent electric field is introduced at the interface. Mainly, the stable bonding inter-
face is formed between semiconductor (CdS) and the metal phosphide (FeP) without
any defects at the heterojunction. Such bonding is expected to increase the charge
diffusion capability between the interface without posing any significant resistance.
The band edge alignment between semiconductor (CdS) and the metal phosphide
(FeP) before and after coming in contact indicate that, during the equilibrium, the
Fermi level alignment causes the band bending and hence the electrons and holes
are selectively separated by diffusing towards metal phosphide and semiconductor
systems, respectively. This ensures effective separation of electrons to carry out H2

evolution and the holes participate in the solution oxidation reactions. Therefore, the
metal phosphides could be utilized more efficiently than the noble metal catalysts
for hydrogen production reactions. In fact, the optimized metal phosphides systems
such as CdS-FeP show superior hydrogen production rate even compared to the pro-
ductions performed by in situ photo-deposited noble metal catalysts such as Pt, Pd,
Ru, and Au [16].

Themetal phosphides anchored to semiconductors have already achieved remark-
able hydrogen production efficiencies. Mainly, the CdS has been extensively used
as a suitable semiconductor for metal phosphide catalytic H2 production. Figure 12a
shows the Ni2P catalyst loaded onto CdS nanorods producing H2 over 90 h under
visible light illumination [100]. Here, the H2 production rate is found to be dependent
on the ratio of semiconductor and the catalyst, as shown in Fig. 12b. Furthermore, the
use of graphene is known to facilitate the electron transfer between the metal phos-
phides and semiconductors as demonstrated by Reddy et al. [84]. In their work [84]
the CoP catalyst was loaded with CdS were incorporated into the reduced graphene
MoS2 nanosheets (Fig. 12c). In such systems, the graphene layer act as a backbone to
semiconductor and metal phosphide and support effective electron-transfer and sup-
presses the charge recombination [84]. Using the CdS/MoS2-graphene@CoP com-
posite, a remarkable hydrogen production rate of 83,907 μmol h−1 g−1 was reported
[84]. Similarly, Fe2P catalyst incorporated on CdS nanorods (Fig. 12d) show the H2

production rate of 186 μmol h−1 mg−1 [97].
Conclusively, using various semiconductors systems themetal phosphides such as

Fe2P, Cu3P, FeP, CoP and Ni2P have reached a highest H2 production rate of 186,000
μmol h−1 g−1 [97], Cu3P 200,000 μmol h−1 g−1 [99], FeP, 202,000 μmol h−11 g−1

[16], CoP, 500 μmol h−11 mg−1 [98], 1200 mmol h−1 mg−1, respectively. Among
these, theNi2P catalyst has created amilestone by exhibiting the recordH2 production
rate of 1200mmol h−1 mg−1 [100] that even surpasses the efficiency showed by noble
metal catalysts. Even though almost all themetal phosphides showwater reduction to
H2 production capability, the CoP catalyst has surprisingly shown the O2 production
ability as demonstrated by Pan et al. [78]. However, unlike H2 production, the O2

production rate was observed to be significantly low. Using a sacrificial electron
acceptor (without H2 production) a maximum O2 production rate of 42 mmol h−1

was recorded, whereas the overall water splitting has yielded H2 and O2 production
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Fig. 12 a Morphology, band structure and carrier dynamics of Ni2P integrated CdS nanorods for
the efficient H2 production under visible light irradiation. b The plot showing the dependence of
rate of H2 evolution on the Ni2P loading amount. Reproduced with permission of Royal Society
of Chemistry [99]. c The H2 production by CoP catalyst loaded on to CdS and reduced graphene
oxide (RGO)-MoS2 nanosheets, Reproduced with permission of Royal Society of Chemistry [84].
d The photocatalytic H2 production on the CdS nanorod supported with Fe2P catalyst, Reproduced
with permission of Royal Society of Chemistry [97]

rates of about 2.1 and 1.0 mmol h−1, respectively. This result clearly indicate that
the metal phosphides has a promising future as water oxidation (O2 production)
catalyst in addition to the efficient H2 production catalyst. Overall, the superior
efficiency, stability and low cost ofmetal phosphides has demonstrated their potential
candidature for H2 production catalyst and an ideal replacement for noble metal
catalyst.

5 Summary and Outlook

Photochemical water splitting is one the most cost-effective technique of producing
both O2 and H2 with a simple experimental design. In addition to the light absorbing
material utilized in photochemical water splitting, the choice of a suitable and selec-
tive catalyst is very crucial in water splitting. The catalysts are generally loaded on to
the semiconductormaterials to utilize either electrons or holes to carry outwater split-
ting reactions. Hence, the development of catalysts for photochemical water splitting
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has seen tremendous progress and milestones till today. A variety of catalyst have
been reported based on noble metal, noble metal oxides, earth-abundant metals and
oxides, metal phosphides and metal chalcogenides. Among the wide range of avail-
able materials, the suitable catalysts were chosen based on either water oxidation or
reduction capabilities. The selected catalyst need optimization to exhibit enhanced
water splitting ability. For example, the amount of catalysts deposited on the semi-
conductor surface and its thickness determines its effective working. In addition to
the water splitting, the surface deposited catalysts were known to reduce surface
trap states, which are the leading cause of charge recombination. Importantly, the
surface deposited catalysts can also act as protective layer that could reduce the
photo-corrosion of the light absorbing semiconductors. It is imperative to note that,
the catalysts proposed for photochemical water splitting are comparatively less in
number than the catalyst reported for photoelectrochemical water spitting and elec-
trolysis. Because the photochemicalwater splitting is carried out in solutions contain-
ing particle suspension. Hence thin films and the applied bias potential could not be
implemented. Consequently, the loading/deposition of some catalysts is not possible,
which uses thin film deposition techniques. Therefore, more research contribution
on the synthesis and deposition of broad range of catalyst is needed. Furthermore,
the future research on catalyst should be focused on understanding the core reaction
mechanism of catalyst process, introduction of sustainable and stable materials, and
designing multifunction catalysts.
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Role of Earth-Abundant/Carbonaceous
Electrocatalysts as Cocatalyst for Solar
Water Splitting

Mohit Prasad, Vidhika Sharma and Sandesh Jadkar

Abstract Solar energy can be tapped and stored efficiently using
photoelectrochemical (PEC) cells. PEC cell utilizes influx of photons to drive
uphill chemical reactions and thereby transforming their inherent energy into
chemicals bonds. PEC reaction is one of the most important reactions for gener-
ating hydrogen and oxygen. Moreover, as the reaction is reversed and hydrogen
is combusted in presence of oxygen; water is obtained as by-product. A lot of
research efforts are underway for realizing efficient photoactive material that can
absorb sunlight in visible region and has proper straddling band edges that can
oxidize and reduce water. The water oxidation half cell reaction also restrains the
technology as water oxidation is slow at the surface of photoanodes compared
to other loss processes. Semiconductor (SC) photoanodes modified with earth
abundant electrocatalyst (EC) can be a important proposition for realizing electrodes
with high photocatalytic activity and stability for proficient PEC splitting of water.
This approach allows optimization of different processes such as photon absorption,
charge separation and surface catalysis independently. The PEC reactions are cat-
alyzed by electrocatalyst by lowering the activation energy. For PEC H2 generation
reaction, the main earth abundant electrocatalyst comprises of transition metal
chalcogenides, carbides, phosphides, whereas for O2 generation mixed transition
metal oxides can be utilized. Bifunctional (HER/OER) electrocatalyst such as
NiFeOOH and Co-Mn oxide nanoparticle can be used for PEC splitting of water.
Hybridization of composite photoanodes, provide flexibility for adjustment of
different components with different properties but raises new issues at the interfacial
forefront.
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1 Introduction

Global energy demand and environment sustainability issues can be ameliorated by
the emerging efficient technologies which can transform and efficiently store solar
energy. PEC cleavage of water is the most important technology which utilizes the
influx of solar photons to drive the PEC process in water to release H2 and O2 at
respective electrodes. The influx photon energy is stockpiled in the form of chemicals
bonds ofH2.Hydrogenwith atomicmass 1.00007825 gmol−1, ionic radius 0.208 nm,
first ionization energy of 1311 kJ mol−1, and high energy density of 0.0899 gm−3 at
20 °C makes it an attractive energy carrier for green combustion.

PEC cell has been inspired from the photosynthetic process, which uses chloro-
phyll (Mg at the centre and phytol chain) to harvest sunlight and drive the uphill
chemical reaction. In photosystem I and II, incident radiations are stored as proton
gradient across trans-membrane, rather than molecular hydrogen [1–3]. Fujishima
and Honda mimicked the natural photosynthesis process by using semiconductor
titanium dioxide for absorbing sunlight, segregating charge carriers and catalyzing
water to evolve hydrogen and oxygen [4]. In the basic PEC cell electrons were trans-
ferred to platinum counter electrode via external circuit, where protons are reduced
to generate hydrogen, whereas holes move towards the photoelectrode/electrolyte
interface to release oxygen. One of the foremost advantage of the PEC cell is the
use of metal oxide semiconductors for absorbing influx solar radiation, and charge
segregation, as these metal oxides are stable in aqueous media [5]. Highly oxidizing
valence band holes of metal oxides are delivered to the surface electrode for water
oxidation reaction. The performance of metal oxides based PEC cells is often limited
by the recombination rate of valence band holes and conduction band electrons at
the semiconductor electrolyte interface, which in turn leaves fewer holes to oxidize
water. To circumvent the problem of recombination the coupling of electrocatalyst
on the semiconductor surface can be a very good proposition.

2 Electrocatalyst in Solar Water Splitting: An Adaptive
Junction

There are three important steps in overall PEC water splitting reaction, (i) genera-
tion of photogenerated electron/hole pairs in a semiconductor (ii) segregation and
migration of these charge carriers towards the surface of the semiconductor and
(iii) utilization of these charge carriers for reduction and oxidation. The PEC water
splitting reaction can be split into two half cell reactions (i) hydrogen evolution
reaction (HER), and (ii) Oxygen evolution reaction (OER). The HER reaction takes
place at cathode where H+ ions are reduced to hydrogen, whereas OER takes place
at photoanode, where water molecules are oxidized. In PEC devices, electrocatalyst
can help in accelerating the overall water splitting process by providing reaction
sites and catalyzing HER and OER reactions. Electrocatalysts help photogenerated
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Fig. 1 Iluminated electrocatalyst modified n-type semiconductor with Fermi levels and steady state
currents in solution. Here, Efn, Ecat and Esol denote electrochemical potentials which equilibrate in
dark. Efp is hole quasi Fermi level, which drops down to electron level Efn. Vph denotes photovolatge
at semiconductor/catalyst interface. Jh, Je are the hole and electron current density and ηcat indicates
catalytic efficiency. Adapted fromRef. Nellist et al. [8]; copyright 2016American Chemical Society

charge carriers to separate and migrate efficiently due to formation of effective inter-
faces between them and the light harvesting semiconductor as shown in Fig. 1 [6–9].
Moreover, electrocatalyst helps in photocorrosion suppression and in enhancing the
chemical stability of semiconductor photoelectrodes. It is very important to develop
electrocatalyst which are highly stable, efficient and can easily facilitate the PEC,
HER and OER reactions which in turn can help in improving the overall solar energy
conversion process. Volcano plot can be used to select and screen the electrocat-
alyst for efficient HER activity [10]. The electrocatalyst which are present at the
top of the volcano plot generally possess high activity towards a specific reaction.
Owing to long term operation, chemical diffusion may occur at the semiconduc-
tor/electrocatalyst interface. The mass loading of electrocatalyst on semiconductor
surface plays a major role in enhancing the PEC performance. A high amount of
mass loading can block the incident influx of radiations because electrocatalysts
are normally opaque in nature [11]. A more appropriate solution will be to have a
photoactive electrocatalyst which absorb influx of radiation in a region complemen-
tary to that of underlying semiconductor. MoS2 for example not only catalyzes the
HER but is also photoactive when coupled with a charge carrier shuttle [12–14].
Currently, for PEC water splitting the most efficient electrocatalysts comprises of
precious metals. The highest HER activity is exhibited by Pt based compounds and
for OER activity Ir (Ru) group metal are the best candidates [15, 16]. Large scale
commercial applications of these HER and OER electrocatalysts is hindered by their
high cost and rare natural availability. To replace precious metals with earth abun-
dant cost effective electrocatalysts for the synthesis of HER/OER electrocatalysts a
lot of research efforts are being devoted. HER electrocatalyst comprises of transi-
tion metal phosphides, chalcogenides, carbides and nitrides, whereas OER consist
of oxides, hydroxides, phosphides etc. The high stability, low cost of these earth
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abundant electrocatalysts makes them an ideal candidate for PEC splitting of water.
To evaluate PEC activity and stability electrochemical measurements can be carried
out which consist of linear sweep voltammetry (LSV), cyclic voltammetry (CV),
chronoamperometry (CA), and electrochemical impedance spectroscopy (EIS). PEC
and electrochemical reactions are driven by different driving forces. In case of PEC,
it is light which carries forward the reaction, where as in electrochemical reactions
bias plays a key role. So, to describe and ascertain the photo-catalytic and electrocat-
alytic properties different parameters are required. One common parameter in both
the reactions is faradic efficiency. Faradic efficiency is the effectual utilization of
charges for generating target productions of hydrogen and oxygen [17]. Overpoten-
tial at a certain current density ascertains the activity of synthesized electrocatalysts
for HER and OER activity. High electrocatalytic activity can be directly correlated to
small overpotential value of electrocatalysts. From Eq. 1, one can easily calculate the
tafel slope and exchange current densities which can help in evaluating the activity
of different types of electrocatalysts.

|η| = 2.3RT

αnF
log

J

J0
(1)

Equation 1, establish a relationship between tafel slope and exchange current den-
sity and can help in establishing the limiting step in HER and OER reactions. Here
in Eq. 1 ï denotes no. of electrons involved in rate limiting step. R and T denotes
gas constant and absolute temperature. Whereas α and F represents charge transfer
coefficient and Faraday constant. The tafel plot explains the reaction mechanism
whereas (Jo) describes under equilibrium, the electrocatalytic activity of materials.
To have efficient HER and OER activity it is desirable that tafel slope is low and
value of Jo is high. The durability of the electrocatalyst is studied by recording
continuous/intermittent polarization under a fixed operating current and variation of
potential is recorded with time. The photogenerated voltage compensates the over-
potential required for proton reduction/water oxidation. In PEC systems, HER/OER
occur at potential higher than 0 V versus RHE or lower than 1.23 V versus RHE.
The catalytic performance can be evaluated using basic parameters such as onset
potential and photocurrent densities at 0 V versus RHE for HER and 1.23 V ver-
sus RHE for OER. For the photocathode and photoanode, the benchmark points are
served by J0 and J1.23 (photocurrent densities) V versus RHE during electrochemical
durability tests. Under zero bias conditions, to compare overall efficiency of differ-
ent PEC devices, a benchmark value known as solar-to-hydrogen (STH) conversion
efficiency is used. A two electrode system is procured to measure STH efficiency by
short circuiting working electrode (WE) and counter electrode (CE). The influx of
solar radiations is sufficient to drive the reaction. STH efficiency is defined as chem-
ical energy evolved to that of solar influx of incident radiations. Rather than using
cumbersome process of gas chromatography for estimating hydrogen production,
Eq. 2, can be used to evaluate STH efficiency for HER reaction.
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STH (%) = |Jsc|
(
mA cm−2

) × 1.23(V) × ηF

Ptotal
(
mW cm−2

) × 100 (2)

Here Ptotal is incident sunlight having intensity of 100 mW/cm2. Considering ηF
as 100% for HER, Eq. (2) at AM1.5G can be reduced to Eq. 3.

STH (%) = |Jsc|
(
mA cm−2

) × 1.23(V) (3)

A two electrode PECdevice can also be used to determine STH efficiency [17]. An
external bias is generally required betweenWEandCE in order to havewater splitting
reaction in a PEC cell. Thus applied bias photon-to-current efficiency (ABPE) as
given by Eq. 4 is used to calculate and decipher the conversion efficiency in PEC
devices. The ABPE for PEC water splitting is estimated as follows assuming ηF is
100%.

ABPE (%) = |Jbias |
(
mA cm−2

) × (1.23− |Vbias |)(V) (4)

When Jbias is the photocurrent achieved under external bias (Vbias) [17]. In this
chapter wewill cover the recent advancements of earth abundant heterogeneous elec-
trocatalyst for PEC cleavage of water. The whole text is split in two parts (i) earth
abundant HER and OER electrocatalysts which also include bifunctional electrocat-
alyst, and (ii) carbonaceous electrocatalyst which are metal free such as graphitic
carbon nitride, graphene and carbon nanofiber. In order to improve the catalytic prop-
erties, different strategies that can be formed and implemented are discussed. The
composition/structure catalytic modification of catalysts which forms the primary
strategy is also discussed in detail. Finally, major challenges and the future prospects
of efficient PEC cells using earth abundant electrocatalyst is discussed in detail in
the conclusion section.

3 Catalysts for Photoelectrochemical HER

Platinum is the most sorted and well known element for HER electrocatalysts. Since
Pt is scarce and expensive. Hence considerable interest of research community is in
developing low cost HER electrocatalysts. A comparison of different types of earth
abundant HER electrocatalysts for PEC applications has been enlisted in Table 1.
Thus, earth abundant element materials integrated with silicon (Si) photoelectrode
has also been reported as a model platform for HER electrocatalysts. The photo-
electrode with earth abundant catalysts and Si ranged between 1.2 and 7.6% [18].
The alloys of Ni and Co with Mo, at low overpotentials exhibit high photocurrent
densities leading to H2 production.

In order to describe HER/OER activity of electrocatalyst there is a need of
metrics. Tafel slopes helps in comparing the activity of different electrocatalysts
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Table 1 Earth-abundant PEC-HER systems

S. No. Electro-catalyst Photoactive
substrate

Current density
(mA cm−2)

pH References

1. Mo3S4 p-Si −10.0 0 Hou et al. [19]

2. W2C p-Si −4.0 0 Berglund et al.
[20]

3. 1T-MoS2 n+p-Si −17.6 0 Ding et al. [21]

4. CoPS n+pp+-Si −35.0 0 Cabán-Acevedo
et al. [22]

5. NiMo p-Si −15.0 4.5 McKone et al.
[23]

6. Mo2C p-Si −11.2 14.0 Morales-Guio
et al. [24]

7. 2H-MoS2 p-Si 24.6 0 Kwon et al. [25]

8. 2H-MoS2 p-Si 21.7 0 Oh et al. [26]

9. CoMoSx p-Si 17.5 4.2 Chen et al. [27]

10. CoMoSx p-Si 17.2 0 Chen et al. [28]

11. MoOxSy p-Si 9.8 1 Bao et al. [29]

12. S:MoP p-Si 33.1 0 Kwon et al. [30]

13. CoSe2 p-Si 9.0 1 Basu et al. [31]

14. NiCoSe p-Si 37.5 0 Zhang et al. [32]

15. Ni12P5 p-Si 21.0 0 Huang et al. [33]

16. NiFe LDH p-Si 7.0 13.6 Zhao et al. [34]

17. MoSxCly n+pp+-Si 43.0 0 Ding et al. [35]

18. MoSexCly n+pp+-Si 38.8 0 Ding et al. [35]

19. MoSx n+p-Si/Ti/TiO2 >16 0 Seger et al. [36]

20. MoS2 n+p-Si/Al2O3 35.6 0 Fan et al. [37]

21. CoP n+p-Si/Co 15.6 1 Bao et al. [38]

22. NiMo n+p-Si/TiO2 14.3 0 Shaner et al. [11]

23. NiP2 n+p-Si/Ni 12.0 0 Chen et al. [39]

24. NiMo ZnO/p-i-n
a-Si/TiO2

11.0 4.5 Lin et al. [40]

whereas, overpotential helps in quantifying the current density required for HER
(~10 mA cm−2) and OER (~1 mA cm−2) activity [9]. Volcano plots help in correlat-
ing HER exchange current densities of different materials and chemisorption energy
of H2 on them. Volcano plots and mapping of electrocatalysts was first reported by
Trasatti in 1970 [10]. Volcano plots reveal thatmaximumcatalytic activity is obtained
when hydrogen binding energy of an electrocatalyst is optimum. Pt is the ideal metal
for electrocatalytic activity as it lies at the apex of the volcano. Hinnemann et al. in
[41] utilized the abovementioned relationship and using DFT calculations, identified
materials which have nearly zero free energy change which is linked with atomic H2
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binding to the electrocatalyst surface. For HER activity, despite bulk MoS2 being a
poor catalyst, they predicted in layered form MoS2 can serve as a suitable material
[41]. MoS2 is a promising HER electrocatalyst in acidic solution, so lot of focus
has been on coupling it with crystalline silicon. p-Si nanowire arrays decorated with
MoS2 using photoassisted electrodeposition technique exhibited properties of an
efficient HER electrocatalyst [42]. MoS2 loaded on Si NWs sets the onset potential
at 0.25 V versus RHE with considerable anodic shift of 0.2 V [26, 43]. Although,
photocurrent density observed in bare Si substrate is very low (0.080 mA cm−2 at
−0.2 V vs. RHE), due to inherent poor charge segregation. Seger et al. introduced
a metallic thin layer of Ti before the photo-electrodeposition of MOSx catalyst to
protect silicon from oxidation [36]. The synthesis of MoSx/Ti/n+p-Si photocathode
exhibited a photocurrent density of ~16 mA cm−2 at 0 V versus RHE with onset
potential of 0.33 V versus RHE [36]. Even bulk phase of MoS2 has been utilized
for HER activity by incorporating foreign heteroatoms such as Co, Fe or Ni [7].
These heteroatoms (Co, Fe, Ni) improved the HER activity due to increased sur-
face area. Heterometal doping leads to defects exposure and S-terminated edges as
active HER sites. Si@MMoSx (M = Fe, Co, Ni) photocathode exhibited optimum
activity when doped with Co heteroatoms. The photoanodes had a turn on voltage
and photocurrent density of +0.192 V and −17.2 mA cm−2 respectively. Nonmetal
dopants such as O2, P or Cl− ions can be used to dope bulk MoS2 in order to enhance
its HER activity. Bao et al. loaded amorphous molybdenum oxysulfide (MoOxSy)
electrocatalyst on p-Si microwires by photo-assisted electro-deposition. The loading
amount of electrocatalyst can be controlled by varying number of deposition cycles.
Si-MWs@MoOxSy exhibited analogous properties to that of Si-MWs@PtNPs and
was also considerably stable in acidic medium [29, 38]. Ding et al. loaded MoQxCly
(Q=S, Se) electrocatalyst on Si micropyramids and recorded a onset potential of
0.41 V with photocurrent density of ~43 mA cm−2 at 0 V versus RHE, and a fill
factor of 0.35 [35]. The outstanding PEC response exhibited by MoSxCly/npp-Si
was due to favorable band bending in the n+pp+ design, efficient light trapping by
pyramidal morphology and high-transparency of the catalyst. The authors extended
chemical vapor deposition to realize MoSexCly/n+pp+-Si photocathode which has
photocurrent density of 38.8 mA cm−2 at 0 V versus RHE and an onset potential
of 0.35 V [35]. A deep impact on the electrochemical HER activity can be exhib-
ited by the phase structure of MoS2 [12, 21]. Lukowski et al. reported that metallic
1T-MoS2 obtained via exfoliation from 2H-MoS2 displayed superior properties as
HER catalyst. It opens active catalytic active sites and has simple electrode kinetics
[12]. Ding et al. loaded p-Si surface with the 1T-MoS2 and 2H-MoS2 using chemical
vapor deposition method. p-Si loaded with 1T MoS2 exhibted a much higher pho-
tocurrent density ~17.6 mA cm−2 compared to photocurrent density of 4.2 mA cm−2

in 2H-MoS2 (p-Si) [21]. The small charge transfer resistance across the semiconduc-
tor/catalyst/electrolyte interface is responsible for the enhancement in PEC activity,
slow carrier recombination dynamics and consequently efficient charge carrier sepa-
ration. This enhancement is confirmed and supported by electrochemical impedance
and surface photoresponsemeasurements [21]. Oh et al. coated p-Si withMoS2 using
atomic layer deposition. The synthesizedMoS2/p-Si with an onset potential of 0.23V
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and photocurrent density of ~21.7 mA cm−2 at 0 V versus RHE without degradation
for 24 h in 0.5 M H2SO4 under 1 sun illumination [26, 43]. Molybdenum boride,
carbide and phosphide have been recognized as proficient electrocatalysts for elec-
trochemical splitting of water to produce H2. MoS2 electrocatalysts are chemically
stable in acidic solution, whereas Mo2C is stable in basic medium. The activity in
alkaline solutions is surprisingly high and is comparable to that in acidic solutions
[44, 45].

Popczun et al. have confirmed experimentally the high electrocatalytic activity of
Ni2P for HER [46]. Ti modified n+p Si surface was loaded with NiP2 as shown in
Fig. 2. The photocathode has onset potential of 0.41 V versus RHE in 0.5 M H2SO4

and exhibited photocurrent density of 12 mA cm−2 at 0 V [39]. Ni12P5 nanoparti-
cle derived from solvothermal technique is an excellent electrocatalyst which can
be integrated with p-type silicon nanowire photocathode and photoconversion effi-
ciency of 2.97% was achieved together with photocurrent density of 21 mA cm−2

at 0 V versus RHE [33]. Ni-Fe was coupled with Ti/p-Si to realize stable photo-
cathode systems. The Ni-Fe acts as a HER catalyst and play multiple roles (i) it

Fig. 2 PEC performance of pn+-Si/Ti/NiP2 photoelectrode. a Diagram showing light absorption,
charge segregation and HER on photoelectrode surface. b, c Photocurrent density curves of pn+-
Si/Ti/NiP2 photoelectrode as a function of potential under 100 mW cm−2 simulated solar light with
different electrolyzers. d Chronopotentiometric curves as a function of time for pn+-Si/Ti/NiP2
photoelectrode (at a photocurrent density of 5 mA cm−2). Adapted from Ref. Chen et al. [39];
copyright 2016 American Chemical Society
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promotes surface reaction kinetics (ii) promote stability by protecting the layer and
(iii) form junction to alleviate segregation. NiFe catalyzed p-type Si demonstrated
generation of 10mA cm−2 photocurrent in 1MKOHelectrolyte for 24 h [34]. Shaner
et al. employed TiO2 as antireflection coating over the surface of Si microwire array
deposited with NiMo alloy [11]. The photocathode exhibited an onset potential of
0.42 V with photocurrent density of ~14.3 mA cm−2 at 0 V versus RHE. Caban-
Acevedo et al. first predicted the HER activity of ternary pyrite-type cobalt phospho-
sulphide (CoPS) using DFT calculations. CoPS intregated with Si micropyramids
exhibited a photocurrent of 35 mA cm−2 at 0 V versus RHE [22]. This integrated
p-type silicon photocathode has superior and stable catalytic performance among the
non precious electrocatalyst used for HER activity. Recently, p-Si nanowires arrays
were deposited with NiCoSex electrocatalyst to form a core-shell structure using
photo-assisted electrodeposition technique [32].With this configuration a record high
photocurrent of 37.5 mA cm−2 at 0 V versus RHE was achieved. Mo based electro-
catalyst are more efficient compared to Ni and Co based electrocatalysts. They work
as co-catalyst in synchronization with the silicon-based photocathode electrocatalyst
present on the photoelectrode surface. It reduces the overpotential required for HER
activity by facilitating charge transfer across solid/liquid interface and also alters the
bands for improved charge segregation. For proficient PEC activity the electrocata-
lyst with higher activity can serve as an excellent co-catalyst for reaction. Although
Ni based electrocatalyst are very good for HER activity but Si photocathodes loaded
with these exhibited very low PEC activity. The main reason attributed to this low
activity of Ni based co-catalysts is their poor optical transparency. However, Ni co-
catalysts exhibit outstanding stability and their independency from pH. It is clear
from the research reports that electrocatalyst based on MoS2 can serve as efficient
co-catalyst for HER activity. Doping by heteroatoms had a significant impact on
the catalytic as well as optical properties of the MoSx based heterostructure. Thus
utilizing doped MoSx based co-catalysts can be an efficient strategy for enhancing
HER activity in PEC cells.

4 Catalysts for the Photoelectrochemical OER

Cobalt based electrocatalyst has emerged as a viable alternative of noble metal
based electrocatalyst for OER activity. Co-based catalyst comprises of oxides, phos-
phate and borates, which can be synthesized using different synthesis routes such
as hydrothermal, electrodeposition and photo-assisted electrodeposition. Moreover,
synthesis procedure of these Co-based electrocatalyst is very simple. Yang et al.
deposited CoOx catalyst on n-type silicon surface using plasma enhanced atomic
layer deposition method. A high photocurrent density of 17 mA cm−2 at 1.23 V
was achieved [47]. Compared to planar Si, high photocurrent is attributed to reduced
silicon oxide thickness that provides more intimate interfacial contact between light
absorber and catalyst [47]. Zhou et al. deposited a 50 nm thin layer of CoOx on
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planar Si substrate via atomic layer deposition to realize CoOx/SiOx/Si photoan-
ode [48]. The synthesized photoelectrode exhibited photocurrent-onset potentials
of −205 ± 20 mV and solar-to-O2 (g) conversion efficiencies of 1.42 ± 0.20%,
for a duration of 100 days. The reported photoelectrode is one of the robust pho-
tocurrent reported till date [48]. Plasma enhanced atomic layer deposition at low
temperature was used by Sharp et al. to load p+n-Si substrate with Co(OH)2/Co3O4

electrocatalyst [49]. The synthesized photoanode resulted in a photocurrent density
of 30.8 mA cm−2 at 1.23 V versus RHE. These characteristics were observed under
simulated solar radiation, for duration of 72 h (continuous operation) surmounting
the performance of previously reported Si based photoelectrodes. On the other hand
Hill et al. employed electrodeposition method and reported growth of nanoscale
CoOOH/Co core shell electrocatalyst on n-Si [50]. These cells comprise of individ-
ual units of Co(OH)2/Co3O4/p+n-Si, in which CoOOH/Co islands served as water
oxidation reaction centres whereas holes are collected from n-Si/SiOx solar cell as
shown in Fig. 3. The synthesized photoanode has non uniform barrier height together
with low over potential which is governed by the Co coverage. The barrier height
elevates from 0.7 to 0.91 eV as thickness profile of Co increase [50]. Nocera et al. in
2008 discovered CoPi as an excellent co-catalyst for OER activity. CoPi has remark-
able catalytic activity in neutral media and can be easily prepared. Thin layer of CoPi
was introduced in different types of semiconductor materials to enhance the OER
activity of synthesized photoelectrodes [51–53]. Similarly, cobalt borate (CoBi) can
be used as an overlayer over thin film or nanoparticles co-catalysts [54]. Li et al.
found that integration of CoBi with electrodeposited BiVO4 anode, shifts the water
oxidation onset potential by ~0.3 V. The cobalt borate co-catalyst accelerates the
water oxidation process and also reduces recombination by promoting charge trans-
fer process at semiconductor electrolyte interface [55]. A comparison of different
types of earth abundant OER electrocatalysts for PEC applications has been enlisted
in Table 2.

Metallic nickel in alkaline solution can withstand corrosion, so inspired by it
Kenney et al. deposited an ultrathin film of (5 nm) nickel as a protective layer over
substrates of Si [56]. The NiOx/Ni/n-Si operates for long duration (80 h) exhibiting
photocurrent of 10 mA cm−2 in 1 M KOH. The sputtered NiOx has proved to be an
excellent OER catalyst which can be easily integrated with n-type silicon [56]. Sun

Fig. 3 Diagramof solid state Schottky barrier and electrodeposited n-Si/SiOx/Co/CoOOH junction.
a Solid state, epitaxial n-Si/CoSi2 schottky barrier produced in vacuum with barrier height 0.61 eV.
b Electrodeposited n-Si/SiOx/Co/CoOOH junction with barrier height 0.74 eV. c Inhomogeneous
growth of Co layer with barrier height of 0.91 eV. Adapted from Ref. Hill et al. [50]; copyright
2015 Springer Nature
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Table 2 Earth-abundant PEC-OER systems

S. No. Electro-catalyst Photoactive
substrate

Current density
(mA cm−2)

pH References

1. Co npp+ Si 1.2 7.0 Pijpers et al. [52]

2. Ni n-Si 1.6 9.5 Kenney et al.
[56]

3. Co/Co(OH)2 n-Si ~16.0 13.6 Hill et al. [50]

4. CoOx n-Si 23.2 13.6 Zhou et al. [48]

5. Ni/NiOx n-Si ~10.0 9.5 Kenney et al.
[56]

6. CoOx/NiOx n-Si 28.0 13.6 Zhou et al. [57]

7. CoOx p+n-Si 17.0 13.6 Yang et al. [47]

8. Co3O4/Co(OH)2 p+n-Si 30.8 13.6 Yang et al. [49]

9. Ni/NiOx p+n-Si 29.0 13.6 Sun et al. [58]

10. NiFe alloy p+n-Si 31.2 13.6 Oh et al. [43]

11. NiSe2 a-Si 5.80 13.6 Kwak et al. [59]

12. NiOx a-Si/c-Si 21.8 13.6 Wang et al. [60]

13. NiOOH n-Si/TiO2 18 14.0 Yao et al. [61]

et al. reported stabilization and continuous operation of np+-Si(100) and n-Si(111)
photoanodes for 1200 h [58]. Under simulated solar illumination, NiOx-coated np+-
Si(100) photoanodes can give photocurrent up to 29 ± 1.8 mA cm−2 with onset
potentials of −180 ± 20 mV and a solar-to-O2(g) conversion efficiency of 2.1%.
The NiOx has a band gap of ~3.7 eV. Zhou et al. introduced an ultra thin layer of
CoSx between NiOx layer and n-Si enhancing electrochemical performance [57].
The NiOx/CoOx/SiOx/n-Si photoanode exhibited photocurrent of ~28 mA cm−2 at
1.23 V. Doping of Fe atom into nickel oxides is an efficient way to improve the
electrochemical OER activity. Optimized Fe/Ni ratio in electrocatalysts helps in
achieving high OER activity for water oxidation process compared to NiOx, NiOOH
or Ni(OH)2 catalysts [62].

NiSe2 has recently been discovered as active OER electrocatalyst. n-Si nanowire
array loaded with NiSe2 nanocrystal OER catalyst a photocurrent density of
5.8 mA cm−2 at 1.23 V versus RHE is achieved with an onset potential of 0.7 V
[59]. Oh et al. recently synthesized 3D porous Ni inverse opal and combined it with
Si substitution in a micro pattern. The patterned nanostructures yielded photocurrent
of 31.2 mA cm−2 and onset potential of 0.94 V versus RHE [26, 43]. At moder-
ate onset potential oxygen can easily evolve when Fe based OER catalyst such as
FeOOH is used. Although FeOOH has low light absorption characteristic but low
cost and easy preparation method makes it an ideal candidate for catalytic activity
[63, 64]. Another electrocatalyst based on Fe, Co-Fe-OOH was synthesized using
electrodeposition method. The Co-Fe-hydroxide catalyst with amorphous nanosheet
structure exhibited enhanced OER activity than individual Co-H and Co-Fe based
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catalyst [65]. In plants manganese is found as oxygen evolving complex of photo-
system II and it is a favourable choice for OER catalyst. However, manganese oxide
has not been proved an active OER electrocatalyst. Active manganese oxide as OER
catalyst exhibits structural disorder and it also co-exist in more than one oxidation
states. The role of multiple oxidation state in catalysis is still not well understood,
some group claim that MnO2, Mn2O3 or other mixtures of all these phases is essen-
tial for efficient catalysis and OER. The activity of OER gets diminished when Mn3+

disproportionately changes into Mn2+ and Mn4+ ions in the acidic medium.
Sustainable water splitting reaction requires optimum HER and OER reactions

should occur in the same electrolyte with minimum overpotential. For this to take
place bifunctional electrocatalysts are required which can ease the water splitting
reaction and at the same time reduce the production cost. A lot of progress has
been made in realizing bifunctional electrocatalyst such as phosphides, sulfides,
selenides, metal oxides and alloys etc. Transition metal oxides based electrocatalysts
have evolved as excellent bifunctional electrocatalysts. An impressive water photol-
ysis efficiency ~12.3% was obtained using NiFe layered double hydroxides (LDH)
as electrocatalyst and pervoskite photovoltaics as power supply. For overall water
splitting in a basic medium NiFe-LDH based water system delivered a photocurrent
of 10 mA cm−2 at an overpotential of 1.7 V [66]. CoSe and NiSe nanowalls can be
used as efficient and robust bifunctional electrocatalysts with low onset potentials
in alkaline media. It exhibited photocurrent density of 10 mA cm−2 at −0.078 V
versus RHE for HER and 150 mA cm−2 at 1.74 V versus RHE for OER evolution
reaction [67]. Liu et al. [68] realized bi-functional H2CuCat catalyst film using water
soluble copper complexes as catalyst precursor. By integrating the developed mate-
rial with a GaAs solar cell, a photoassisted water splitting scenario was successfully
demonstrated with STH efficiency of 18.01%, based on NiCo2S4 bifunctional cat-
alysts as shown in Fig. 4. CoMn@CN bi-functional electrocatalyst was developed
for photovoltaics driven water splitting reaction. Current density of 1 mA cm−2 at
1.5 V was achieved using CoMn@CN based electrocatalysts. CoMN@CN bifunc-
tional electrocatalyst in amalgamation with a photovoltaic cell yielded photocurrent
density of 6.43 mA cm−2 which corresponds to STH conversion efficiency of ~8.0%
[69]. When a photovoltaic solar cell is coupled with an electrolyte based PEC cell,
the system forms a photovoltaic driven electrolysis and it can generate sufficient
voltage required to split water which is comparable to that of electrocatalysts. In
photovoltaic-electrolysis system, the efficiency of water splitting strongly depends
on the conversion efficiency of solar cells and reactivity of bifunctional electrocat-
alyst. In spite of many advances, research in the area of integrated studies is still in
its nascent stage. Thus more work is needed to understand the underlying concepts
of efficient overall HER/OER reactions.
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Fig. 4 a Schematic of CoMnO@CN superlattice acting as a bi-functional catalyst. b Synthesis
procedure of CoMnO@CN superlattice. Adapted from Ref. Li et al. [69]; copyright 2015 American
Chemical Society

5 Carbonaceous

A lot of advances in the synthesis and characterization of different types of nanos-
tructures based on carbon in the area of energy have been made. Carbonaceous
materials which comprises of g-C3N4, graphene, CNTs and other different forms of
carbon have been utilized for water splitting reaction [70]. These materials, without
any alteration do not show any activity in HER/OER reactions [71, 72]. In order to
modify these catalysts for HER/OER activity, doping with heteroatoms, creation of
defects, are some of the strategies that could be adapted. Together with these modi-
fications, a lot of research has been focused to modify the morphological properties
optimum performance.

g-C3N4 is a polymeric semiconductor material which can have implications as
an efficient catalyst in the area of water splitting [73]. Although g-C3N4 is a facile
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photocatalyst which can reduce water to H2, activity of the photocatalyst is high
when it is amalgamated with noble metal on other transition based co-catalysts [74].
A lot of efforts have been carried out by different research groups to enhance the
photocatalytic activity of g-C3N4. The amalgamation of g-C3N4 with other carbon-
based materials is also an effectual way to enhance the photocatalyst performance
[75]. Another effective strategy to improve the photocatalytic activity of g-C3N4 is
using carbon-based materials in conjunction with g-C3N4. Liu et al. reported that
loading of C-dots in the matrix of g-C3N4 can lead to very stable water splitting
catalysts that can last up to 200 days. A quantum efficiency of ~16%, with overall
STH efficiency of 2% is obtained under AM1.5 G solar simulation [68]. g-C3N4

consist of high nitrogen content (presence of graphite andpyridine nitrogenmoieties).
These moieties can serve as active reaction sites and thus g-C3N4 can potentially act
as metal free electrocatalyst. These moieties help in enhancing the conductivity of
g-C3N4 [71, 72]. Ma et al. have applied conductive medium to g-C3N4 in the form
of multiwalled carbon nanotubes to construct an OER catalyst [76].

Graphene with high surface area, excellent ionic and electric conductivity and
good mechanical strength is an important material for electrochemical applications
in the same context [77]. Although, graphene is inherently chemically inert, and
thereby exhibits poor electrocatalytic activity. In heterogenous catalysis, active sites
play key role and different approaches can be employed to create them. A symmetric
band structure is exhibited by the pristine graphene and it can be considered a zero
band gap semiconductor. Thereby, pristine graphene demonstrate weak or absolutely
nil catalytic activity. The structural properties of pristine graphene are unique and
modification strategies can open its band gap thereby enhancing the catalytic activ-
ity. Pristine graphene can be compositionally modified by incorporating heteroatoms
into the graphene network. This incorporation could attain the sp2 network and cre-
ate sp3 defects in the graphene lattice thereby, changing the electron density within
the graphene sheet [78]. Graphene oxide compared to graphene has a much wide
band gap and may serve as semiconductor [79]. The introduction of functional group
containing oxygen on the surface of graphene distorts the conjugated structure as
sp3 hybridization of graphene occurs and this lead to change in the structural and
electronic properties thereby making graphene oxide (GO) a prospective candidate
of the metal free photocatalyst family [80, 81]. In 2010, Yeh et al. pioneered the
use of GO as photocatalyst for hydrogen production using methanol solution [81].
For water splitting reactions, heteroatom doped graphene is a different type of car-
bonaceous photocatalyst which is free from metal. On the other hand, phosphorus
doped graphene exhibited high catalytic activity of H2 generation under UV light
irradiation from a mixture of water and methanol. Moreover, dual elemental dop-
ing in graphene structure can lead to an efficient OER electrocatalyst since both the
dopants act in synergism [82]. CNTs have hollow structure and long range conjugated
p-electron structure due to which it can exhibit outstanding properties compared to
other carbon based materials. Bare CNTS have very poor HER activity. To change
their surface chemistry, a suitable post treatment is normally required. CNTS have
reported to be efficient OER when their surface functionalization is carried out [83,
84]. The remarkable properties of CNTS, have fascinated and motivated researchers
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to look into other analogous materials such as boron nitride (BN) nanosheets for PEC
applications. These materials have been employed as active OER electrocatalysts.
CVD method has been used to embed N atoms into CNTS surface [85]. The high
content of nitrogen on the CNTS leads to more active sites which are exposed for
the reaction. Thus N doped CNTs exhibit high OER activity. The results can be use-
ful in designing catalyst material which has active sites with controllable locations.
Recently, several type of organic photocatalyst have been synthesized and realized
for utilizing solar radiations [86, 87]. Sprick et al. synthesized a series of amorphous,
microporous organic polymers with exquisite synthetic control over the optical gap
in the range 1.94–2.95 eV signifying their application as hydrogen evolving photo-
catalysts [86]. Another class of carbonaceous materials comprises of boron carbide
and its derivative. Liu et al. have studied the photocatalytic activity of two differ-
ent types of boron carbides for H2 production [88]. Wang et al. synthesized carbon
doped born nitride nanosheet (B-C-N alloy), as active photocatalyst under visible
light irradiation. The band gap of the B-C-N alloys nanosheet can be controlled and
reduced by the incorporation of aromatic carbon [89].

6 Conclusion

The quest for affordable, reliable photosynthesis for solar-driven water splitting is
still underway as there are challenges that need to be undertaken. Normally, the
dimensions of the testing device are of the order of few centimeters in order to pro-
duce hydrogen which can cater even the smallest need, arrays having dimension of
the order of several meters is required. Therefore, scaling of device and the processes
is necessary. In order to scale up there should be nanostructures with better charge
transport properties together with realization of cheaper components such as electro-
catalysts, membranes and light absorber/nanostructures etc. Moreover, the design of
the devices should be free of maintenance. The above requirements put constraints
on material properties and device conditions for mass production of hydrogen.

One of the primary and an important question which still remains unanswered
is regarding safe storage of hydrogen. Assuming current densities reaching up to
10 mA cm−2 on irradiation, the generation of hydrogen and oxygen across the nafion
membrane could lead to intermixing of both the gases. There are methods that can
be deployed in the electrolyzer which prevents intermixing of gases and building up
dangerous gas mixtures, but this reduces the overall solar to hydrogen efficiencies.
The most difficult task is to safely and efficiently produce hydrogen from all large
arrays. Electron coupled proton buffer (ECPB) addresses some of the issues listed
above. It decouples the HER and OER so that hydrogen and oxygen are not gener-
ated at the same instant and thus intermixing of gases could be circumvented. In a
conventional n-type PEC cell generation of hydrogen take place at counter electrode,
whereas, when we use ECPB reduction and protonation of its take place. The ECPB
is re-oxidized electrochemically thereby, co-generating hydrogen.
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Abstract The chapter presents the theoretical and experimental concepts of the
phenomenon of cationic electrocatalysis during the discharge of complicated anionic
complexes in molten salts. These ideas are based on the acid-base mechanism of
formation of electrochemically active species (EASs). The essence of cationic elec-
trocatalysis is the transformation of anionic complexes into a new active state under
the action of cations with a strong polarizing effect. This leads to a change in the
energy, electronic, and structural state of the anion, the formation of new EASs, a
change in their composition, in the rate of EAS formation and charge transfer. The
performed quantum chemical calculations allow one to conclude that the cationic
composition of the melt catalyzes the formation of new EASs both in the bulk phase
of the melt and at the electrode-melt interface. Using voltammetry, it was shown
that the addition of Mg2+ cations to tungstate-containing melts leads to a change
of the nature of the electrode process and to an increase of an order of magnitude
in heterogeneous rate constant for charge transfer. The tungsten deposition poten-
tial shifts to the positive potential values up to the potentials of carbon deposition
from CO2. The proposed approach allowed us to realize in practice the synthesis of
nanoscale powders of tungsten carbides and composite mixtures based on them by
electrolysis of molten salt electrolytes. The obtained materials have a high potential
for application for solving various tasks of electrocatalysis.
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1 Introduction

The wide use of refractory metal carbides in industry as structural and tool mate-
rials that are able to operate at high temperatures and loads in aggressive media
causes great interest for the development of novel highly efficient and environmen-
tally safe methods for their production. Tungsten carbides WC and W2C, which are
distinguished by a high hardness and the thermal stability of mechanical properties,
have found the greatest use in the production of wear-resistant hard alloys, which
make up the bulk of all tool materials. The further improvement of the operating
characteristics of WC-based hard alloys, which are fabricated in industry by tradi-
tional thermochemical methods, is no more possible. Therefore, a topical way of
improving the characteristics of these materials is reducing the carbide grain in the
alloy to nanosize. Tungsten carbides are known to show catalytic activity in many
chemical and electrochemical reactions. They possess a high electronic conductivity
and corrosion resistance, which makes it possible to use them as independent cat-
alysts instead of platinum and ruthenium, and as platinum carriers in catalysts for
fuel cells. The nanoscale and high specific surface of catalytic powders are key fac-
tors, which determine their successful use in catalysis. Today, there are manymodern
methods for producing tungsten carbide nanopowders. These are, above all, gaseous-
phase synthesis, plasmochemical synthesis, self-propagating high-temperature syn-
thesis in melts, mechanosynthesis, detonation synthesis, exploding wire method,
high-temperature electrosynthesis (HTES) in salt melts. HTES has a great promise
due to significant disadvantages of other methods: they are mainly multistage and
energy-consuming methods, which require expensive precursors and the use of com-
plex equipment, long and complex stages of removing the synthesis medium from
the end product. Using the HTES method, one can obtain both single-phase tungsten
carbides and composite mixtures of carbides with carbon and other metals in the
form of coatings and ultrafine powders in one stage at relatively low temperatures
(700–750 °C) using cheap starting reagents.

2 Background. Cationic Electrocatalysis
of the Electroreduction of Complicated Oxyanions in Salt
Melts

The possibility of producing carbides by the electrolysis of the molten salt system
LiF–Na2BO3–WO3–Na2CO3 was first shown by Andriux and Weiss as early as
the late 1940s [1]. Because of the complexity of processes and the absence of clear
ideas about electrode reactions involving refractorymetal oxycompounds and carbon,
electrosynthesis has not been realized in practice. Only in the 1970s, thanks to the
studies by the Kyiv School of electrochemists working in the field of molten salt
electrolytes [2–5], certain successes in the understanding of complex mechanisms of
electrochemical processes began to show up, which were than takes as a basic of the
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HTESof carbides. In the above studies, based on concepts of acid-base interactions in
salt melts [6], the acid-base mechanism of the formation of electrochemically active
species (EASs) has been theoretically substantiated and experimentally proved, and
the concepts of the limiting role of these interactions in the discharge of complicated
oxyanions have been developed. The proposed approach made it possible to control
the composition of the electrode product (the path of reaction), the potential and rate
of the electrode process and to realize conditions for the occurrence of many-electron
reactions in a narrow potential range (practically in one stage).

The theory of the HTES method, which was presented in Refs. [7–10], has been
developed and this method practically implemented for the production of tungsten
carbides under the guidance of professor V. I. Shapoval, Corresponding Member
of the Ukrainian National Academy of Sciences, in the 1980–1990s at the V. I.
Vernadskii Institute of General and Inorganic Chemistry of the Ukrainian Academy
of Sciences (IGIC of UNAS). The essence of the HTES of refractory compounds
(carbides, borides, silicides) is the joint or sequential occurrence of many-electron
reactions of refractory metal and nonmetal electrodeposition, as a result of which the
desires product is formed and deposited on the cathode. It should be noted that the
electronic conductivity of the compound to be deposited is the necessary condition
for stable synthesis.

The HTES of carbides can be effected in two ways. In the first case, the molten
electrolyte contains one synthesis component in themolecular or ionic form,which is
discharged at the second synthesis component. The formation of carbide takes place
as a result of the reaction diffusion of discharge products deep into the electrode
material. Either—alkali (alkaline-earth) metal carbonates, which can be reduced
to elemental carbon on the cathode made of a refractory metal (electrochemical
carbidization) [11–13], or refractory metal ions, which are reduced to metal on the
graphite cathode [14, 15], are used as discharging component. The above processes
occur at a low rate at relatively high temperatures and produce compounds of variable
composition in the form of coatings.

In the second case, the electrolyte contains both synthesis components, which
can discharge together (thermodynamic or quasi-equilibrium synthesis conditions)
or sequentially (kinetic synthesis conditions) at the neutral electrode [10]. After that,
a chemical interaction of discharge products takes place at the cathode to from a
new carbide phase. The thermodynamic synthesis conditions are undoubtedly more
interesting theoretically and promising in practical use. By varying the electrolysis
conditions and modes (electrolytic bath composition, current density, temperature),
one can obtain single-phase carbides of a given composition in the form of coatings
or ultrafine powders, as well as composite mixtures with other metals and carbon.

To effect electrosynthesis under thermodynamic conditions in a wide current
density range, two conditions must be fulfilled:

1. The synthesis must take place at close values of refractory metal and carbon
deposition potential. The theoretical analysis of the electrowinning of alloys,
presented in [16], showed that if the deposition potential difference of alloy
components (�E) is not over 0.2 V, the alloy composition will not depend on the
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current density used, viz the process will take place under quasi-equilibrium con-
ditions. In the case of formation of tungsten carbides WC and W2C, compounds
with high formation energy, the potential difference at which the synthesis pro-
cess will occur under quasi-equilibrium conditions can increase by an additional
value of depolarization potential (�Edepol) owing to the formation of a chemical
compound. �Edepol can be estimated based on thermo-chemical data:

�Edepol = −�GT /nF, (1)

where�GT is the Gibbs free energy of the carbide formation reaction from elements
at the temperature T, n is the number of electrons involved in the discharge processes
of synthesis components (n = 10 for WC and n = 16 for W2C), F is the Faraday
constant. We have calculated the values of possible depolarization of electrodes
owing to the formation of WC and W2C and they are equal, respectively 0.03 and
0.04 V.

2. Electrosynthesis is a many-electron process. Therefore, the second necessary
condition for synthesis is effecting partial many-electron reduction reactions of
synthesis precursors over a narrow potential range practically in one stage. The
sources of metal and carbon are their oxycompounds MxWO4, MxCO3 (M = Li,
Na, Ca, Ba, Mg) and CO2. The discharge products react chemically with each
other to form carbides.

Electrochemical processes in ionic melts at high temperature differ greatly from
low-temperature processes in aqueous electrolytes. At high temperature, the effect
of catalytic properties of the electrode material on the electrode kinetics becomes
weaker.At the same time, the catalyzing role of themedium (electrolyte composition)
becomes more pronounced. The effect of the medium on the kinetics of electrode
reactions is clearly manifested in the reduction processes of tungstate anions (com-
plex coordination compounds of d metals in the higher valent state) and carbonate
anions. The specific mechanism of formation of EASs and many-electron charge-
transfer reaction are characteristic peculiarities of the electroreduction of the above
compounds. The mechanism of cation catalysis was proposed by V. I. Shapoval and
coworker [17, 18] to explain the peculiarities of partial processes of electroreduction
of carbonate and tungstate anions in chloride melts.

The essence of cation catalysis is the transformation of complicated complex
anionic species into a new active state by the action of cations with strong polarizing
effect (Li+, Ba2+, Ca2+, Mg2+) [19, 20]. This leads to a change in the electronic and
energy state of anion, the formation of new EASs, and a change in their composition,
the rate of EASs formation and charge transfer reactions.

This chapter is devoted to the application of the cation catalysis phenomenon for
effecting the HTES of nanoscale tungsten carbide powders in salt melts.

As was already noted earlier, a necessary condition for stable synthesis in a wide
current density range is the closeness of the deposition potentials of the components
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forming carbide. Therefore, that main objective of research was the correct choice of
suitable synthesis precursors, viz carbon and tungsten compounds which would be
discharged at the cathode at close potentials. An analysis of literature data showed
that tungsten and carbon deposit well from their oxide components. Calculations
of the deposition potentials of different discharge products and a comparison of the
obtained values have been made [7, 21]. Based on this analysis, pair of components
has been chosen for synthesis (Table 1).

From Table 1 if follows that synthesis is possible under thermodynamic electrol-
ysis conditions for the presented pairs of precursors. To effect the synthesis, we have
chosen the pairCO2–MgWO4.However, in the thermodynamic consideration of elec-
trode processes, the kinetic peculiarities of electroreduction of complicated complex
anions, the stability of the chosen precursors at the synthesis temperature, their sol-
ubility in supporting electrolytes, the possibility of side reactions are not taken into
account. The electrode kinetics plays a key role in effecting stable electrosynthesis.

As was already noted above, the necessary condition for the stable synthesis of
carbides in the form of powders is the closeness of carbon and tungsten deposition
potentials. It is known from publications [8, 22, 23] that in NaCl–KCl melt, the
Na2WO4 discharge potential is 0.4 V more negative than the potential of carbon
deposition from carbon dioxide in the same melt, and that the cathodic product is
tungsten bronze powder (NaxWO3 (x = 0.1–0.9)).

Table 1 Conditions and components for the electrosynthesis of tungsten carbide

Temperature T
(K)

Potential of
tungsten
deposition
from a tungsten
precursor (V)

Potential of
carbon
deposition
from a carbon
precursor (V)

Components for
synthesis

Potential
difference (V)

900 WO3 (1.05) CO2 (1.03) CO2–WO3 0.02

900 WO2Cl2
(1.30)

CO2 (1.03) CO2–WO2Cl2 0.14

900 MgWO4
(1.17)

CO2 (1.03) CO2–MgWO4 0.14

900 Na2WO4
(1.56)

Na2CO3 (1.51) Na2CO3–Na2WO4 0.05

900 CaWO4 (1.36) BaCO3 (1.36) BaCO3–CaWO4 0.02

900 MgWO4
(1.17)

Li2CO3 (1.34) Li2CO3–MgWO4 0.14

900 CaWO4 (1.36) Li2CO3 (1.34) Li2CO3–CaWO4 0.02

900 WO2Cl2
(1.30)

Li2CO3 (1.34) Li2CO3–WO2Cl2 0.04

900 WOF4 (1.36) Li2CO3 (1.34) Li2CO3–WOF4 0.02

900 WO3 (1.05) MgCO3 (0.93) MgCO3–WO3 0.12

900 MgWO4
(1.17)

CaCO3 (1.12) CaCO3–MgWO4 0.05



226 I. A. Novoselova et al.

To change the reaction path (to obtain metallic tungsten) and to shift its deposition
potential to more positive values, an approach has been proposed to forming a new,
more electrophilic EAS (which is reduced at more positive potentials) by cation
catalysis. The present paper proposes a quantum-chemical model of the formation
of a tungstate complex cationized by Mg2+ cations. To experimentally confirm this
theoretical approach, it is necessary to study the electrochemical behavior of each
carbide component (to determine the deposition potential range, partial currents,
the mechanism of electrode processes) and to develop methods for bringing their
discharge potentials into coincidence.

Research objectives: (a) to create a quantum-chemical model of cation catalysis
for the reduction of tungstate anions; (b) to determine the conditions for the partial
and join electrodeposition of tungsten and carbon in a chloride melts with additions
of MgCl2; (c) to effect the HTES of tungsten carbide powders and to characterize
them.

3 Cation Catalysis of the Electroreduction of Tungstate
Anion in the Na,K|Cl Melt

3.1 Quantum-Chemical Estimation of Influence
of Outer-Sphere Cations (Mg2+) on Charge Transfer
During [WO4]2− Reduction

Methodology of quantum chemical calculations. The analysis of the changes in
structural peculiarities of charge and energy distribution of EAS, as well as in its
forms during successive or simultaneous electron transfer was performed using the
GAMESS software package in the SBK-31G basic set [24], taking into account
the exchange of electron correlation by the second-order Möller-Plesset procedure
(MP2) [25]. The priority of simultaneous electron transfer in a cationized tungsten
complex {Mm+

n [WO4]2−}(mn−2)+ during its discharge was justified by the SCF MO
LCAO method based on the analysis the values of the activation energy of electron
transfer at different stages [26].

The traditional electrochemical methods for the analysis of the electroreduction
of multicharged anions with complex structure in molten salts are inapplicable since
elementary stages of charge transfer proceed very rapidly and practically at the
same potential. The methods of quantum chemistry, which are effective means of
the study of species and activated complexes with short lifetime, allow interpreting
the experimental data at the electronic level and are of great importance. Quantum
chemical calculations and their analysis give us possibility to show the probability
of formation of stable cationized species of {Mm+

n [WO4]2−}(mn−2)+ type (M = Li+,
Ca2+ and Mg2+) in the bulk phase of chloride melt. This type of EASs was proposed
on the basis of experimental data [18, 22].
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The assessment of the possibility of cationized species formation in the bulk of
electrolyte based only on the analysis of energy characteristics does not give the full
information about the character of the tungstate anion interaction with cations in the
melt. Therefore, the effect of the Mg2+cation on the changes in the geometrical and
electronic structure of WO4

2− anions has been studied.
The potential energy surface (PES) of nMg2+···WO4

2− interaction is shown in
Fig. 1. The presence of three recesses indicates the influence of the cations contained
in themelt both on the restoration of the outer coordination sphere and on the probable
“electron attack” sites in the subsequent reactions of the electroreduction of EASs.
So, it was found for n= 1 that the bidentate interaction of single- and double-charged
cations with the anion (Fig. 1a) is the most energetically favorable in comparison
with mono-and tri-dentate variants of cation-anion interaction (Fig. 1b, c). With
increasing n all minima of the PES are realized for other positions of cations relative
to anion.

A comparison of the charge characteristics of atoms in the “isolated”WO4
2− anion

according to Lowdin [27–29] and cationized species showed that the cationization
of the outer sphere of the tungstate complex is accompanied by charge redistribution
from anion to cations (Fig. 2).

Fig. 1 Fragment of PES of the interaction nMg2+···WO4
2− configurations (a) is the absolute

minimum, (b) and (c)—are local minima; (a)* and (b)*—are transitional states of the system
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Fig. 2 Conceptual models of the charge redistribution in WO4
2− anion under the influence of 4

and 2 Mg2+ cations

Table 2 Charge (Q, a. u.) characteristic of atoms in tungstate anions of different type (sampled
data)

Q, a. u./Species n W O(1) O(4) Mg(1)

“isolated” [WO4]2– 0 0.378 −0.595 −0.595 –

{Mg2+n [WO4]2−}(2n−2)+ 1 0.698 −0.717 −0.370 1.472

2 0.875 −0.535 −0.535 1.633

3 1.066 −0.695 −0.185 1.730

4 1.186 −0.600 −0.600 1.800

5 1.342 −0.589 −0.314 1.725

The degree of charge transfer increases with increasing cation concentration
(Table 2).

In the case of interaction of one Mg2+ cation (n = 1) with the [WO4]2− anion the
charge changes by 0.320 a. u. on W atom, by 0.122 a. u. on atoms O(1) and O(2), by
0.225 a. u. on atomsO(3) andO(4) in the tungstate anion. In otherwords, the presence
of cations in the coordination sphere of the anion stimulates the manifestation of
donor properties of the central atom (W) of the anion (muchmore in comparisonwith
such properties of oxygen atom). So, W atom becomes a possible center of “electron
attack” together with cations in the subsequent reactions of the electroreduction of
EASs at the cathode. The more cations in the coordination sphere of the anion (for
example, n = 2; 4; Fig. 2, Table 2) the higher the probability of the effect of charge
transfer. A comparative analysis of the occupation of atomic orbitals (AOs) according
to Lowdin showed that the distribution of electron density in the “isolated” anion
changed under the influence of cations; and that the main “load” in the direction of
this process is taken by the d-orbits of tungsten atom.

The concepts of theMarcus theory of homogeneous reactions, which found exper-
imental confirmation [30], make it possible to explain the nature of many phenomena
associatedwith electron transfer in variousfields of science and technology (electrical
conductivity of polymers, corrosion, chemiluminescence, membrane gas separation,
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charge transfer in electrode reaction, etc.). Based on the concepts of the Marcus the-
ory, a quantum-mechanical theory of electrode reactions for ionic melts was created
[30]. This made it possible to createmethodological principles for performing amore
adequate evaluation of the results of various experimental methods for obtaining new
substances with tailor-made properties.

When studying experimentally [7, 8, 31] the electroreduction of various ionic
forms of tungsten, a reversible transfer of six electrons in one stage was observed.
This statement was based on the fact that electron transfer takes place practically at
the same potentials within a very short period of time.

According to the results of calculation by the Lowdin procedure, the only electron
accepter can be W atom in the “isolated” tungsten anion (Table 3). On the contrary,
when a cationized tungstate complex is discharged, the electron is transferred to
different cations and to a tungsten atom (Table 3), which indicates the presence of
several electron accepters. It should be noted that additional allowance for electron
correlation using the MP2 method at a qualitative level allows one to obtain the
same result as in the calculation of the basis, without taking into account the electron
correlation. The effect is enhanced with an increase in the specific charge of the
cation and with an increase in coordination number in the cationic complex, passing
through a maximum at n = 4 in the case of Li+ and n = 2 for Mg2+ ions (Table 3)
both with simultaneous and consecutive charge transfer.

Despite the insignificant difference in the values of charges on EASs, complete
disregard for simultaneous or consecutive charge transfer is inadmissible, since a
change in charge value leads to a change in the structure of complex. The obtained
results indicate that at the stage of simultaneous transfer of two electrons, a change

Table 3 Sampled data on charge values on atoms of EASs (a) and their reduced forms with
simultaneous (b) and sequential (c) charge transfer

EAS The mechanism of electron transfer WO2−
4

{
Mg2+2 [WO4]2−

}2+

SBK-31G MP2* SBK-31G MP2*

W a 0.378 0.401 0.875 0.870

b −5.410 −5.409 0.531 0.530

c −5.410 −5.409 0.517 0.570

O(1) a −0.595 −0.590 −0.536 −0,.535

b −0.612 −0.612 −0.517 −0.513

c −0.630 −0.623 −0.508 −0.494

M(1) a – – 1.633 1.632

b – – −1.077 −0.899

c – – −1.079 −1.065

* The calculations were performed on the same basis, taking into account electron correlation
within the Peller-Plesset procedure of the 2nd order
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Fig. 3 PES energy profile along the generalized reaction coordinate while simultaneous (a) and
sequential (b) attachment of 6 electrons to electrochemically active particles {Mg22+[WO4]2−}2+

in the geometric structure of the EAS is observed, which ultimately leads to a change
in the position of the cations in the complex.

The change in complex geometry occurs in several stages (Fig. 3). Point 0 corre-
sponds to the geometry of the complex which it had up to the moment of electron
transfer. This corresponds to the bidentate arrangement of Mg2+ cations. The same
complex geometry will persist at Point 1, corresponding to the attachment of one
electron. Point 2 corresponds to the geometric structure, where one Mg2+ cation is
in the bidentate position, and the second one has passed to the monodentate position
due to the successive transfer of the 2nd electron. This geometry of the metal com-
plex is also preserved for points 3–5 (Fig. 3), which corresponds to the 6th electron.
At point 6, the geometry of the metal complex is characterized by a monodentate
arrangement of both cations as a result of the successive transfer of the 6th electron.

When the anionic tangstate complex is reduced by the transfer of six electrons, the
magnesium cations remain in the bidentatate position. If anionic complex are reduced
with successive electron transfer, the outer-sphere cations (magnesium cations in this
particular case) occupy a monodentate position [32].
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3.2 Voltammetric Study of the Effect of Mg2+ Cations
on the Discharge of Tungstate Anion in a Chloride Melt

3.2.1 Experimental

A binary mixture of potassium and sodium chlorides (extra pure) in a molar ratio of
1:1 with a melting point of 660 °C was used as background electrolyte. Salt mixture
firstlywas dried during 10 h at 150 °C in air and thenwasmelted in platinum crucible.
Sodium tungstate of “chemical pure” reagent grate was dried for 5 h under vacuum
at 500 °C. Magnesium chloride (fused anhydrous) was prepared by the procedure
described in [33]. Gaseous CO2 was used from the gas cylinder of the reagent grate
“chemical pure” after drying with silica gel.

A platinumwire (diameter 0.5 mm; electrode area 0.2 cm2) was used as the work-
ing electrode (cathode) during voltammetry study. The counter-electrode (anode)
and at the same time the container for the melt were crucibles made of glassy car-
bon (GC) or platinum. Because of the unstable work of the reference electrodes,
which are commonly used in chloride melts, in conditions of excess gas pressure a
quasi-reference electrode (a platinum wire, dipped into the molten electrolyte) was
used. The electrolysis of the molten system was carried out on GC or platinum plate
electrodes.

Electrochemical measurements were performed on PI-50-1 potentiostat with
potential sweep rates 0.1–10V s−1.Adetailed description of the used electrochemical
cell and the methodology of voltammetric measurements are given in [34].

After electrolysis the powdery product was collected from the cathode and from
the volume of frozen salt electrolyte. The product was purified from the salts of
the synthesis medium by the method of decantation with hot water and dried at
100 °C. The obtained products were analyzed by chemical, XRD- analyses methods,
scanning electronic microscopy.

3.2.2 Influence of Mg2+ Cations on the Kinetics of [WO4] 2−

Electroreduction

Figure 4a shows current-voltage curves in sodium tungstate-containing chloridemelt.
The tungstate anion is electrochemically inactive in NaCl–KCl melts when Mg2+

cations are not present (Fig. 4a, curve 2) in the electrolyte. When Mg2+ cations are
added to the melt, reduction waves of WO4

2− appear on current-voltages curves at
potentials of −1.3 to –1.5 V against a platinum reference electrode. The wave shifts
to more positive values with increasing Mg2+ ion concentration, and the limiting
(or peak) currents increase. A metallic tungsten powder is the electrolysis product
obtained under potentiostatic condition (E = −1.4 V) in the system NaCl–KCl–
Na2WO4 (3 mol%)–MgCl2 (6 mol%).

Figure 4b shows a plot of wave current against Mg2+ ion concentration. The
current is directly proportional to Mg2+ ion concentration up to a 3 to 3.5-fold excess
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Fig. 4 a Voltammograms of the melt Na,K|Cl (1), containing 5 × 10−5 mol/cm3 Na2WO4 (2)
with the sequential addition of MgCl2 (× 10–5 mol/cm3): 0.5 (3); 1.3 (4); 3.2 (5); 6.6 (6); 10 (7);
15 (8); 20 (9); 30 (10); 40 (11), polarization rate—0.1 Vs−1. b The graph of current peak of the
reduction waves [WO4]2− (concentration of NaWO4 is 5 × 10−5 mol/cm3) in the Na,K|Cl melt
versus MgCl2, the polarization rate is 0.1 Vs−1

of Mg2+. The highest limiting current is attained when [Mg2+] ≈ 4 [WO4]2−. Under
this conditions the ratio id/nFc = 2.0 × 10−3 cm s−1 is commensurate with diffusion
constant. The peak currents that are proportional to the Mg2+ concentration and
values of id/nFc indicate the diffusion character of steady-state waves.

In accordance with the mechanism of cation catalysis of anion electroreduction,
which was described above, the following mechanism of the formation of EASs in
tungstate-anion containing melts acidified with Mg2+ cations can be suggested:

Path I n Mg2+ + [WO4]
2− → {

Mgn[WO4]
}(2n−2)+

Path II n Mg2+ + [WO4]
2− → nMgO + WO 2(n−1)

4−n (3)

The cathodic reaction under experiment conditions (path I) can be formulated as

{
Mgn[WO4]

}(2n−2)+ + 6 e = W + nMgO + (4 − n)O2− (4)

Reaction (3) can be shifted according to the path II when the Mg2+ ion is present
in more than 10-fold excess. In this case the coefficient n assumed values larger than
unity, i.e. the [WO4]2− anions will be subject to strong polarizing influence of the
Mg2+ ions, which leads to the destruction of the anionic complex and formation of
tungsten oxides. The calculated heterogeneous charge-transfer rate constant (ks) of
the process under study increases from 8.34 × 10−4 to 24.62 × 10−3 cm s−1 with
increasing of Mg2+ ion concentration from 4.6 × 10−5 to 62 × 10−5 mol/cm3.
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The experimental results show that the multielectron process of electroreduction
of tungstate anions to metallic tungsten can be effected within a narrow range of
potentials which are close to the potential for carbon deposition from CO2, and that
the potential and mechanism of the process can be controlled using the acid-base
properties (Mg2+ concentration) of the melt.

4 Using the Phenomenon of Cationic Electrocatalysis
for the Joint Reduction of Carbon Dioxide and Tungstate
Anion in Chloride Melts

4.1 Peculiarities of the Discharge of CO2 Dissolved
in Chloride Melts

It was found that at sweep rates of over 0.1 V s−1, the electroreduction of CO2

dissolved in molten Na,K|Cl electrolyte at 750 °C under high pressure took place
in one stage at potentials −{0.9 ÷ 1.2} V against the platinum reference electrode
(Fig. 5a). A linear dependence of the wave’s limiting current against the gas pressure
in the systemwas revealed (Fig. 5b). The product obtained by electrolysis at constant
potential (E= −1.0 V) at a CO2 pressure of 1.0MPa is a dispersed powder of carbon.
The kinetic features of this process and the characteristics of obtained carbon are
described in detail in [23]. In this process, CO2 acts as a precursor of carbon and as
an acceptor of oxide ions, which are released at the near-cathode space as a result
of the CO2 discharge. In general, the reaction of CO2 electroreduction up to carbon
can be represented in the way

CO2 + 4e− → C + 2O2− (5)

2CO2 + 2O2− = 2CO2−
3 (5a)

3CO2 + 4e− → C + 2CO2−
3 (5b)

4.2 Joint Electroreduction of [WO4]2− and CO2 in Chloride
Melts Having Different Acidities

The joint electroreduction of CO2 and [WO4]2− in chloridemelts acidifiedwithMg2+

ions was studied as follows. Firstly, we established a certain acidity of the melt by
adding Mg2+ cations to the melt and recorded a current-voltage curve corresponding
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Fig. 5 a Voltammograms of the melt Na,K|Cl (1) under an excessive pressure of CO2, Pa × 105:
1 (3); 2.5 (4); 5 (5); 7.5 (6); 10 (7); 12.5 (8); 17 (9); 17.7 (10), the polarization rate is 0.1 Vs−1.
b Graph of current peak of the reduction wave of CO2 in the Na,K|Cl melt at different polarization
rates, Vs−1: 0.1 (1); 0.2 (2); 0.5 (3); 1 (4)

to Mgx[WO4]2− discharge at this acidity. Then carbon dioxide was fed into the
system under different pressures (Fig. 6).

The cationized tungstate complex is reduced at potentials of −1.3 to −1.6 V
(curve 2 in Fig. 6), which is 0.4 V more negative than the discharge of CO2. As
gas is fed into the system, voltammograms exhibit a reduction wave of CO2 (E1/2

= −1.05 V). An increase in CO2 pressure leads to an increase in the height of CO2

discharge wave and a shift of the reduction wave potentials of the Mgx[WO4] to
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Fig. 6 Voltammograms of the melt Na,K|Cl (1), containing 5× 10−5 mol/cm3 Na2WO4 and 3.1×
10−5 mol/cm3 MgCl2 (2) at an excess pressure of CO2, Pa 105: 5 (3); 10 (4); 15 (5); polarization
rate is 0.1 Vs−1

more positive values. At PCO2 = 15 × 105 Pa, one co-reduction wave of CO2 and
Mgx[WO4]2x−2 is observed (Fig. 6, curve 5).

Thus the overall process of the electrochemical synthesis of tungsten carbide can
be described by the reaction

Mg[WO4] + 3CO2 + 10e− = WC + MgO + 3O2− + 2CO2−
3 (6)

4.3 Practical Implementation of the Electrochemical
Synthesis of Tungsten Carbide Nanopowders
in Chloride-Oxide Melts

An electrolysis in the system NaCl–KCl–Na2WO4(3 mol%)–MgCl2(6 mol%)–CO2

with different cathode current densities (ik) and at different gas pressures has been
carried to produce the cathodic product. By changing the concentration ratio of the
synthesis components, the current density, the duration of the electrolysis single-
phase tungsten carbides WC andW2C, as well as composite mixtures based on them
with metallic tungsten and carbon were obtained (Fig. 7). The lattice parameters of
hexagonal α-WC are {a = 2.9081 ± 0.005, c = 2.8211 ± 0.01}, the average size of
powder grains is (10 ± 20 nm).

The single-phase WC powder was produced in the system under investigation at
an electrodeposition rate of 0.4 g A−1 h−1 at a current density of 0.05–0.2 A cm−2.
The specific surface of the product is 10 (25) m2/g at ik = 0.05 (0.2) A cm−2

correspondingly.
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Fig. 7 Diffractograms of the cathode product obtained by electrolysis of the system NaCl–KCl–
Na2WO4–MgCl2 at different CO2 pressures: a 15 atm, b 7 atm, (1)—faction from the cathode,
(2)—faction from the electrolyte

SEM images show that nanoparticles of WC are combined into conglomerates
150–400 nm in size (Fig. 8a), which are shrouded in a layer consisting, apparently,
of amorphous carbon. The contour of conglomerates is bounded by complex-shaped
lines, and the image resembles a curdled mass consisting of individual nano-sized
α-WC crystals. Among the large conglomerates, individual nanofibres, nanorods
and “strands of fibers” (Fig. 8c) were found. Four types of electrolytic WC particles
have been established: (1) curdled; poorly bonded conglomerates (300–500 nm);
(2) layered particles (100–300 nm) (Fig. 8d); (3) individual nanofibers and (4)
nanorods (diameter 25–200 nm, length 5.5μm). The as-prepared (without annealing)
electrolytic products are enveloped in a “fur coat” of slightly ordered carbon.

In [35, 36] the catalytic activity of the electrode material based on electrolytic
tungsten carbide and its mixtures with nanocarbon and platinum was evaluated.
Studies have shown the feasibility of using tungsten carbide as an electrode material
for producing hydrogen from acidic electrolytic solutions. Doping the electrode with
platinum increases its electrocatalytic activity, namely, it increases the exchange
current and reduces the process overvoltage.

Fig. 8 SEM images of electrolytic tungsten carbide WC



Cationic Electrocatalysis in Effecting the Electrosynthesis … 237

5 Conclusions

For the practical realization of the HTES of nano-scale powders of tungsten carbides
in a wide range of current densities, it is necessary to bring into coincidence the
deposition potentials of the components of the synthesis—tungsten and carbon.

This can be achieved by applying the phenomenon of cationic electrocatalysis for
the discharge of complicated species—tungsten oxyanions. It is possible to change
the path of the discharge reaction, forming new electrochemically active species with
more electrophilic properties, by creating the desired acidity of the melt by introduc-
ing into it cationswith high specific charge (Ca2+; Li+;Mg2+). The quantum-chemical
calculations of changes in energy, charge, and shape of the geometric structures of
the [WO4]2− anionic complex under the action of its interaction with Mg2+ cations
made it possible to determine the features of the deformation polarization of the
formed cationized complex Mgx[WO4]2x−2. The essence of these specific features
lies in the cationization of the outer sphere of the [WO4]2− anion, which stimulates
the manifestation of the donor properties of the central atom (W) of the anion to a
greater extent than that of oxygen atoms. The main “load” in this process is taken
by the d-orbitals of the W atom, which makes it and Mg2+ cations possible centers
of “electron attack” in electroreduction reactions of EASs. The quantum chemical
calculations performed in the framework of the proposed model allow us to conclude
that the cationic composition of the melt catalyzes the formation of new EASs both
in the homogeneous bulk phase of the melt and at the electrode-melt interface.

It was shown using the method of cyclic voltammetry that the addition of Mg2+

cations to tungstate-containing chloride melts leads to the formation of new EASs
(cationized complexes) in the bulkmelt and to a changes in the nature of the electrode
process. Metallic tungsten becomes a cathodic product instead of tungsten bronze.
It has been experimentally shown that an increase in the Mg2+ concentration in the
electrolyte leads to a change in the composition of cationized complexes and to an
increase by an order ofmagnitude in the rate constant for heterogeneous charge trans-
fer. At the same time, the tungsten deposition potential shifts to the positive values
up to the potentials of carbon deposition from CO2. The proposed approach allowed
us to effect in practice the electrochemical synthesis of nanoscale tungsten mono-
carbide powders and composite mixtures based on it. The materials obtained have
a high potential for use as new electrocatalysts in the reactions of electroreduction
and oxidation of hydrogen, oxygen, and oxidation of methanol.
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Microalgae-Based Systems Applied
to Bioelectrocatalysis

Rosangela R. Dias, Rafaela B. Sartori, Ihana A. Severo, Mariany C. Deprá,
Leila Q. Zepka and Eduardo Jacob-Lopes

Abstract The increasing demand by energy and the current need of the replace
fossil resources it is leading the research and development (R&D) sector to search
by renewable feedstock and renewable processes. Thus, major emphasis is being put
into sustainable technologies and environmentally benign. In this context, microal-
gae have been extensively exploited for their versatility and capacity of the produce
a broad spectrum of bioproducts. In particular, the viability of these microorgan-
isms to generate electrical energy from organic and inorganic residues is an attrac-
tive technological route. The use of microalgae in electrochemical systems has the
potential to produce bioelectricity associated with bioremediation and wastewater
treatment. This integration could be advantageously exploited to the development
of a self-sustaining biobased system. In this sense, this chapter is intended to pro-
vide a overview of various aspects associated with the bioelectricity production from
microalgae.

Keywords Microalgae · Photosynthesis ·Microbial fuel cells · Bioelectricity

1 Introduction

In the last years, significant advances have been made towards robust technologies,
cost-effective and eco-friendly, aiming to overcome the excessive dependence of
fossil resources [14]. Among recently developed technologies, the microbial fuel
cell (MFC) gained great scientific and technological importance [48]. These bio-
electrochemical systems are an attractive technology because of their sustainability
at harvest of energy from readily available substrates [41, 83]. Biological entities
as catalysts of electrochemical processes offer a means of produce clean energy
associated with bioremediation of wastes [15, 47, 56].

In MFCs, microorganisms convert a diversity of substrates into electricity from
a series of oxireduction reactions [67]. The system consists of a set of electrodes
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linked by an outer electric circuit, physically divided by a membrane or not [77].
The distinguishing feature, central these biotechnological devices, is the applica-
tion of living microorganisms. Besides that, in contrast to traditional fuel cells, the
MFC has the advantage of using wastewater treating it and producing bioelectricity
simultaneously [76].

Since the turn of the century, MFCs research has advanced, and new projects have
been launched towards in direction the synchronization of technologies and bioen-
ergy sources sustainable. In this context, considerable researches are being realized
to investigate the potential biotechnological of microalgae at the distinct bioelec-
trochemical processes. The microalgae present high photosynthetic efficiency and
can be applied in MFCs to produce an electron acceptor in the cathodic compart-
ment (photosyntheticmicroalgae), electron donor in the anode and/or remove organic
matter also in the anode (heterotrophic microalgae) [23].

Microalgae as efficient solar energy converters have been utilized in the cathode
of MFCs to O2 generate and capture CO2, with parallel biomass production and bio-
compounds of high value-added [17]. The application of bio-cathodes based in these
microorganisms allows noble catalysts, used for oxygen reduction, to be substituted
by naturalmaterials, improving sustainability and cost-effectiveness [3]. On the other
hand, microalgae also can be applied in the anode as fuel/substrate for exoelectro-
genic bacteria, owing to the adequately elevated content of carbohydrate, protein and
lipid [71]. Besides, recently discovered, some species of microalgae can be utilized
as the sole electron-donating source. The utilization of electrogenic microalgae in
the anode compartment is an extraordinary opportunity [75].

The use of microalgae in electrochemical processes as the MFCs has been
recognized as a versatile technology and potentially promising. Thereby, this
chapter intends to furnish a comprehensive review of the fundamental elements of
microalgae-based microbial fuel cells (mMFCs), their configurations, limitations,
and applications.

2 Biological Fuel Cells

A fuel cell is an electrochemical device that involves the transfer of electrons and
conversion of chemical energy of a fuel into electricity. In these systems, anodic
(electron addition) reactions are fed continuously by a fuel, while cathodic reactions
(electron consumption) are fed continuously by anoxidizer.Natural gas andhydrogen
are the more commonly used fuels in these systems, while the oxygen of the air is
utilized as the oxidant [72]. All these reactions occur through a medium (electrolyte)
containing dissolved ions capable of withstanding the current flow and allowing
electric charge transfer [24].

The concept of electricity generation from biological sources arose even in the
eighteenth century. However, it was only in 1911 that the disaggregation of substrates
by organisms accompanied by the clearance of electricity was demonstrated [59,
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73]. Despite extensive research in the last century on routes and bioelectrochemical
generation, few prototypes were reported [43].

The traditional generation of energy for methods such as chemical fuel cells is not
able to supply the need for sustainable energy of high demand and recent advances in
microbiological research have led to the bioelectricity production through fuel cells
by microorganisms. These current systems have become a promising, innovative,
economical and environmentally favourable technology for sustainable electricity
production [75].

The microorganisms growth in MFCs can be termed as a self-sustaining cycle.
They may develop in suspension to shape a biofilm at the electrode and superficies
of the anode chamber. This biofilm can directly exchange electrons through physical
contact with the cell. Also, in this compartment is carried out the reaction of oxidation
of the organic matter, producing protons and finally an electric current of biomass
[58, 69].

In the so-called direct electron transfer, the microorganisms present have active
and efficient electrochemical redox enzymes in their membranes that cross the MFC
circuit without the need for exogenous chemicals to accompany the transfer of elec-
trons to the electrode [34, 62]. However,when they are unable to perform this process,
intermediary mediators are used to capturing the electrons in the cell, to reduce and
promote the extracellular transfer [31].

In general, the oxidation of substrate in the anode chamber generates CO2, pro-
tons, and electrons. The electrons are transported to the electrode, then flowing to
the cathode, and the protons are directed to the cathode by means of a permeable
membrane. These, when consumed in the cathodic chamber, reduce O2 to H2O and
produce electrical energy [72, 89].

The consideration of MFCs as a issue negligence has been following another
notions of bioconversion in last times. Substantial research is being conducted, new
projects have evolved, and the operation has advanced towards microalgae-based
fuel cells for bioelectricity production through the reaction of photosynthesis [77].

In comparison with conventional MFCs, microalgae-based fuel cells (mMFCs)
represent a more developed technology since are able of capture carbon dioxide with
parallel wastewater treatment and energy production [67]. This integration has the
potential to generate fuel and oxygen for cells, providing the development of a system
that satisfies with sustainable and economic metrics [71].

3 Factors Influencing the Bioelectricity Production
from Microalgae

Several factors such as pH, temperature, light intensity, substrate, carbon dioxide,
electrode material, and membrane can severely affect the power output and overall
performance of the mMFCs. These parameters are discussed below.
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The pH as an environmental parameter affects the microbial activity and, conse-
quently, the anodic and cathodic performance. In the anode and cathode chambers,
the pH should bemaintained between 6 and 8,which is considered ideal formetabolic
activity of the microorganisms [75]. Undesirable pH variations reduce the bioelec-
tricity production and perturb the physiological reactions that occur inside the cell.
In traditional mMFCs, can maintain distinct pH conditions in each compartment
to optimize their reactions, which is impossible for single-chamber configurations,
because merely one electrolyte is present [25].

In the cathodic chamber, the O2 reduction reaction and the accumulation of cation
species (for example, Na+ and Ca2+) that permeate the membrane result in alkaline
pH (8–10), decreasing the cathodic potential. For mMFCs of air cathode or single
chamber, this is favourable the cathodic reactions and for the general performance,
but can inhibit the activity of the microorganisms. Addition of tampons such as
carbonate, phosphate and carbon dioxide helps the maintain the pH [61]. In single-
chambered mMFCs, the CO2 generated by bacteria from the oxidation of the fuel
can assist in the growth of microalgae and reducing the pH of the electrolyte and, in
two-chamber mMFCs, the carbon dioxide of the anodic compartment can be diverted
for the cathodic compartment for the same purpose [77].

In the anodic chamber, the electrochemical oxidation of fuels elevates the gener-
ation of protons [98]. This production is superior to its transport through the mem-
brane. The accumulation of protons in the anodic compartment causes changes in
pH, reducing the microbial activity, the electron transfer, and the cathodic reactions
due to the limited supply of protons. Therefore, it is suggested, that the anodic pH
be controlled keeping next to neutrality for optimizing the energy output.

The temperature can significantly affect mMFCs performance through the
metabolism microbial. Control the temperature fluctuations in mMFCs allows the
formation of anodic biofilms more quickly, resulting in shorter startup times. In gen-
eral, themMFCs can be classified into thermophiles andmesophiles depending on the
microorganism employed. In the thermophilic mMFCs, the microorganisms require
high temperatures for their development; therefore, the mMFC operate at elevated
temperature. On the other hand, in mesophilic mMFCs, the microorganisms perform
better under moderate temperature conditions [78]. Most of the mMFCs operate in
the mesophilic range, and the optimal temperatures vary according to the microor-
ganism employed. It is evident, from studies [90, 99], what taller potency densities
can be obtained by maintaining a suitable temperature range for the microorganisms.
Thus, similar to other biological processes, environmental parameters as temperature
and pH must be adjusted to reach a high-performance system.

The photosynthesis exercises a critic function inmMFCs, and its performance can
be optimized to potentiate the generation of bioelectricity. Both the intensity of light
such as its duration can affect the photosynthetic efficiency of the microalgae and,
consequently, the oxygen supply in the cathode [13]. Therefore, several investigations
have been realized to evaluate the different conditions of intensity and regime of light
in the efficiency of mMFCs [93].

It is reported that the augmentation in light energy increases proportionally the
dissolved O2 and the potency density of the system [92]. However, exist a range
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of light intensity considered optimal which needs to be applied. Variations in light
intensity affect both the performance of the mMFC, such as biomass production
and its composition. The feasibility of parallel generation of value-added biomass
enables the development of economically viable systems. Therefore, its influence on
the productivity and composition of biomass is also evaluated in mMFCs [22].

Studies show that as light intensity increases, a higher concentration of biomass
is obtained, but at the same time, occurs the shortening the life useful of microalgae.
This is attributed to the damage caused to the photosynthetic apparatus by photoin-
hibition [45]. Regarding the effect of light/dark cycles, higher power densities are
obtained under continuous illumination. Besides that, in this condition, it favours the
supply of dissolved oxygen positively on the cathode,with a reduction during the dark
period. However, it is pointed out that continuous lighting also reduces the life useful
of microalgae. In this sense, intermittent lighting is indicated to prolong the life cycle
of microalgae cultures [4]. Concomitant, the light source is also reported by influ-
encing the photosynthetic rate of microalgae and, therefore, the system performance
[38].

In this context, it is observed that higher bioelectric generation can be obtained
from the optimizing the photosynthetic rate, applying a light intensity, duration
(light/dark cycle) and adequate light source.

The mMFCs utilize a variety of substrates, including, for example, wastewa-
ter. Still, detention time and organic loading rates (OLRs) can also influence the
performance of these systems, which is notably reliant on the substrate utilized
[16, 54].

According to the system configuration and the kind of wastewater to be treated,
it is necessary to use an adequate load of OLR for utmost chemical oxygen demand
removal. Typically, in between 0.05 and 2.0 kg COD/m3 d of OLR is used to
obtain an increase in the power density of the mMFC [57, 72]. The potency den-
sity is proportional to the degradation of the substrate rate, but it is still necessary
to use pretreatment systems on more complex substrates to achieve better results
[21, 32, 46].

Domestic and industrial wastewater and substrates highly digestible as acetate
and proteins, have been quite studied and utilized in mMFCs for effluent treatment
as well as for energy generation [35, 50, 74, 97].

The supply of carbon dioxide in mMFCs is essential to promote healthy growth of
microalgae. The photosynthetic microalgae use carbon dioxide to perform the pho-
tosynthesis and produce oxygen and biomass [86]. The ideal growth of microalgae
in the cathode of mMFCs can be obtained by the continuous bubbling of CO2 or
by the supply of carbon dioxide diverted of the anodic chamber. The carbon diox-
ide diverted of the anodic chamber is suggested by optimum produce growth and,
therefore, the bubbling of carbon dioxide in the cathodic chamber is not necessary
[10, 40].

The existence of carbon dioxide dissolved in the cathodic chamber decline the
pH of the electrolyte, requiring the control of the same for that the inoculum of the
microalga is not affected and ensures the operation of the processes. The microalgae
growth kinetics increase as the carbon dioxide concentration increases, however, can
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reduce significantly in high or very low concentrations of the same. Furthermore, the
carbon dioxide concentration also influences the chemical composition ofmicroalgae
biomass [80].

The success of an mMFC is associated with the selection of the electrode mate-
rial. Both electrodes follow different selection criteria, but specific properties must
be presented equally. Are necessary electrodes with a great superficial area, high
electrical conductivity, durability and stability, biocompatible and low cost [70]. By
decreasing the resistance, using electrode materials of high electrical conductivity,
it is possible to augmentation the superficial area and, consequently, the efficiency
of the system. In terms of durability, stability, the materials should be able to with-
stand both acid and basic medium. The durability can be augmented with increased
surface roughness, however, this can result in contamination and, in the long run, the
performance of the mMFC would be reduced.

The metallic materials have higher conductivity than carbon materials, but the
corrosion propensity limited the choice of these. The low costs, support of microbial
adherence to form steady biofilms and electrical conductivity, make the carbon the
material more used and versatile, available as graphite plates, rods, and granules. The
biofilm helps in the capture of the electron, therefore, have been used coatings like
platinum and Teflon to potentiate the formation of these structured communities. In
the cathode, ferricyanide, and oxygen are the electron acceptors most popular. Due
to the oxidation potential, free cost and water as the final product, oxygen is the best
option for mMFCs and, Based on the application, the cathodic material is selected. In
general, most anodic materials can be used as cathodes. Graphite and carbon screen
are the more commonly used cathodic materials [79].

The functions of a membrane are to segregate the reactions occurring in the
cathodic and anodic compartment; reduce the passage of O2 of the cathodic com-
partment to the anodic, and ensure the sustainable operation and lasting [52]. Before
being used in any system, the choice of a membrane requires considering divers
relevant aspects. The ideal characteristics of selection be an excellent ionic conduc-
tor, electronic insulating, ion selective, durable, chemically steady, biocompatible,
insensible to biofouling and mainly of viable economic cost [72].

Currently, themainmembranes utilized inmMFCs are cation exchangemembrane
(CEM) and anion exchange membrane (AEM) [63, 68]. A CEM allows only the pas-
sage of cations, per carrying negatively charged groups fixed to membrane skeleton.
The most widely used materials are perfluorosulfonic acid polymers (PFSA). Within
the family of PFSA membranes, the Nafion (DuPont) is the most applied. However,
commercialization of Nafion-based membranes has been complicated by the high
cost and environmental incompatibility of perfluorinated material processing [95].

In contrast, AEM has the potential to reduce costs, since a more comprehensive
selection of cheap materials can be realized. In addition, the utilization of low-cost
porousmembranes has also been evaluated, for example, nylon andglass fibers. These
membranes are not selective of ions, allowing the transfer of anions and cations in
opposite directions. Despite being cheap, these separators present limitations such
as high internal resistance [77].
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4 Interactions Between Microalgae and Electrodes

4.1 Microalgae at the Cathode

The limitations that are put forward with the utilize traditional catalysts (chemical
and metal) for the cathode have boosted researchers cogitate other alternatives. The
microalgae biocathodes can supply oxygen jointlywith the bioconversion of nutrients
and CO2, through the process of photosynthesis. As consequence of photosynthesis,
biomass is produced and can be utilized to generate value-added compounds or serve
as anodic fuel of the mMFC [93].

The photosynthetic microalgae use sunlight and the CO2 diverted from the anodic
compartment for their development and oxygen production. The in situ production
oxygen plays as an electron acceptor and help in replacing the traditional mechanical
agitation techniques. Studies of Gajda et al. [19] andWu et al. [91] evidenced the use
of microalgae as efficient in situ oxygenators. In comparative studies, it was possible
to demonstrate that the aeration of microalgae at the cathode significantly favours
acquisition a higher potency density, when compared to mechanical agitation [33,
88].

The utilize of microalgae as cathodic reaction catalysts have the capacity to
improve electricity production. In addition, expenditures can be substantially reduced
by using them, because they can replace the use of expensive catalysts. Another
advantage of biocathodes, in contrast to abiotic cathodes, is biomass production and
the possibility of removing nutrients using microalgae metabolism [63].

Beyond the already existent basic systems, other projects are developed for the
application of microalgae biocathodes such as the mMFCs connected to photobiore-
actors [20]. These systems are operated to provide sustainably dissolved oxygen by
recirculating of the catholyte connected to the photobioreactors. It is worth men-
tioning that the application of the different species of microalgae requires distinct
inoculation media. Consequently, they exhibit different growth parameters. There-
fore, the application of each configuration, substrate, as well as the utilized of the
different species microalgae, either in the anodic or cathodic compartment, take
to variations in power density. Table 1 summarizes some microalgae-based MFCs
systems and their power density.

4.2 Microalgae at the Anode

Different sources of the substrate are evaluated for their utilization in the anode of
mMFCs. The more common are formate, glucose, and acetate. Other sources include
microalgae biomass (either living cells or dry biomass/powder) and wastewater [15].
The substrate a nutrient source for bacteria is a determining factor inmMFCsAccord-
ing to Parkash et al. [55], the anolyte type used and its internal resistance affect the
power production, which also depends on following factors: membrane resistance,
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Table 1 Microalgae-based MFCs systems and their respective potency densities

Cathodic content Anodic content Power output
(mW/m2)

References

C. vulgaris Activated sludge 13.50 del Campo et al. [12]

C. vulgaris S. cerevisiae and
glucose

0.95 Powell et al. [60]

C. pyrenoidosa Synthetic wastewater
and sodium acetate

60.60 Jadhav et al. [28]

C. pyrenoidosa Potassium
ferricyanide

6030.00 Xu et al. [94]

Bacterial community C. vulgaris 327.67 Huarachi-Olivera
et al. [27]

Desmodesmus sp. Synthetic wastewater 99.09 Wu et al. [92]

C. vulgaris bacteria 24.40 Wu et al. [91]

C. vulgaris Enriched bacterial
consortium

62.70 Gouveia et al. [22]

S. quadricauda Domestic wastewater 62.93 Yang et al. [96]

C. reinhardtii G. sulferreducens 41.00 Nishio et al. [51]

C. reinhardtii G. sulferreducens
and Formate

140.00 Nishio et al. [51]

C. reinhardtii G. sulferreducens
and Acetate

630.00 Nishio et al. [51]

S. obliquus GM media 153.00 Kakarla and Min [33]

Ferricyanide S. obliquus and
wastewater

102.00 Kondaveeti et al. [36]

Potassium
hexacynoferrate (III)
and KH2PO4 buffer

C. reinhardtii
transformation

12.94 Lan et al. [38]

Ferricyanide C. vulgaris and
anaerobic consortium

15.00 Lakaniemi et al. [37]

Ferricyanide D. tertiolecta and
anaerobic consortium

5.30 Lakaniemi et al. [37]

C. vulgaris Sediment 38.00 Wang et al. [88]

C. vulgaris Scenedesmus and
microbes

1926.00 Cui et al. [10]

Mixed microalgae Photosynthetic
bacteria

103.00 Chandra et al. [8]

high generation of ions in the anode compartment, and crossing of oxygen through
the membrane. The substrates oxidation by bacteria is directly related to electron
transfer and sequentially to the electric current production. Therefore, the substrate
influences the microbial community and the performance general of mMFCs.

The microalgae as anodic substrate are passable to be oxidized by bacteria to
produce electrons. The degradation of microalgae biomass in an mMFC can produce
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by-products such as acetate and lactate, which are used to generate bioelectricity.
However, the conversion efficiency of the biomass is identified as being low, which,
consequently, not generate a tall potency density [36]. Therefore, a pre-treatment of
biomass is proposed as a method to rupture the cell wall and do it more digestible for
bacteria. Another critical factor is the biomass concentration employed, as shown by
[65], which can considerably intervene in the efficiency of the mMFC.

Researches have also been done with microalgae used at the anode of mMFCs as
the only electron donor source. de Caprariis et al. [11] and Xu et al. [94] highlighted
in their studies the interesting potential of such an application. By regulating the
O2 concentration, light intensity and the density of microalgae cells in the anode,
microalgae generate bioelectricity without the need for substrates and mediators.

It is essential that in mMFCs with exoelectrogenic microalgae the unfavourable
effect of the microalgae on the anode be minimized, this is, there should be control
of the oxygen content since the presence of O2 in the anodic compartment plays like
a competitive electron acceptor. In this case, oxygen inhibitors, like activated carbon
and iron powder, can be utilized. In contrast, suitable dosages should be administered
to avoid disturbances in redox reactions.

5 Microalgae-Based Microbial Fuel Cells Configurations

Normally, themicroalgae are cultivated in closed photobioreactors or raceway ponds,
where they can utilize sunlight, CO2 and nutrients for their growth [14, 44]. Thus,
projects have been developed to allow microalgae to would generate electricity in an
MFC. The overall process involving microalgae and the configurations of the anode
chamber and the cathodic chamber is shown in Fig. 1. To create cost-effective pro-
cesses, several configurations are proposed. Among the main stand out the mMFCs
of single-chambered, two-chambered, sediment and coupled types [66]. New config-
urations with biotechnological development are still emerging with the goal of will
improve the power output, the coulombic efficiency, the stability, the longevity and
the cost-effective of the mMFCs [55].

In single-chamberedmMFCs, bacteria andmicroalgae coexist parallel in the same
chamber and may not contain membrane. They are generally configured with an air
cathode. Microalgae absorb the CO2 produced by the microbes, and both cultures
are grown synergistically without the presence of a membrane (Fig. 2). The main
advantage of these systems is the relatively simple architecture and the low cost of
construction. However, have limitations, such as the high diffusion of oxygen, which
may lead to a diminution in coulombic efficiency [6].

In a single-chamberedmMFCconfiguredwith an air cathode, the oxygen supply to
the cathode is given by microalgae and atmospheric air [26]. Similar projects include
the integration of a biofilm frommicroalgae at the mMFC [96]. In these, the presence
of a microalgae biofilm fixed about support, that establishes an interface among the
anode and the cathode, permitminimizing the adverse effects of themicroalgae on the
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Fig. 1 Representation of various configurations of the anode chamber and the cathodic chamber of
mMFCs. a, b, c Anodic chamber dependent on the mediator and dependent on bacterial mediator
fed with microalgae substrate, and, of direct electron transfer. d, e, f cathodic chamber of air, of
chemical acceptance of electrons and biological acceptance of electrons, respectively. Adapted from
[78]

Fig. 2 Schematic of one
single-chambered mMFC.
Source Adapted from [26]
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anode (this is, O2 as a concurrent electron acceptor). This approach aims to achieve
a better performance, as well as facilitating the removal of nutrients of the system.

On the same configuration, projects are developed using microalgae exoelectro-
genic [11]. Microalgae are employed in the anodic compartment without the need
for mediators. To date, there are few reports of microalgae being used to produce
electrons in the anode compartment [71]. The use of such microalgae represents a
potential possibility and, therefore, new studies are being realized out in this new
field [17].

In two-chambered mMFCs, the anode and cathode chamber is physically divided
by a membrane. The employ of the membrane helps to reduce the dissemination of
oxygen into the anode, which easily occurs in the single-chambermMFCs. The use of
microalgae to generate O2 in the cathodic compartment is themore promising project
of this configuration [79]. Generally, a light source is positioned in the cathodic
compartment to supply photons for photosynthetic reactions of microalgae and the
anode compartment is covered. The compartments usually present forms cylindrical,
rectangular, miniature and can be operated in batch and fed-batch mode [15].

A typical two-chamber mMFC, as mentioned above, is shown in Fig. 3 and exem-
plified byGouveia et al. [22] and del Campo et al. [12]. About thesemMFCs different
projects have been proposed as, for example, the two-chamber mMFC in H-shaped
[27]. However, it has been observed that these configurations have, as a disadvantage,
a very small membrane area between the catholyte and the anolyte. Therefore, ionic
exchange among the two compartments ismuch low, andmembrane encrustation and
internal resistance are some of the limitations presented by the H-shaped mMFCs
[69].

Fig. 3 Schematic of one two-chambered mMFC. Source Adapted from [10]
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Similarly, some projects two-chamber mMFC are enriched with microalgae in
the anodic and cathodic compartment [10]. The anode compartment, which con-
tains bacteria, is fed with microalgae biomass a substrate. The CO2 generated in the
degradation of biomass is carried through a tube, arrested on the compartments, and
can be utilized by microalgae cells at the cathodic compartment to stimulate their
development and generate oxygen. These projects prove that microalgae-based fuel
cells can be economically viable with the self-sustaining generation of bioelectricity
and biomass of microalgae.

In the three-chamber mMFC configurations, the third compartment is among
the anode and the cathode. The partial desalination is detected in the intermediate
compartment, where the cations displace to the cathode and anion to the anode.
However, the power density of that configuration has been observed to be minor than
two-chamber mMFCs [77].

In sediment mMFCs, energy can be generated by the application of an anode
disposed into sediment and a cathode filled with microalgae which are above the
same [78]. Typically, the sedimentary mMFC is composed of an anode and a cathode
positioned in contrary sides of a chamber. Electrodes are connected externally, and
the anode is deposited in the centre of the sediment. Posteriorly, the sediment is
sheeted with sterile sand [9, 29]. Figure 4 presents a model of sedimentary mMFC,
membrane-less, composed of a microalgae biocathode.

Lastly, the coupledmMFCs are systems developed for the concomitant generation
of electricity and distinct bioprocesses. The application of coupled systems provides
a means of treat wastewater, produce bioelectricity and biomass simultaneously [20,
30]. Figure 5 features a coupled mMFC model.

Fig. 4 Schematic of one
sediment-type mMFC.
Source Adapted from [9]
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Fig. 5 Schematic of one coupled type mMFC. Source Adapted from [30]

6 Applicability of the Process

The use of microalgae has attracted considerable interest and has been gaining much
prominence in the field of bioeconomics mainly to its practical value in the devel-
opment of alternative biofuels and the implementation of mMFCs in several other
applications.

The incorporation of microalgae as bioenergy sources into an mMFC serves as a
promising alternative due to its inherent advantages in its rapid and versatile growth,
energy conversion efficiency, carbon dioxide fixation, wastewater recovery and the
parallel biomass production of high added value [67].

Several authors have presented the efficiency of these processes and researches
have been intensively conducted through the light energy conversion into bioelec-
tricity by the metabolic and electrochemical reactions of photosynthetic organisms
[5, 7, 39, 64, 71, 75].

The integration of mMFCs technology based on microalgae has the advantage of
reusing the nutrients in the same system, do not require special catalysts and still have
intermediate organic material which helps them in the conversion of bioelectricity in
the dark. Thismakes these systems achieve high performancewith a lowmaintenance
cost [17, 77].

Another term in evidence in microalgae mMFCs is the CO2 sequestration with
simultaneous treatment of wastewater and bioenergy generation. The mMFCs use
the anode and the cathode to accomplish the process of photosynthesis and by-
products production through the O2 generated in situ. This has led many to evaluate
aspects of biocathodes as a practical solution to the oxygen-limiting processes of
conventional processes while enabling low-cost aeration with the parallel biomass
production [17, 49, 67]. Still, one of the most promising applications of mMFCs is
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to recuperate energy from low-quality substrates, which make a process sustainable
and economically viable [39].

Although the concept of mMFCs shows a promising option, there are still some
problems to be solved mainly due to their limited energy production. The challenge
to be overcome today is to convert the technologies developed into laboratory scales
into a much larger projection field. High costs with membranes, electrode materials
and other problems that are sometimes not observed on small scales could affect the
industrial practice of this system [2].

Different from already consolidated traditional projects, the progress in diverse
renewable energy technologies yet need considerable investment. Based on statistics
and analysis fromU.S. Energy Information Administration the bioenergy generation
costs for alternative sources as hydro, solar, wind and biomass can reach average val-
ues of $0.062, $0.063, $0.059 and $0.095 per kW/h, respectively.While theoretically,
the operating cost of an mMFC equals $0.120 per kW/h [1, 42, 82].

Economically, recent advancement in the overall efficiency of mMFCs and the
integration of new technologies are presented as a promising aspect shortly [81].
A clear benefit of this technology is the opportunity to unite and rearrangement
of sundry processes in one place. Separation techniques, CO2 conversion, waste
treatment, and power generation is probably the best option and certainly has a
profound socio-environmental impact [54, 84].

The cooperation of regulatory policies, interdisciplinary aids and life cycle assess-
ments (LCAs) are essential to enhance production and economics for microalgae-
based bioelectricity generation [85]. Life cycle assessment is a crucial tool for ana-
lyzing all the environmental and economic impingement of a process or product,
particularly before being applied on a large commercial scale [55].

Few economic analyzes have been detailed so far for mMFCs. To date, the R&D
has focused on laboratory-scale projections, however it is expected that commercial-
ization of larger scale configurations will be possible in the coming years [53, 87].
Also, the cost comparison of these processes with conventional chemical systems is
not feasible because of the substantial costs of substrates used in these systems.

Future advancements should take into account the elevated efficiency and low cost
for schedulingmMFCsconfigurations, aswell as newadvances should contain energy
management systems to improve performance and system capacity for practical use
and real [18].

Finally, the configuration and integration of microalgae-based fuel cell systems
play a significant role, and today many advances are being made toward the applica-
bility of production processes. Ongoing projects of new modularities and program-
ming, material longevity, inclusion of bioenergy collection and storage processes and
the understanding built on pilot researches are driving innovation and consolidation
into broader market acceptance of mMFCs.
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7 Conclusions and Future Prospects

The strategy of integrating microalgae into microbial fuel cells is a technology that
benefits sustainable energy production. Nonetheless, some limitations are persisting
scale-up. A steady voltage is necessary to operate, however, the voltage generated in
the mMFCs is small, and the robustness of generation is also inconstant. The solu-
tion would be to make adjustments to the operating parameters regularly, including
microbial load and oxidant concentration. Among other limitations, the high inter-
nal resistance found in mMFCs can be surpassed by decrease the space among the
electrodes; the low electron transfer can be solved by recognizing good mediators
without toxicity and; the low potency density of the systems can be improved by
using microbial consortia or by identifying microalgae with effective electrogenic
potential. Another bottleneck of the mMFC system is the reduction of proton trans-
fer efficiency due to biological encrustation occurred at the membrane. Therefore, a
regular exchange of the membrane is required to operate continuously.

Most mMFCs configurations feature advantages and disadvantages, but all have
the potential for bioelectricity production. What needs to be done is to select the
most sensitive parameters and perfect them. It is expected that the utilization of a
single configuration or the integration of mMFCs projects will be simplified towards
field scale application. Integrated systemsmust be developed to simultaneously solve
different problems, such as waste treatment and CO2 sequestration. Moreover, life-
cycle analysis and technical-economic of the mMFCs is necessary to propose the
feasibility of this technology on an industrial scale.

Despite the existing bottlenecks, currently, the mMFCs have proven to be a poten-
tial technology for the generation of electricity associated with bioremediation of
wastes, CO2 fixation, and production of value-added biomass. The application of
microalgae in these systems has the possibility of making the fuel cells a doable tech-
nology. In comparison to conventional fuel cells,mMFCs exhibit attractive resources,
which will influence future applications and the development of this technology.
Recent research results suggest that of the mMFCs will become, in the next future,
of practical use and the best choice among the sustainable bioenergy processes.
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Current Trends in Electrodeposition
of Electrocatalytic Coatings

V. S. Protsenko and F. I. Danilov

Abstract Among different methods of fabrication of electrocatalytic coatings, the
electrodeposition seems to be themost convenient andwidely used. The electrodepo-
sition is an available, inexpensive, versatile, simple and fast technique which allows
synthesizing materials with controlled composition, structure, surface morphology
and electrocatalytic activity. This review reports recent trends, promising directions
and novel approaches concerning cathodic electrodeposition and characterization of
electrocatalytic coatings. A special attention is paid to the electrocatalysts based on
electrodeposited nickel, iron, cobalt, copper, chromium, noble metals, their alloys
and composites. The application of non-stationary current regimes (pulse current
and linear potential sweep) as well as new type of plating baths (room-temperature
ionic liquids and deep eutectic solvents) is highlighted. The influence of alloying and
after-treatment (dealloying, selective anodic dissolution, etc.) on the electrocatalytic
properties of electrodeposits is considered. Favorable influence of the formation
of nanostructures upon the electrocatalytic performance of electrodeposited mate-
rials is shown. Potential ways for improving the electrocatalytic characteristics of
electrodeposited coatings are described.

Keywords Electrocatalysis · Electrodeposition · Coatings · Nickel · Iron ·
Copper · Chromium ·Noble metals ·Alloy · Composite ·Nanostructured materials

1 Introduction

Electrocatalytic coatings as electrodematerials for various electrochemical processes
can be fabricated by means of different physicochemical methods, electrodeposition
being one of the most convenient and widely used in practice [1–3]. The electrodepo-
sition is an available, inexpensive, versatile, simple and fast technique which allows
producing materials with controlled composition, structure, surface morphology and
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electrocatalytic activity and ensuring a high adhesion to the substrate. All these char-
acteristics can be flexibly adjusted by fitting of plating electrolyte chemistry and
electrolysis conditions [1, 2]. Electrodeposition also provides easily restoring worn
layers.

Different physicochemical processes can occur in the course of the electrodeposi-
tion of a catalytic film. They include both electroreduction of metal ions generating
metal or alloy coatings and electrooxidation yielding oxides (hydroxides, salts) lay-
ers. In addition, micro- and nano-sized dispersed particles can be incorporated into a
growing matrix from suspension or colloidal electrolyte forming a composite coat-
ing. Also, electrodeposition technique can be used to prepare polymer films, various
semiconductors, etc.

Thus a wide spectrum of electrocatalytic coatings can be obtained by electrode-
position method, including metal and alloys, oxides, composites, nanoparticles,
nanorods, nanowires, nanoclusters, etc. Such materials can be electrodeposited both
on the cathode and on the anode using aqueous solutions, non-aqueous solvents, ionic
melts and ionic liquids. It should be noted that electrocatalytic oxide/hydroxide layers
formed via cathodic and anodic deposition were earlier characterized in a number of
review and original papers [3–9]; these coatings will not be considered in the present
work. Also, polymer and semiconductor films are not described here.

The goal of this chapter is to survey the most important works on the problem
of the electrodeposition of electrocatalytic coatings, the synthesis of which involves
cathode electroreduction with the formation of metal-containing layers. Therefore,
we confine our mini-review to the processes of cathodic electrochemical synthesis
of electrocatalytic coatings consisting of metals, alloys and metal-based composites.
A special attention is paid to some new trends described in papers published in the
past few years.

2 Nickel and Nickel-Based Alloys

Electrodeposited nickel and nickel-based alloys can be considered as themost signif-
icant and widespread electrocatalysts [10–13]. A great attention to Ni and Ni-based
alloys is due to their high chemical stability and corrosion resistance, especially in
an alkaline medium, and a high electrocatalytic activity towards both cathodic and
anodic electrochemical reactions [14]. The introduction of various alloying compo-
nents into the Ni matrix allows flexible controlling the electrocatalytic properties of
electrodeposits.

Binary alloys of Ni with some transition metals were electrodeposited on mild
steel and tested as cathodes for the hydrogen production in awater alkaline electrolyte
[11, 12]. It was concluded that their electrocatalytic activity changes in the following
sequence: Ni–Mo > Ni–Zn > Ni–Co > Ni–W > Ni–Fe > Ni–Cr > Ni electroplated
steel. The activation energy of the hydrogen evolution reaction on alloy deposits was
stated to be very low as compared with that of pure nickel. The authors concluded
that the nickel–molybdenum alloy, deposited from an alkaline citrate bath on a steel
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substrate, is an effective and promising cathodic material to perform alkaline water
electrolysis [11]. It should be observed that pure molybdenum cannot be deposited
from water solutions, thus co-deposition with Ni expands the spectrum of promising
electrocatalytic materials.

Not only binary but also ternary Ni-based alloys, such as Ni–Mo–Zn, Ni–Mo–Fe,
Ni–Mo–Cu, Ni–Mo–W, Ni–Mo–Co and Ni–Mo–Cr, can be electroplated to further
use them as electrocatalysts [13]. It was reported that the electrocatalyst activity in
the hydrogen evolution reaction diminishes in the following range: Ni–Mo–Fe > Ni–
Mo–Cu > Ni–Mo–Zn > Ni–Mo–Co ~ Ni–Mo–W > Ni–Mo–Cr > Ni-plated steel. It
was concluded thatNi–Mo–Fe alloyed coating exhibited the highest activity and good
stability towards hydrogen evolution, it demonstrated the value of an overpotential
of ca. 0.187 V in 6 M KOH solution during a long-term electrolysis (>1500 h) when
the temperature was 353 K and the current density was 300 mA cm−2.

The electrodeposition of Ni–Co alloy under the condition of cyclic voltammetry
yielded coating electrodes showing an increased catalytic activity with respect to
the oxygen evolution reaction in 1 M solution of potassium hydroxide at the tem-
perature of 20 °C [15]. Electrodeposited nickel–cobalt cathodes exhibited improved
electrocatalytic ability in the oxygen evolution reaction as compared with the “pure”
nickel catalysts. An increase in the content of cobalt ions in the electrolyte led to
an increase in the electrocatalytic performance of the binary alloy. This may be pre-
sumably associated with the growth of the cobalt content in electrodeposited alloy,
since an anomalous co-deposition is typical of Ni–Co alloy plating process (that is
to say, the ratio between Ni and Co in electrodeposits does not correspond to the
corresponding ratio between the concentration of these metal ions in the plating
bath). It was shown that the thermal treatment of the deposited alloys electrodes at
the temperature of 500 °C in vacuum results in an enhancement of electrocatalytic
activity, because the heat treatment of electrodeposits eliminates the internal defects
in metal structure and produces grains with higher crystallinity [15].

The electrodeposition and characterization of macroporous Ni, Co and Ni–Co
films as electrocatalysts for the hydrogen evolution reaction was reported [10]. The
developed coatings manifested a very high hydrogen evolution activity in 30 wt%
KOH solution, this was principally associated with their relatively high surface area.
The electrocatalysts with Co contents ca. 40–60 at.% yielded the highest intrinsic
catalytic activities caused by the synergetic combination of Ni and Co.

Electrodeposition of nanocrystalline Ni–Co alloy on a 301 stainless steel substrate
was used to prepare an electrocatalytic electrode for alcoholic fuel cell [16]. The
coatings with a cobalt content of 15–35% showed high current density in anodic
electrochemical oxidation of methanol solution. The longer the deposition time, the
higher is the efficiency of the electrodeposited nanocrystalline Ni–Co electrodes for
more methanol electrooxidation and very good oxidation of the strongly adsorbed
molecules of CO on the electrode surface.

Ni–Fe alloy coatings can be easily deposited and applied as a catalyst in reactions
of hydrogen and oxygen evolution [14, 17, 18]. The electrocatalytic behavior in the
hydrogen production on electrodeposited Ni–Fe films was estimated in 6 M KOH
solution [17]. It was observed that at a constant value of electrode potential, the
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peak cathodic current of the hydrogen evolution reaction increases with increasing
current density of alloy deposition. Thus, the Ni–Fe coatings obtained at 6.0 A dm−2

exhibited the highest activity. This phenomenon was connected with an increased
surface area resulted from the change in the alloy composition: the content of Ni
component in deposits was 64.9, 50.4 and 35.7 when the current density value was
2.0, 4.0 and 6.0 A dm−2, respectively [17].

Similarly the hydrogen evolution reaction, the electrocatalytic activity of
deposited nickel–iron alloy for the oxygen evolution reaction in 40 wt% KOH at
80 °C increases with increasing the iron content [18]. The lowest oxygen overvolt-
ages were observed with 55 at.% Fe in the coating. These electrodes exhibited the
oxygen overpotential that was 50 and 30 mV lower at anode current densities of 0.01
and 1 A cm−2, respectively, as compared with “pure” nickel.

The review [19] highlighted recent achievements in the fabrication of Ni–Fe-
based materials as effective electrocatalysis for the oxygen evolution reaction. It
was stressed that nickel–iron alloys are well-known as high-performance catalysts
for oxygen evolution since the 20th century, and there is a renewed deep interest
in developing and using advanced nickel–iron-based materials with improved cat-
alytic activity and stability. It is important that electrodeposited Ni–Fe alloy coatings
ensure a satisfactory electrical contact with the substrate on which the alloy has been
deposited. However, nickel-iron layers show only moderate catalytic activity and
relatively low mechanical strength due to the phase transformations and changes
occurring in the course of the oxygen evolution reaction catalysis.

Ni, Fe, Ni–Fe coatings with different chemical compositions were electrode-
posited on a Cu substrate and evaluated as electrocatalysts towards the hydrogen
production by water electrolysis using an alkaline solution [20]. The presence of
nickel with iron was stated to increase the electrocatalyst activity of the coating in
the reaction of hydrogen evolution if being compared with individual nickel and
iron electrodeposited films. According to the results of corrosion tests, the corrosion
stability of the coated electrodes was appreciably decreased after the electrolysis.

As alreadymentioned above, Ni–Mo electrodeposited alloy shows especially high
electrocatalytic performance in the hydrogen evolution reaction as compared with
Ni electrode. In a number of works, the electrodeposition and properties of such
electrocatalysts were studied more particularly [21–26].

Figure 1 demonstrates the polarization curves for the hydrogen evolution reac-
tion which were obtained using 1 M NaOH aqueous medium at the temperature
of 30 °C with different values of Ni/Mo ratio in the electrolyte, pH and substrate
nature [21]. Table 1 also gives the corresponding experimental conditions. As follows
from Fig. 1 and Table 1, all nickel–molybdenum deposited films manifest improved
electrochemical activity in the reaction of hydrogen evolution as compared with
“pure” Ni. With increasing the content of Mo component in the deposited alloy, the
onset electrode potential associated with the hydrogen evolution reaction shifts to
more positive values indicating that the H2 evaluation will occur at lower cathodic
overpotentials. The Ni–Mo coating containing about 41 wt% of Mo exhibits the
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Fig. 1 The polarization curves of different Ni–Mo alloys and a pure Ni film recorded in 1 M
NaOH at 30 °C. Numbering of curves is explained in Table 1. Reprinted from [21] by permission
of Springer Nature

Table 1 Electrolyte compositions of Ni and Ni–Mo alloy samples and corresponding potetials for
hydrogen evolution at −100 mA cm−2

Substrate/sample
no

Ni/Mo
ratio

pH±0.05 Exposure
time HER
(min)

wt% Mo in
alloy

−E (V) −Eeq
(V)

Cu/1 3/2 10.5 10 9.7 ± 1.5 1.434 1.018

Cu/2 1/1 10.5 10 11.9 ± 1.9 1.367 1.011

Cu/3 2/3 10.5 10 13.8 ± 1.9 1.352 1.016

Cu/4 1/12 10.5 10 28.3 ± 2.1 1.307 1.017

Cu/5 1/12 9.5 10 40.1 ± 3.2 1.240 1.023

Cu/6 1/12 9.5 60 40.1 ± 3.2 1.200 1.021

Cu/Ni/7 1/12 9.5 60 40.1 ± 3.2 1.154 1.007

Cu/Ni 5.2 10 – 1.465 0.999

Reprinted from [21] by permission of Springer Nature

highest electrocatalytic activity in the electrochemical reaction of hydrogen evolu-
tion (η100 = −48 mV for the current density of 100 mA cm−2 and the temperature
of 80 °C) [21].

It is noteworthy that Ni–Mo alloys exhibit an enhanced catalytic activity not only
in the process of hydrogen evolution on the cathode but also in the oxygen evolution
reaction on the anode showing a good corrosion resistance [23]. Improved electro-
catalytic behavior of nickel-molybdenum coatings is attributed to the expansion of
the real surface area of the electrode [22, 23, 26] and the achievement of higher
exchange current density [24].
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An enhancement of the electrocatalytic activity of nickel–molybdenum alloy elec-
trodeposits relative to hydrogen evolution reaction by means of an induced magnetic
field was reported [25]. The increased electrocatalytic activity of H2 production on
Ni–Mo alloy coatings, fabricated at higher limits of the applied magnetic field, was
associated with the combined effect of both increased porosity and content of Ni and
increased limiting current density of Ni electrodeposition.

Commonly, Ni–Mo alloy deposits are fabricated using aqueous solutions con-
taining dissolved Ni(II) salt (mainly, NiSO4 or NiCl2) and sodium or ammonium
molybdate (Na2MoO4 and (NH4)2MoO4). An attempt was made to use new type of
plating electrolytes containing urea–choline chloride–citric acid ternary mixtures to
electrochemically synthesize Ni–Mo coatings with good electrocatalytic properties
[26]. It should be observed that the so-called deep eutectic solvents (DES) are com-
posed of some inorganic and (or) organic constituents which are taken in a eutectic
ratio. Due to intermolecular interaction, the melting point of the obtained mixture is
substantially lower than those of either individual constituent and electrolytic disso-
ciation occurs in the liquid system [27]. DESs are thought to be a novel and highly
promising kind of room-temperature ionic liquids, they can be successfully applied
in various fields of science and technology. DESs are characterized by a number of
impressive features, such as high solubility of salts of various metals, relatively high
electroconductivity, very wide electrochemical potential window and minute vapor
pressure. In addition, DESs are easy and cheap to synthesize and they are not harmful
to the environment [27].

Because of these advantageous properties, deep eutectic solvents call great atten-
tion in different fields of practical applications, including electrochemistry and elec-
troplating. Electrodeposition ofmetallic coatings from this novel kind of ionic liquids
has been reported in quite a number of papers [28–30].

The results described in [26] showed that Ni–Mo alloyed electrodeposits prepared
using the electrolytes containing choline chloride may be a challenging approach to
synthesize efficient materials showing an excellent electrocatalytic activity towards
the electrochemical reactions of water electrolysis.

In this connection, it should be mentioned that recent study [31] reported
the electrodeposition of nanocrystalline Ni films from the electrolytes containing
NiCl2·6H2O dissolved in deep eutectic solvents that are based on the mixtures of
choline chloride with ethylene glycol or urea. The fabricated nanocrystalline nickel
layers were estimated as an electrocatalyst in the hydrogen evolution reaction occur-
ring in a basic water solution. An increased electrocatalytic properties was stated
which was explained by both the enhanced surface area available to an electrochem-
ical process and the production of needles surface morphology. The obtained data
revealed that the electrochemical deposition from DES-based systems provides a
successful method to synthesize nanostructured electrodeposited Ni electrocatalysts
for the hydrogen evolution reaction, although the authors noted that the catalytic
durability and stability of the obtained Ni layers remain to be further improved [31].

An interest in the study of ternary electrodeposited Ni-based alloys with improved
electrocatalytic properties ismotivatedby the anticipationof benefits fromsynergistic
interaction between different components of an alloy, although it is necessary to take
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into account the significant complication of the electroplating process. Thus, Xia
et al. [32] described ternary Ni–Mo–Cu alloy electrodeposits. The coatings were
characterized as possible electrocatalysts towards the hydrogen evolution reaction in
the process of water electrolysis. An appreciable increase in the hydrogen evolution
activity an alkaline solution was observed when copper was introduced into nickel–
molybdenum coating. The electrodeposited Ni–Mo–Cu coatings showed higher rate
of electrochemical process, lower energy of activation and higher stability than those
typical ofNi–Mofilms.The improved electrocatalytic performance of theNi–Mo–Cu
coating electrode in the course of hydrogen evolution was associated with synergistic
effects of the developed surface area and the interaction between the individual
components of the alloy.

Allam et al. [33] investigated the effect of the alloy formation with the transi-
tion metals having hypo-hyper-d-electronic structure on the electrocatalytic behav-
ior. It was emphasized that the alloying of metals that have empty or half-filled
vacant d-orbitals (i.e. the elements (transition metals) located in the left half of the
Periodic Table) with those metals that have paired d electrons (i.e. the elements
situated in the right half of the series) causes a remarkable increase in the elec-
tronic density of states. As a result, a clear synergetic effect is observed in their
electrocatalytic behavior towards the hydrogen evolution reaction. It was stated that
alloying of nickel ([Ar] 3d8 4s2) with molybdenum ([Kr] 4d5 5s1) or/and tung-
sten ([Xe] 4f145d4 6s2) ensures fulfilling these requirements. This consideration
allows explaining a high electrocatalytic activity typical of Ni–Mo alloys. Hope-
fully, the electrochemical deposition of ternary Ni–Mo–W coating may addition-
ally improve the electrocatalytic properties. Indeed, electrochemically synthesized
ternary Ni–Mo–Walloy films showed appreciably greater exchange current densities
towards hydrogen evolution when tested as electrocatalysts in a medium of 30 wt%
KOH than individual binary alloys Ni–Mo and Ni–W [33].

The electrodeposition process of ternary Ni–Co–Zn alloy yielding a high-
performance cathode material for the hydrogen evolution process was developed
[34, 35]. The main idea of the co-deposition of zinc with Ni-based alloys is to leach
Zn component in an alkaline solution after electrodeposition. As a result of leaching
Zn, the porous structure is formed providing a very high surface area (resembling
Raney electrodes type). The long-term test indicated that the electrocatalytic activity
of Ni–Co–Zn electrode in the reaction of H2 evolution was somewhat increased with
electrolysis duration, which was associated with the fact that any existing corrosion
products were removed and some cracks appeared in the course of hydrogen gas
evolution [34].

Electrochemical dealloying of Ni–Cu electrodeposited alloy was performed to
fabricate an efficient elecrtocatalyst for the electrochemical reaction of hydrogen
evolution [36]. The dealloying was conducted by means of linear sweep voltam-
metry method using a 1 M sodium sulfate solution to selectively remove Cu com-
ponent. The activity of deposited Ni–Cu samples towards hydrogen evolution was
determined before and after selective removal of the copper constituent. The treated
films were more electroactive when low overpotentials were applied, but less active
in the range of high overpotentials. A decrease in the activity at higher overpotentials
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was connected with the trapping of H2 gas bubbles which evidently diminishes the
real surface area available to the electrochemical process. Generally, the dealloying
procedure (chemical and electrochemical) seems to be an efficient way to produce
high-performance electrocatalysts.

The electrocatalytic efficiency of nickel can be improved by co-deposition not
only with metals but also with some nonmetals. For instance, the electrodeposition
of amorphous Ni–P alloy was reported to produce cathodes for hydrogen production
in water electrolysis [37]. The electrodeposited nickel–phosphorus layers contained
about 6–7 wt% of phosphorous. They demonstrated an enhanced electrocatalytic
activity relative to the hydrogen evolution in 1 M sodium hydroxide solution, the
electrochemical performance being correlated with the double layer capacitance
of the electrode and therefore with the effective active sites. The fabricated elec-
trodes with the highest catalytic activities also showed the smallest charge transfer
resistance.

3 Iron, Cobalt and Their Alloys

Metallic iron and ferrous salts are relatively inexpensive, easily accessible and envi-
ronmentally acceptable. Iron films can be easily obtained from common aqueous
plating baths with a high deposition rate [38]. Iron and iron-based electrodeposits
can be used both as anodes and cathodes inwater electrolysis [39]. Nevertheless, pure
iron coatings show low electrocatalytic activity comparedwithNi, Co and noblemet-
als; in addition, the corrosion stability of iron in not sufficiently enough. Therefore,
the co-deposition of iron with other metals and non-metals is usually used to fab-
ricate electrocatalytic coatings with an enhanced corrosion resistance. For instance,
the introduction of Co into Fe deposits provides an enhanced activity relative to the
reaction of hydrogen evolution in a 28% aqueous KOH solution [39].

Fe–Mo alloy electrodes containing 34–59 at.% Mo were synthesized by electro-
plating technique at constant values of current density using a pyrophosphate bath
[40]. It was stated that an increase in the molybdenum content in the coatings led to
the formation of more active electrodes, an increase in the actual surface area of the
electrode was simultaneously observed. The key factor affecting the electrochemical
performance was stated to be the real surface area of the electrocatalytic coatings.

Sequeira et al. [41] reported electroplating baths which allow depositing Fe–P,
Fe–P–Ce and Fe–P–Pt films. These Fe-based coatings were tested as catalysts in
the hydrogen production during alkaline water electrolysis. An improved electrocat-
alytic behavior in the reaction of hydrogen evolution was attributed to an increased
effective surface area, the proper contribution of the platinum component, and the
catalytic synergismwith iron induced by the cerium co-deposition (in the case of Fe–
P–Ce alloy). Medium-term tests confirmed a high corrosion stability of the investi-
gated electrodepositedmaterialswhich reliablymaintained their high electrocatalytic
activity.
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Nanocrystalline Fe–W alloys were electrochemically synthesized from a citrate-
ammonia electrolyte, the content of wolfram in them being 20–30 at.% [42]. The
prepared coatings exhibited good electrocatalytic properties relative to the process
of ethanol oxidation when using an alkaline water solution and therefore they can be
potentially acceptable as electrodes to directly oxidize ethanol in low-temperature
fuel cells.

Cobalt deposits are considered as an appropriate catalytic material for the oxygen
evolution reaction [43]. It is noteworthy that the presence of iron in cobalt electrode-
posits (i.e. Co–Fe alloys) results in lower electrocatalytic activity in the reaction of
O2 evolution as compared with “pure” Co [44].

A very interesting approach toward producing electrodeposited electrocatalytic
coatings was developed in works [45, 46]. Two activators, cobalt and chromium,
were used to improve the efficiency of alkaline electrolytic production of hydrogen
by the addition of ionic activators into the electrolyte. A thin Co and Cr-containing
layer is formed in situ on the surface of nickel substrate directly during the hydrogen
evolution. The obtained deposits have a rather uniform distribution of the pores and
highly developed surface area. Possible mechanism through which ionic activators
increases electrolytic efficiency was associated with a synergetic effect of twometals
(Co and Cr) on the electrode surface, providing simultaneously a very large surface
area and active centers [45]. A further study [46] showed that high electrocatalytic
activity of Co–Cr catalyst obtained by in situ electrodeposition was ensured not only
by the growth of the actual surface area of the electrodes, but also by the imple-
mentation of a “true” catalytic action. Thus, such electrodeposits exhibit promising
characteristics as feasible cathode materials for the reaction of hydrogen production.

The properties of Co, Co–Zn and Co–Zn–Pt electrodeposits have been considered
in the light of their eventual applications as cathode materials in the electrochemical
hydrogen production [47]. The deposition was performed on a graphite electrode
using a sulfate–chloride acid plating bath. Then the Co–Zn electrodewas treatedwith
a concentrated alkaline solution to achieve the partial leaching of the Zn and produce
a highly porous electrode. This treatment promotes formation of a porous electrode
with a high surface area. In some cases, the porous surface of electrode was modified
via the electrodeposition of a small amount of platinum (using electroplating bath
containing K2PtCl6 and KCl). It was determined that graphite electrodes, on which
cobalt was coated, exhibited an increased catalytic activity relative to the hydrogen
evolution reaction in an alkaline solution as compared with the uncoated surface
of graphite electrode. The leaching in an alkaline solution appreciably increased
the activity towards the hydrogen evolution. The modification of Co–Zn electrode
surface with electrodeposited platinum ensured the highest electrocatalytic activity,
the surface chemical composition of the leached andmodified alloy being as follows:
95.8% Co, 2.3% Zn and 1.88% Pt.

Citrate-containing aqueous electrolytes were used to electrodeposit binary Co–
W alloys [48]. The alloy films were prepared with various content of tungsten and
microstructure ranged from nanocrystalline (3 and 18 at.% of tungsten) to amorphous
(30 at.% of tungsten). These coatings were characterized as promising anodes in the
electrooxidation methanol using the electrolyte containing 1 M CH3OH and 0.1 M
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H2SO4. The Co–W coatings (30 at.% of W) exhibited a high electrocatalytic activity
towards methanol oxidation, whereas as-deposited Co–W (3 and 18 at.% of W)
coatings proved to be entirely inactive towards the oxidation of methanol and only
the electrodissolution of alloys occurred in the applied media. Moreover, this alloy
was evenmore effective in the reaction ofmethanol electrooxidation than pure Pt. The
Co–W deposit annealed at 600 °C showed a relatively low activity in the methanol
electroxidation as compared with the untreated films.

Co–Mo alloys with nanocrystalline/amorphous structures were prepared via
electrodeposition method using a tartrate bath [49]. It was shown that the alloy-
ing of cobalt with molybdenum allows increasing the catalytic performance of
the obtained electrodeposits in the reaction of hydrazine electrooxidation when
compared to “pure” cobalt coatings. It is important that Co–Mo electrode exhib-
ited very good resistance against electrode poisoning by hydrazine oxidation
intermediates/products.

4 Copper and Copper-Based Alloys

A number of papers reported the electrodeposition of Cu–Ni alloys as catalysts for
alkaline water electrolysis [51–53]. The prepared cathodes showed remarkably high
catalytic activity for the reaction of hydrogen production both in an alkaline solution
[50, 51] and in an acid one [52]. The activity of electrodepositedCu–Ni alloy strongly
depends on the content of copper, thus the Cu–Ni films with ~50–86% Cu content
give great current densities at lower overpotential [52]. As can be seen from Fig. 2,
the lowest hydrogen overpotential is detected for the Cu–Ni layers with a ~50% Cu
content. Such a behavior was attributed to the effects of the synergetic interaction
of nickel and copper [52]. Similar conclusions were drawn in [51], according to
those the enhancement of electrocatalytic activity of the alloys with an appropriate
quantity of copper (ca. 50%) can be associated with a number of factors including the
changes in hydrogen binding energy as well as valence state of the electrode surface
connected with the appearance and removal of H2 bubbles.

Cu–Ni–Zn ternary alloys were electrodeposited on a Cu substrate and treated in
a concentrated alkaline medium (30% NaOH) in order to obtain a highly porous
and active surface which would be appropriate for the application in the hydrogen
production by water electrolysis [53]. The alloy surface before leaching contained
3.8% Ni, 66.9% Cu and 29.3% Zn, whereas the surface composition was changed to
4.7% Ni, 83.0 Cu and 12.2% Zn after the treatment in an alkaline solution. Thus the
zinc content was considerably diminished after selective dissolution, which ensured
the appearance of cracks pores and produced a highly porous electrocatalytic surface.
The electrocatalytic behavior of the Cu–Ni– and Zn layers towards the reaction of
hydrogen evolution in a 1 M KOH solution was increased as a result of the treatment
in an alkaline medium. The long-term test performed at the cathode current density
of 0.1 A cm−2 showed good electrochemical stability over 120 h [53].
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Fig. 2 Variation of the cathodic hydrogen overpotential with the atomic percent of Cu in the
electrodeposited alloys in stagnant naturally aerated 0.5 M H2SO4 solutions at 25 °C and the
current density of 30.0 mA cm−2. Reprinted from [52] by permission of RSC Publishing

Milhano and Pletcher reported the electrodeposition of Cu–Pd alloys with a wide
range of compositions using a simple acidic electrolyte [54]. It was determined that
copper in the alloy is stabilized to anodic dissolution by the presence of palladium
while the presence of copper in the alloy reduces the ability of palladium to absorb
hydrogen. The Cu–Pd electrodeposited alloys in an alkaline medium are appreciably
better catalysts for nitrate reduction than either palladiumor copper. Nitrate reduction
cannot be observed on smooth palladium and the reduction on copper occurs at a
potential 250 mV more negative. It was stated that a relatively small addition of Pd
to Co is sufficient to obtain the potential shift.

The electrodeposited Cu–Bi cathode was suggested as a new type of electrode in
the field of electrocatalytic denitrification [55]. The alloys with the copper content
of 5–15 wt% were deposited from an aqueous pyrophosphate bath and then tested in
the reaction of the reduction of nitrate ions.

Pulse electrodeposition method was used to fabricate Cu electrode with an
improved activity and selectivity for CH4 in the electrochemical reduction of CO2

[56]. The Cu electrodes demonstrated a very high faradaic efficiency: 79% and 85%
at −2.5 V and −2.8 V, respectively. It is interesting that the value of current density
of ca. 38 mA cm−2 for the reaction of methane electroreduction was observed in this
work, which is the highest quantity ever achieved in this reaction at ambient pressure
and room temperature. An increased electrocatalytic activity in the reaction of CO2

electroreduction was explained by the more roughened surface morphology ensuring
a large number of active sites. Clearly expressed electrocatalytic selectivity towards
the electroreduction of carbon dioxide to methane was associated with the increased
surface roughness of the electrodeposited copper surface showing a great amount of
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stepped facets. Thus, pulse electrodeposition technique allows significantly influenc-
ing the surface morphology and hence the electrocatalytic performance and product
Cu electrocatalytic coatings which would be highly selective relative to the CO2

electrochemical reduction [56].

5 Noble Metals and Their Alloys

Electrodeposited noble metals and their alloys are extremely widely used as elec-
trocatalysts for different electrochemical processes. It is well-known that the elec-
trocatalytic activity of metals toward the H2 evolution during water electrolysis is
simultaneously determined by the kinetics of hydrogen adsorption/desorption pro-
cesses, which can be characterized by the hydrogen binding energy on the electrode
that is different for each electrocatalyst. So, the interrelation between exchange cur-
rent density and hydrogen binding energy demonstrates a volcano behavior [57]. This
concept implies that noble metals (Pt, Pd, Ir, etc.) show the highest activity which
explains a steady interest to these electrocatalysts. A major and obvious disadvan-
tage of noble metals is their high cost. Therefore, efforts are being made to reduce
the loading of noble metals, increase surface area and provide high electrocatalytic
activity.

One of the current challenges consists in fabrication and characterization of nanos-
tructured electrocatalysts based on noble metals. Thus the papers dealing with elec-
trochemical synthesis and properties of Au nanomaterials have been reviewed in
[58]. The analysis of literature data on design of these nanomaterials allowed estab-
lishing three main directions. The first concerns the design of monodisperse Au
nanoparticles showing rich high-index facets. The second is connected with the syn-
thesis of multimetallic nanoparticles having different compositions and morpholo-
gies. And the third is associated with the determination of the effects of the fea-
tures of the supports (their geometry, nature, physicochemical characteristics) on the
controlledmicro(nano)-structure of Au-containing nanomaterials and, consequently,
their catalytic ability [58].

A fabrication of Au nanoplate structures via an electroplating process using an
electrolyte based on Au(I) cyanide complex in the absence of any additives and with-
out any pretreatment of the substrate has been reported [59]. The well-defined Au
nanoplate structures were electrodeposited in Au(CN)−2 -containing solutions. It was
shown that the synthesized nanoplates have a thickness of about 50 nm, while the
width of the spans is within the range of 500–800 nm (Fig. 3). Such gold nanos-
tructures seem to be unique in their form as compared with previously reported gold
structures fabricated by means of electrodeposition from AuCl4−-containing plating
baths. This observation was explained by the peculiar mechanism of electrochemical
deposition reaction from Au(CN)−2 complexes under the condition of reduced over-
potentials. The reported nanostructures revealed excellent electrocatalytic properties
with respect to the electrochemical reduction of oxygen and oxidation of glucose
(Fig. 4).
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Fig. 3 SEM images of Au deposits electrodeposited from a solution containing 15 mMKAu(CN)2
and 0.25 M Na2CO3 at a 0.9, b 1.0, and c 1.1 V. Total deposition charges are 0.04 C. d and e high-
resolution and cross-sectional SEM images of (c). Reprinted with permission from [59]. Copyright
(2011) American Chemical Society

Fig. 4 Anodic scans
obtained on bare and
nanoplate Au surfaces in
10 mM glucose + 0.1 M
phosphate buffer (pH 7.0).
Scan rate was 10 mV s−1.
Reprinted with permission
from [59]. Copyright (2011)
American Chemical Society
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Ye et al. [60] reported the electrodeposition of hierarchical dendritic Au
microstructures showing secondary and tertiary branches. The electrodeposition was
performed on an indium tin oxide electrode and neither special templates nor elec-
trolyte additives were used. The applied potential is shown to significantly affect the
morphologies of hierarchical dendritic gold microstructures; thus, uncommon flow-
erlike and stem-type tectorum-like structures are formed if the electrode potential is
relatively high. The as-synthesized Au microstructures exhibit increased electrocat-
alytic behavior with respect to the electrooxidation of ethanol as compared with a
commercially available Au electrode.

The co-deposition of gold with other metals (Au-based electrodeposited alloys)
can be successfully used to improve the electrocatalytic performance [61–63]. The
electrodeposition of Au–Pt alloy particles with cauliflower-like microstructures at a
constant value of applied cathode potential has been reported [61]. The ratio between
Pt and Au was varied as follows: 0:1; 1:6.05; 1:1.32; 1:0.39 and 1:0. The content
of individual components in the formed gold–platinum particles was controllably
adjusted by changing the molar ratios between metal Au and Pt-containing ions
in the plating bath. The formation of Au–Pt cauliflower-like microstructures was
associated with the result of two competitive processes: rapid appearance of Au
seeds as a core and following simultaneous deposition of gold and platinum layers
around the cores. The electrocatalytic behavior of Au–Pt alloyed coatings was tested
in the reaction of methanol oxidation in H2SO4 solution. It was determined that
the electrocatalytic activity diminishes in the following sequence: Pt4Au1 > Pt >
Pt1Au1. The gold atoms in Au–Pt alloys were stated to stimulate the reaction of
methanol electrooxidation chiefly due to electronic effects. Low energy of activation
and consequently improved kinetics of CH3OH electrooxidation was detected for
the Pt4Au1 electrode in comparison with individual “pure” platinum electrode [61].

Electrodeposition of gold–platinum hybrid nanoparticles has been reported using
AuCl4− and PtCl62− mixed electrolyte and an indium tin oxide surface as a substrate
[62]. It was shown that adjusting the number of electrodeposition cycles allows
controlling the size of Au–Pt nanoparticles. For instance, Au–Pt hybrid nanoparticles
obtained by 20 electrodeposition cycles had an average diameter of ca. 60 nm. Gold–
platinum nanoparticles electrode displayed good electrocatalytic activity relative
to the reactions of nitrite electrooxidation and oxygen electroreduction due to a
synergistic effect from the Au–Pt alloy nanoparticles. Thus, the results demonstrated
that the electrodeposited cauliflower-shaped structure of Au–Pt nanoparticles can
find potential applications in electrocatalytic reactions and sensors [62] as well as
in the production of new micro- and nano-structures and direct methanol fuel cells
[61].

Non-stationary pulse electrolysis in dimethyl sulfoxide solutions yielded discrete
Au–Pd nanoparticles within the range of 20–120 nm transformed into complete
nanostructured films during a longer time of pulse electrodeposition [63]. Such
nanostructuredbinary gold–palladiumsystems are promisingdue to their pronounced
catalytic activity and stability, they can be used in a huge variety of electrochemical
processes.
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The platinized platinum electrode is the most widely used type of electrode in
electrochemical science and technology [64]. It commonly serves in conductance
cells, forms the basis of the hydrogen reference electrode, and is a typical electro-
catalyst in fuel cells. The paper [64] gives an excellent review on historical origins,
electrode kinetics and mechanism, main features of electrodeposition and practical
guidelines concerning platinizing procedures.

There are several comprehensive review papers reporting synthesis, properties
and applications of platinum-based nanostructured materials (including electrode-
posited materials) [65], electrochemical and chemical deposition of Pt-group metals
[66], methods for the production of Pt group metals as electrocatalysts used in fuel
cells and for hydrogen production [67], current developments of Pt-based catalytic
electrodes for direct methanol fuel cells [68], and nanostructure, activity, mechanism
and application in proton exchange membrane fuel cells of Pt electrocatalysts for O2

reduction reaction [69]. The reader is referred to those papers where a large num-
ber of publications are mentioned to get more detailed information of the topic. The
present chapter does not claim to be exhaustive andwewill further consider only some
important and interesting case studies on electrodeposited Pt-based electrocatalysts.

Much attention is being paid to the electrodeposition and characterization of
highly porous Pt nanostructures and nanoparticles [70–81]. Adjusting current mode
(direct current, pulse current, etc.), the value of applied current density, the plating
baths composition, the pretreatment and after-treatment of Pt coatings as well as a
correct choice of a substrate allows ensuring developed surface area and achieving
improved electrocatalytic performance.

The influence of the value of deposition potential on the surface morphology and
electrocatalytic ability of Pt electrodeposits on a carbon paper was demonstrated in
work [70]. The form of the electroplated platinum was changed from globular to
dendritic and to rosette-like shape with an increase in the applied cathodic potential
(Fig. 5). The observed transformation in shape was attributed to the changes in the
kinetics of simultaneously occurring reaction of hydrogen evolution. It was noted
that dendritic Pt/C structures (prepared through the electrodeposition at the potential
of 0 V) exhibited higher electrocatalytic activity towards oxidation of formic acid
(Fig. 6). The deposition of the catalyst in a sequential regime (i.e. layer-by-layer
electrodeposition) appreciably improved the characteristics of a fuel cell, which was
ascribed to the formation of respective triple phase boundary. Thus, the sequen-
tial regime of electrochemical deposition of platinum-based catalyst gives better
efficiency than the single-time electroplating [70].

Zhong et al. [71] studied the electrocatalytic activity of the electrodeposited Pt
for the ammonia oxidation. The applied cathode current density and time on were
chosen as influencing factors. It was determined that the electroplated platinum layer
shows better electrocatalytic characteristics than a simple “pure” platinum layer
because of amore developed surface area of coatings available to the electrochemical
process. An increase in the Pt loading leads to the improvement in the catalytic
performance of the platinum electrocatalyst. Increasing current density also results
in the growth of the catalytic activity of platinum films due to an increase in the
amount of platinum loading. Higher current densities yield either small platinum
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Fig. 5 Scanning electron microscope images of Pt electrodeposited on carbon black-coated carbon
paper displaying differentmorphologies: a globular (0.2V),b dendritic (0V), and c rosette (–0.2V).
Reprinted from [70] by permission of Springer Nature

Fig. 6 Cyclic
voltammogram of different
Pt/C structures in 0.5 M
H2SO4 at a scan rate of
50 mV s−1. Reprinted from
[70] by permission of
Springer Nature

nanoparticles at a low electrodepositing duration or sheet-like dendritic particles at
a long duration of electrodeposition. A decrease in the cathodic current densities
gives larger platinum particulates with the size of several hundreds of nanometer
showing a uniform surfacemorphology. The platinum electrocatalyst with the former
morphological feature shows a better electrocatalytic performance in the reaction of
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ammonia oxidation than the laterwhichwas explained by the expansion of the surface
area of electrodes.

Change in the current conditions allows flexible controlling the deposition of
Pt thin films with a preferential crystallographic orientation. For instance, highly
{100}-oriented Pt thin films can be prepared via a potentiostatic method by varying
the deposition charge without the use of any surfactants [72]. It was shown that the
films prepared with a larger deposition charge have a much higher fraction of (100)
surface sites. The abundance of Pt (100) surface sites results in an improvement
in electrocatalytic activity with respect to the oxidation of NH3 and HCOOH as
compared with a “common” polycrystalline platinum electrode.

The electrosynthesis of nanoporous platinum structures with an average diameter
of 89 and 2 nm pore sizes on a glassy carbon substrate was reported bymeans of dou-
ble pulse deposition technique [73]. The development of the electrochemical surface
area and an increase in the electrocatalytic activity towards the reaction of oxygen
electroreduction at the highly porous structures were achieved as a consequence of
the availability of the active sites within the nanopores.

Pt dendritic nanoparticles with a great surface area and increased electrocatalytic
activity with respect to the O2 reduction reaction were synthesized by a potentiostatic
double-pulse process under the condition of forced convection [74]. The applied
procedure ensured successive cycling of electrode potential within the region of
hydrogen adsorption/desorption and platinum reduction/oxidation. As a result, a
pronounced decrease in the active surface area is observed due to incomplete collapse
of the opennano-sizedpores and the formationof smoother andmore compact surface
structures.

Liquid crystal templates were used to produce mesoporous platinum films in
which the amount of platinumwas 0.60, 1.0 or 1.5mg cm−2 [75]. The electrochemical
depositionwas carried out directly on a carbon cloth under the condition of a constant
value of electrode potential. Themesoporous platinum electrocatalytic coatings were
tested in the anodic process for a direct ethanol fuel cell. Although the content of
Pt was relatively low, mesoporous films displayed equal or even higher catalytic
efficiency in the direct C2H5OH fuel cell as compared to the commercially available
platinum samples in which the Pt loading was 4.0 mg cm−2.

Liu et al. [76] suggested a pulse electrodeposition method to synthesize shape-
controllable ultrafine nanodendritic Pt particles in the electrolyte that does not contain
any organic additive. The morphology of the nanoparticles could be easily controlled
by adjusting electrode potential. Dendriteswith the size of the nano-branches of about
10–20 nm were prepared. The electrocatalytic behavior of the synthesized dendritic
Pt with respect to the methanol electrocatalytic combustion was superior to that of
the hemispherical and flower-like Pt particles.

Pulse electrodeposition method was also used to produce highly active PtSnO2/C
catalysts introducing SnO2 into supports as an assisting agent [77]. While direct
current deposition yields spherical Pt particles with particle sizes ranging between
400 and 500 nm (Fig. 7), pulse electrodeposition can produce uniform metal nan-
oclusters (about 200–300 nm). This increases the surface area of the catalyst and
ensures higher electrocatalytic ability for methanol oxidation and oxygen reduction.
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Fig. 7 Scanning electron micrographs of a Pt/C prepared by direct current electrodeposition and
b Pt/C and PtSnO2/C prepared by pulse electrodeposition. Reprinted with permission from [77].
Copyright (2008) American Chemical Society

In addition, using SnO2 reagent can notably increase the active surface areas, and
hence enhance electrocatalytic activity of Pt catalysts [77].

The electrodeposition of three-dimensional (3D) platinum nano-flowers was
reported by using potentiostatic pulse plating technique on a silicon substrate [78].
The platinum nano-structured material was composed of bamboo-leaf-like nano-
petals and had an overall rose-like morphology. The 3D platinum nano-flowers
exhibited a highly developed surface area as compared with the “common” plat-
inum thin film and was characterized by a preferable surface orientation of the (100)
and (110) crystallographic planes. These features provided the synthesized 3D plat-
inum nano-flower-like electrocatalyst with a perfect catalytic activity in the reaction
of CH3OH oxidation and a very satisfactory CO tolerance as compared to the thin
platinum film.

An advanced technique for the electrochemical deposition of an isolated single Pt
atom or small cluster, up to 9 atoms, on a Bi ultramicroelectrode has been described
[79]. The limiting currents of hydrogen evolution reaction recorded by means of
linear voltammetry technique allow determining the size and number of atoms in the
clusters. The obtained results indicated that electrocatalytic nanostructures can be
fabricated on an atom-by-atom basis.

An interesting approach to the preparation of electrodeposited platinum nanos-
tructures involves utilizing solution dispersed platinum nanoparticles during Pt elec-
trodeposition [80]. The presence of Pt nanoparticles significantly affects the mor-
phology of Pt electrodeposited onto the electrode surface, although the surface area
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of the deposits is similar (with and without Pt nanoparticles in the electrolyte). The
Pt nanoparticles in the plating bath provide the formation of a compact film which is
composed of platinum clusters manifesting the exposed Pt (100) and (110) crystal-
lographic planes. The electrocatalytic activity of platinum electrodeposits obtained
with the addition of nanoparticles was appreciably increased with respect to the reac-
tions of ethylene glycol and methanol electrooxidation. Thus a controllable growth
of platinum coatings in the presence of Pt nanoparticles in the plating bath is a con-
venient and efficient way to produce nanostructured electrocatalysts with improved
service characteristics [80].

Electrodeposition of platinum was used to modify the surface morphology,
microstructure, phase composition and electrochemical properties of Ebonex® elec-
trodes (commercial trade name of titanium “sub-oxides” with having the general
formula TinO2n–1, n= 4–10) [81, 82]. The thickness of deposits was ca. 1 μm (about
2 mg platinum per square centimeter in terms of Pt loading). The heat treatment
of the coatings at the temperatures of 230–310 °C resulted in the changes of the
microstructure and chemical composition of both the platinum upper layer and the
porous Ebonex®. The acceleration of the diffusion of platinum into the Ebonex® was
also observed. The formation of some newly found phases in Ti–Pt–O system was
detected in the case of the heat-treated Ebonex®, this phenomenonwas stated to influ-
ence the electrocatalytic properties of the coatings. The thermally treated platinized
Ebonex® electrodes showed reduced activity relative to the reaction of Cr(III) ions
electrooxidation and enhanced selectivitywith respect to the electrochemical reaction
of oxygen evolution. Thus they can be successfully used as efficient dimension-stable
anodes in the process of chromium deposition from Cr(III) electrolytes [81].

Although aqueous plating baths are commonly used for electrodepositing of Pt,
the electrolytes based on room-temperature ionic liquids seems to be very promising.
For example, He et al. [83] considered the electrodeposition of platinum in two room-
temperature ionic liquids, 1-n-butyl-3-methylimidazolium hexafluorophosphate and
1-n-butyl-3-methylimidazolium tetrafluoroborate, on a glassy carbon substrate. The
electrocatalytic behavior of nanostructured Pt layers manufactured from these elec-
trolytes was estimated with respect to the electrochemical oxidation of methanol.
The platinum films prepared in both ionic liquids showed increased catalytic current
densities, which are similar to that obtained in aqueous solution of perchloric acid.
The size of Pt nanoclusterswas determined bymeans of the atomic-forcemicroscopy.
The authors drew a conclusion that the Pt coatings synthesized from ionic liquids
under consideration are distinguished by improved electrocatalytic activity than those
fabricated using HClO4-based aqueous electrolyte.

The electrocatalytic behavior of Pt-based catalysts can be improvedby the alloying
with some other metals, including co-deposition with Ni [84], Co [85], Au [86, 87],
Ru [88], Ir [89], Pd [90], deposition of ternary Pt–Fe–Co [91] and Pt–Ru–Ni [92],
electrodeposition of Pt–Cu alloy with subsequent dealloying by selective anodic
dissolution of Cu [93], and electrodeposition of epitaxially grownAg overlayers onto
Pt [94]. Synergistic effects are often observed for bimetallic Pt-based catalysts. For
instance, the nitrate reduction occurs at a higher rate on electrodeposited 70:30 Pt–Ir
electrodes than on pure Pt electrodeposits [89]. It was stressed that the role played
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by Ir in Pt–Ir electrodes is that of a bifunctional heterogeneous electrocatalyst, i.e. a
synergetic effect in which the surface has a higher activity than the sum of those of
the components. The electrocatalytic activity of electrodeposited ternary Pt–Fe–Co
alloys toward the reaction of oxygen electroreduction was investigated with regard to
geometric (Pt–Pt distance) and electronic (d-band center, core-level binding energy)
approaches [91]. The current density of oxygen reduction reaction showed a double
volcanoplot dependingon the alloy composition (Fig. 8). This uniquedouble-volcano
behavior was mainly attributed to different electronic aspects of iron and cobalt.

Highly nanoporous palladium (npPd) and platinum (npPt) catalysts, in which
nanoporous microstructures were directed by reverse micelles of Triton X-100, were
prepared by electrodeposition and their electrocatalytic performance was character-
ized for the reaction of O2 reduction under alkaline conditions and H2O2 electro-
chemical reactions [95]. The electrocatalytic activity was observed in the following
sequence: npPd > npPt ≥ Pt-20/C � bulk Pt. A higher activity of npPd was con-
nected with the difference in microstructures (npPd with nano- and microporosity
vs. npPt with nano-porosity only).

Fig. 8 Kinetic current
densities for the oxygen
reduction reaction at 0.65 V
occurring on
electrodeposited ternary
Pt–Fe–Co alloys against the
concentrations of a Co and
b Fe atoms. Reprinted with
permission from [91].
Copyright (2011) American
Chemical Society
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The electrodeposition of Pd layer on an activated carbon black substratewas inves-
tigated by means of potentiostatic method from an electrolyte containing an additive
of polyethylene glycol (PEG-6000) [96]. Increasing additive concentration resulted
in the variation of surface morphology of palladium films from spherical to flower
like pattern. It was shown that palladium nanoflower consist of many nanopetals,
which can ensure a high specific surface area. An increase in electrocatalytic activ-
ity of Pd nanoflowers relative to Pd spherical aggregates was observed toward the
oxidation of HCOOH and reduction of O2.

The fabrication of PtRu nanoparticles having a diameter of ca. 10–20 nm by the
electrodepostion technique was demonstrated using multiwalled carbon nanotube-
Nafion nanocomposite as a substrate [97]. The resulting PtRu-multiwalled carbon
nanotube-Nafion nanocomposite exhibited the electrocatalysis activity in the reac-
tion of the electrooxidation of methanol. A bimetallic PtRu electrocatalyst (with 1:1
atomic ratio) in a nanocomposite revelaed a higher catalytic activity than that con-
taining only “pure” Pt, which was associated with the bifunctional mechanism of
ruthenium and platinum action. This work indicated that the search for a suitable
support is one of the modern trends in investigations dealing with electrodeposition
of high-active electrocatalysts.

An approach to the manufacture of Pt/Ir/Pt multilayered structures was described
using an inexpensive Ti substrate [98]. The current density of the reaction of CH3OH
oxidation was increased by 2.76 times as compared to the reference electrocatalyst
(Ti/Pt anode), although both samples having equal electroactive surface area.

Zhang et al. [99] developed an interesting technique for electrodeposition of the
Pd catalyst films on a graphite rod for direct HCOOHelectrooxidation. This approach
includes a repeated treatment by the electrochemical deposition of palladium layer,
followed by the deposition of Nafion film. The electrode fabricated by the so-called
repeated electrodepositionwithNafion coating exhibited a good catalytic activity and
durability for the electrooxidation ofHCOOH.The obtained datawere ascribed to the
increased usage of catalyst due to the multi-layer microstructure and the prevalence
of the highly active Pd (111) crystallographic planes on the surface.

Two different techniques to prepare Ru-containing deposits on commercial-grade
carbon-supported platinumnanoparticles asmethanol oxidation electrocatalysts have
been compared [100]. The first one involved the so-called Ru spontaneous chemical
deposition by immersion of the Pt–C electrodes in “aged”RuCl3 solution. The second
one consisted in Ru electrodeposition at rotating Pt–C electrode by electrolysis of
N2-purged 0.1 M HClO4 with 10−5 M Ru(NO)(NO3)3 (this complex does not yield
any Ru spontaneous deposition). The maximum in electrocatalytic activity towards
methanol oxidation was detected at ruthenium surface coverage of 10 and 20%
for spontaneous chemical deposition and electrodeposition, respectively. However,
increased rates of the electrochemical reaction of methanol oxidation were registered
in the case of electrochemically deposited ruthenium layers.

Recently, the electrodeposition of palladium nanoparticles onto glassy carbon
was reported from a plating bath prepared using a deep eutectic solvent [101]. The
specific features of the Pd nucleation and growth from the deep eutectic solvents
containing ethylene glycol and choline chloride were characterized. It was shown
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that the Pd nanoparticles, containing mainly metallic palladium with small amounts
of palladium oxides, exhibited a pronounced electrochemical activity with respect
to the electrooxidation of HCOOH, which is even greater than that of other catalysts
based on palladium nanoparticles reported previously.

6 Chromium and Chromium-Based Alloys

The electrocatalytic behavior of polycrystalline chromium electrodes during its
cathodic polarization in sulfuric acid solutions of oxalic and formic acids was investi-
gated in [102]. It was shown that the organic substances can chemisorb on the cathode
surface and inhibit the hydrogen evolution on the metal, they also can take part in the
electrocatalytic processes resulting in the formation of polymolecular compounds:
linear hydrocarbons and carboxylic acids containing 12–27 carbon atoms.

These observations are in good agreement with the results of the study on the com-
position of Cr coatings obtained fromCr(III) sulfate electrolytes containing HCOOH
or (COOH)2 [103]. The authors stated that nano-dimensional chromium crystallites
produced in electrodeposition process exhibited a very high electrocatalytic activity.
This means that the electroreduction of trivalent chromium ions is accompanied by a
deep reduction of the adsorbed organic ligands from the inner coordination sphere of
a Cr(III) complex. As a result of such electrocatalytic behavior, the obtained coatings
contain considerable amounts of chromium carbides [103].

The mechanism of electrocatalytic formation of Cr–C alloys from an aqueous
trivalent plating bath containing trivalent chromium sulfate together with carbamide
and formic acid as organic components was considered in detail in [104, 105]. It was
concluded that the destruction of organic compounds, leading to carbon inclusion
in the Cr–C alloy, is not an electrochemical stage. The formation of carbide carbon
in the course of the electroplating of the chromium–carbon deposits can result from
the fact that some of the active Cr ad-atoms electrogenerated during the discharge
of Cr (II) ions are involved in a further chemical interaction with carbon of organic
components of the plating bath, these carbon-containing particles being adsorbed
on the growing cathode. The process proceeds according to the following reaction
scheme [104]:

2Cr0ad + C(IV) → 2Cr(II) + C(0)

The resulting carbon is included in the structure of the deposit and Cr2+ ions can
again take part in the electrodeposition of chromium. Carbon enters into the coating
and hinders both the surface diffusion of Cr ad-atoms and the growth of the crystal
phase nucleus which provides nanocrystalline structure formation.

Although “pure” chromium is hardly considered as a feasible electrocatalyst in
the reaction of hydrogen evolution, chromium-based alloys look as very promis-
ing materials to this effect. With reference to this, chromium-carbon alloys (i.e.
chromium carbide) attract special attention. For example, Schmuecker et al. [106]
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discovered that chromium carbide Cr7C3 exhibits a relatively high electrocatalytic
activity towards the cathodic reaction of hydrogen production in a water solution of
H2SO4. Chromium carbide demonstrated high hydrogen evolution activity in 100%
phosphoric acid [107]. The changes in the hydrogen overvoltage values in the range
of chromium carbides (Cr7C3 < Cr3C2 ≈ Cr23C6) were also demonstrated in [108].

Anumber of papers reported the electrodepositionofCr–Ccoatingswith enhanced
corrosion resistance and improved electrocatalytic activity using aqueous chromium
plating baths [109–112]. However, it is known that aqueous chromium electroplating
baths suffer from a number of shortcomings [113, 114]. In this context, non-aqueous
chromium electrolytes based on deep eutectic solvents seem to be very promising
[115–121]. It is important that DESs-based chromium plating electrolytes allow
depositing coatings with a relatively high thickness [120]. These coatings include
some carbon and show reduced overvoltage of the hydrogen evolution reaction [120].
A detailed study on the electrocatalytic characteristics of Cr–C films deposited from
DESs-based trivalent chromium electrolyte has been performed in [122].

Chromium-carbon coatings (ca. 5 wt% of carbon) were deposited from a plating
bath containing Cr (III) chloride, choline chloride and water in 2.5:1:15 molar ratios,
respectively [122]. In order to estimate the electrocatalytic behavior with that typical
of “pure” chromium, coatings were electrodeposited from conventional hexavalent
chromium plating bath (Table 2).

Table 2 shows that the electrocatalytic properties of Cr–C coatings are substan-
tially better than those of “usual” chromium deposits (the current exchange densities
differ more than ten times). The results of electrochemical impedance spectroscopy
revealed that the changes in the catalytic behavior can be attributed to the proper
changes in the electronic structure rather than to the expansion of an actual surface
area of the cathode [122]. Thus, the electrodeposited chromium-carbon coatings
fabricated from a deep eutectic solvent can be used to develop new electrocata-
lysts towards the electrochemical process of hydrogen production for water-splitting
devices.

In the context of discussion of the electrocatalytic properties of chromium-based
coatings, the paper [123] should be mentioned in which the reaction of hydrogen

Table 2 Kinetic parametersa of the hydrogen evolution reaction obtained from Tafel dependences
recorded in 1 M NaOH at 25 °C

Kinetic parameter Electrode

Cr (deposited from Cr(VI)-based
electrolyte)

Cr–C (deposited from Cr(III)
DES-based electrolyte)

a, V 1.057 0.857

b, V dec−1 0.146 0.139

α 0.40 0.43

i0 , A cm−2 0.60 × 10−7 6.58 × 10−7

aa and b are the Tafel constants; α is the transfer coefficient, and i0 is the exchange current density
Reprinted from [122]
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formation on electrodeposited Zn–Cr alloy coatings was investigated. Although the
studied alloys contained only a small quantity of Cr (3, 5 and 10 wt%), the observed
electrocatalytic effect towards the hydrogen evolution was associated with the pres-
ence of chromium. It was suggested that at high polarizing currents the surface of
alloys is enriched in Cr which is a good catalyst for adsorbing hydrogen as compared
with zinc; therefore, the hydrogen overvoltage diminishes.

7 Composite Coatings

Electrodeposition of composite coatings is a promising branch ofmodern electroplat-
ing industry and surface engineering. It provides fabrication of finishing layers with
enhanced microhardness, high wear and corrosion resistance and allows imparting a
number of useful physicochemical and service properties to the surfaces, including
improved electrocatalytic behavior [124, 125]. Electrodeposited composite coatings
are composed of a metallic matrix and a dispersed phase of nano- or micro-sized
particles entrapped into the matrix during electrodeposition process. Both metal-
lic matrix and particles of a dispersed phase can manifest electrocatalytic activity
towards different electrochemical reactions.

Among the various electrodeposited composites, TiO2-containing coatings
occupy a special place because they exhibit high activity toward electrocatalysis
[126–136]. This is due to peculiar and valuable structural, chemical and electronic
properties of titania [137].

Thus, Ni–TiO2 electrodeposited films were prepared using a common Watts’
nickel bath with the addition of TiO2 powder and the electrochemical characteristics
of the obtained composites with respect to the reaction of hydrogen evolution were
evaluated [126]. The composite coatings revealed an increased electrocatalytic activ-
ity relative to the H2 evolution in an alkaline medium. These composites showed a
higher rate of hydrogen evolution and lower overpotential than the “pure” Ni coat-
ings. An improved electrocatalytic activity of Ni–TiO2 films was associated with the
developed electrode surface and with the effect of TiO2 particles entrapped within
the nickel matrix.

Electrodeposited nickel–titania nanocomposite coatings were tested as potential
electrocatalysts in the electrooxidation of methanol [127]. The nanocomposite Ni–
TiO2 coatings exhibited a higher catalytic activitywith respect to the electrooxidation
of CH3OH than the “pure” Ni. The catalytic activity was stated to increase with
increasing the titania content up to 9 wt%. It was concluded that the electroplated
Ni–TiO2 nanocomposite coatings can be recommended for fuel cell application.

Ni–P–TiO2 electrocatalysts were fabricated by the co-deposition of nickel and
TiO2 on a copper electrode using an electrolyte in which TiO2 particles were sus-
pended by intensive agitation [128]. The introduction of TiO2 into the amorphous
Ni–Pmetallicmatrix resulted in an acceleration of theH2 evolution as comparedwith
the blank nickel–phosphorus alloy and this phenomenon was observed both in acid



Current Trends in Electrodeposition of Electrocatalytic Coatings 287

Fig. 9 Cyclic
voltammograms recorded in
1 M KOH for modified Ni
coatings in comparison to
conventional Ni coating.
Reprinted from [129] by
permission of Springer
Nature

and alkaline environments. An increase in the rate of the cathode reaction of hydro-
gen production on the synthesized Ni–P–TiO2 composite coatings was explained by
the fact that TiO2 and its protonated state and(or) redox couple Ti2O3 ⇔ TiOOH are
present on the surface. These particles are responsible for an electrocatalytic action
with respect to the hydrogen evolution process.

Recent study [129] reported the catalytic behavior of electrodeposited Ni and Ni–
TiO2 coatings towards the process of alkaline hydrogen production. The electrocat-
alytic efficiency of deposits was improved by both selective etching of as-deposited
nickel films and incorporation of TiO2 nanoparticles. It was shown that the intro-
duction of titania into the metal matrix (ca. 4.2 wt%) ensures the acceleration of the
hydrogen evolution reaction in a greater degree when compared with the effect of
partial dissolution treatment that yields an increased surface area (Fig. 9).

Shibli andDilimon suggested improving the electrocatalytic behavior of Ni-based
deposits by electroless deposition of Ni–P–TiO2 [130] and Ni–P–TiO2-supported
RuO2 mixed oxides [131] composites. The reinforcement of the coatings with tita-
nium (IV) oxide particles enhances the roughness factor and increases the number
of electroactive sites and hydrogen adsorption ability which results in high electro-
catalytic activity during hydrogen evolution reaction [130]. In addition, the mixed
oxides containing RuO2 having particle size at nano-level exhibit appreciably higher
catalytic activity [131]. The catalytic behavior depends upon the size of the embedded
RuO2 particles. The reduction of the size at nano-level promotes the electrocatalytic
properties. So the co-deposition of mixed oxides incorporated into an appropriate
metallic matrix allows preparing high-performance electrocatalytic coatings.

An improvement in the deposition characteristics and electrocatalytic behavior
may be achieved by using novel kind of plating electrolyte. A series of papers [132–
136] reported the electrochemical sunthesis of Fe–TiO2 composites using electrolytes
based onmethanesulfonate salts. It should be noted that metanesulfonate electrolytes
are prepared with the use of methanesulfonic acid (CH3SO2OH) and its salts. They
offer a versatile approach to produce new kinds of electrocatalytic coatings, since
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such electrolytes are distinguished from common analogues by a considerable solu-
bility ofmetal salts, enhanced electrical conductivity,weak toxicity, easywaste-water
treatment and rapid biodegradability [138, 139].

Increased electrocatalytic ability with respect to the reactions of hydrogen and
oxygen evolution in 1 M NaOH solution was detected for the electroplated Fe–TiO2

composites (Fig. 10) [132]. It was concluded that an increment in the concentration
of the surface active sites and the appearance of redox couples including titanium
compounds in different valency states are responsible for a greater catalytic activity
of Fe–TiO2 composites relative to the electrochemical reactions of H2 and O2 evo-
lution. A relatively low corrosion stability of iron matrix can be improved via the
electrodeposition of a thin CeO2 ceria layer on the surface which protects against
corrosion damage. At the same time, the formation of ceria film does not deteriorate
good electrocatalytic performance [134]. Titania nano-particles can be introduced
into colloidal plating bath in the forms of both hydrosol fabricated using precipita-
tion technique and commercially available Degussa P25 titania nano-powder [133].
A satisfactory catalytic stability of the iron–titania electrocatalysts was confirmed
by the results obtained by chronoamperometry method, thus involving availability
of these coatings to be efficiently used in alkaline electrolyzers for the manufacture
of oxygen and hydrogen [132].

Ni–SiC nano-composite coatings with a nanocrystalline nickel matrix and dis-
persed inert SiC nanoparticles have been fabricated from a modified Watts bath
containing SiC nanoparticles by using ultrasonic electroplating method [140]. The
obtained composite coatings show not only lower corrosion current density but also
possess much higher electrocatalytic hydrogen evolution activity in 30 wt% KOH
solutions as comparedwith pureNi deposits. The authors suggested that the improved
hydrogen evolution activity is caused by an increase in the real surface area ofNi–SiC
nanocomposite.

Fig. 10 Tafel lines for the hydrogen (a) and oxygen (b) evolution reactions recorded on Fe and
Fe–TiO2 electrodes in 1MNaOH at 298 K. Reprinted from [132], Copyright 2016, with permission
from Elsevier
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Mirkova et al. [141] electrodeposited and characterized composite Ni–Co3O4

films. The coatings exhibited enhanced electrochemical activity towards hydrogen
evolution reactionwhichwas explained by the presence of Co and bymore developed
surface of electrode resulted from the incorporation of Co3O4 particles into themetal-
licmatrix. Itwas stressed that the catalytic activity of compositeNi–Co3O4 electrodes
towards hydrogen evolution may even approach that typical of Pd. High electrocat-
alytic ability with respect to O2 evolution reaction was also detected in the case of
Ni–Co3O4 coatings. Therefore, these composite coatings are very promising from
the point of view of their application both in water electrolysis for hydrogen/oxygen
production and in fuel cells.

Composite coatings Ni–C3N4 [142], Ni–OCNT (oxidized carbon nanotube),
Ni–ONC (oxidized N-enriched carbon), Ni–rGO (reduced graphene oxide) [143],
Ni–W–CNT (carbon nanotube), Ni–W–GO (graphene oxide) [144], Ni–Fe–Co–
graphene [145], Ni–W–MWCNT (multi-walled carbon nanotube) [146], Ni–Co–
LaNi5 [147], Ni–CeO2 [148], Ni–S/CeO2 [149] and Co–W/CeO2 [150] have been
electrodeposited and successfully tested as electrocatalysts in the reaction of H2

evolution. It was observed that the composites, where Ni matrix was coupled with
graphitic carbon nitride, were better than those of the state-of-the-art hydrogen
evolution-active materials based on nickel as well as the majority of other metal-free
electrocatalysts, they even can compete with the catalytic activity of commercially
available Pt/C materials [142].

Au/MnO2 composites were electrodeposited on the substrate of glassy carbon
[151]. They can effectively catalyze electrochemical reactions of the oxidation of
glucose and hydrogen peroxide.

An interesting approach to the electrodeposition of composites was developed
[152, 153] according to that metallic particles of a dispersed phase are incorporated
in a metallic matrix. The Ni–Ni, Ni–Co and Ni–Fe composites were deposited from
the plating bath containing dissolved NiCl2·6H2O and suspended metallic powders
of nickel, cobalt and iron [152]. As a result, the electrodes with highly rough surface
areas were synthesized. The observed improved catalytic activity with respect to the
hydrogen evolution was attributed to an increase in the real surface areas. The idea
on electrodepositing metal–metal composites was used in a recent study [153], in
which the silver nanoparticles were introduced into Ni–P deposited matrix in the
course of electrolysis process. A considerable improvement in the electrocatalytic
property towards the hydrogen production was observed for the fabricated Ni–P–Ag
composites. The electrocatalytic behavior was discussed in terms of the enhanced
electroactive sites of Ag particles.

Electrocatalytic effects may manifest themselves not only post hoc, after the
electrochemical synthesis of a composite coating, but also in situ, in the course
of electrodeposition process. For instance, Refs. [154, 155] reported the electrocat-
alytic effects of SiO2 and Al2O3 nanoparticles on nickel electrodeposition. It was
shown that the overpotential of Ni deposition reaction was reduced if SiO2 or Al2O3

nanoparticles were added to the plating bath and introduced into the coatings. This
fact showed that oxides nanoparticles took part in the electrode reaction and could
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catalyze electrodeposition of nickel, although SiO2 and Al2O3 had no electrochem-
ical activity itself and no electron exchange would happen between nanoparticle
and electrode. Possible reasons for the observed electrocatalytic effect have been
considered [154, 155].

8 Conclusions

Literature data show that much effort has been made to develop high-performance
electrodeposited catalyst based on various metals, alloys and metal-containing com-
posites. The electrodeposition technique permits flexible adjustment of composi-
tion,microstructure, surfacemorphology and electrocatalytic properties of electrode-
posits. Although electrocatalysts based on noble metals (Pt, Pd, Ru, Au, etc.) remain
the focus of attention due to their high activity, a huge number of papers deal with the
synthesis and characterization of catalysts, in which base metals and earth abundant
elements (Ni, Fe, Co, Cr, Cu) are used. Some works reported the fabrication of such
electrocatalysts that can rival the electrocatalytic property of catalysts containing
noble metals. Thus, much more research is needed to develop commercially valid
non-noble electrocatalysts (alloys and composites). An optimal choice of compo-
nents in alloys and a dispersed phase and a metallic matrix in composite coatings
may provide the realization of synergistic interaction between different constituents
and sufficiently improve the electrocatalytic performance of deposited layers.

An important direction in the electrodeposition of electrocatalytic coatings is asso-
ciatedwith the application of non-stationary current regimes. The use of pulse current
and linear potential sweep together with the right choice of applied current density,
appropriate substrate, plating baths composition, pretreatment and after-treatment of
coatings can ensure the formation of highly porous nanostructures and nanoparticles
and achieve exclusively high electrocatalytic performance and utilization efficiency.
Even isolated single atoms or small cluster, up to several atoms, can be produced by
electrodeposition method on an atom-by-atom basis which may provide size effects
at the nanoscale yielding an unique improvement in the electrocatalytic behavior.

A special success in electrodeposition of electrocatalysts can be also achieved
by using novel kinds of plating baths, including those based on room-temperature
ionic liquids and especially deep eutectic solvents. Only few studies considered the
preparation of electrocatalystswith the use of deep eutectic solvents and this direction
could have a bright future.
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34. Solmaz R, Döner A, Şahin I, Yüce AO, Kardaş G, Yazici B, Erbil M (2009) The stability of
NiCoZn electrocatalyst for hydrogen evolution activity in alkaline solution during long-term
electrolysis. Int J Hydrogen Energy 34(19):7910–7918. https://doi.org/10.1016/j.ijhydene.
2009.07.086

35. Herraiz-Cardona I, Ortega E, Vázquez-Gómez L, Pérez-Herranz V (2011) Electrochemi-
cal characterization of a NiCo/Zn cathode for hydrogen generation. Int J Hydrogen Energy
36(18):11578–11587. https://doi.org/10.1016/j.ijhydene.2011.06.067

36. Koboski KR, Nelsen EF, Hampton JR (2013) Hydrogen evolution reaction measurements of
dealloyed porous NiCu. Nanoscale Res Lett 8:528. https://doi.org/10.1186/1556-276X-8-528

37. Cheng C, Shah SSA, Najam T, Zhang L, Qi X, Wei Z (2017) Highly active electrocatalysis
of hydrogen evolution reaction in alkaline medium by Ni–P alloy: a capacitance-activity
relationship. J Energy Chem 26(6):1245–1251. https://doi.org/10.1016/j.jechem.2017.09.028

38. Protsenko VS, Vasil’eva EA, Smenova IV, Baskevich AS, Danilenko IA, Konstantinova
TE, Danilov FI (2015) Electrodeposition of Fe and composite Fe/ZrO2 coatings from a
methanesulfonate bath. Surf Eng Appl Electrochem 51(1):65–75. https://doi.org/10.3103/
S1068375515010123

https://doi.org/10.1007/s10800-015-0908-y
https://doi.org/10.1016/j.jallcom.2012.03.063
https://doi.org/10.1016/j.jelechem.2017.05.002
https://doi.org/10.1016/j.ijhydene.2016.06.205
https://doi.org/10.1007/s12678-017-0350-5
https://doi.org/10.1007/s11696-018-0486-7
https://doi.org/10.1021/cr300162p
https://doi.org/10.1039/B607329H
https://doi.org/10.1179/174591908X327590
https://doi.org/10.1146/annurev-matsci-071312-121640
https://doi.org/10.1016/j.ijhydene.2018.06.188
https://doi.org/10.1016/j.ijhydene.2014.01.091
https://doi.org/10.1016/j.ijhydene.2017.08.012
https://doi.org/10.1016/j.ijhydene.2009.07.086
https://doi.org/10.1016/j.ijhydene.2011.06.067
https://doi.org/10.1186/1556-276X-8-528
https://doi.org/10.1016/j.jechem.2017.09.028
https://doi.org/10.3103/S1068375515010123


Current Trends in Electrodeposition of Electrocatalytic Coatings 293

39. DeCarvalho J, Tremiliosi FilhoG,Avaca LA,Gonzalez ER (1989) Electrodeposits of iron and
nickel-iron for hydrogen evolution in alkaline solutions. Int J Hydrogen Energy 14(3):161–
165. https://doi.org/10.1016/0360-3199(89)90049-9
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Carbon Based Electrocatalysts

Sonal Singh, Rishabh Sharma and Manika Khanuja

Abstract Electrochemical energy conversion technologies, such as polymer elec-
trolyte fuel cells, Direct Methanol fuel cells and metal-air batteries are of supreme
significance to attain sustainable energy for future use. Nanocomposite materials
have fast emerged as promising candidates as a replacement to commercial and
state-of-the-art electrocatalysts. They show remarkably increasing progress in elec-
trocatalysis including oxygen evolution, oxygen reduction, CO2 reduction, hydrogen
evolution etc. Carbon support with high surface area provides better utilization of
the electrocatalysts to escalate its activity. Electrocatalysis has been the subject of
growing interest for many concerned people as it caters to the escalating needs of
fuel production. Researchers and manufacturers are keen to cash in the burgeon-
ing demand of nanocomposite based electrocatalyst materials and devices as they
exhibit distinctive surface/size-dependent and simplistic tunable structures which are
pivotal for the performance of electrocatalysis process. Regulation and modulation
of electronic properties is realizable through adaption of various surface chemistry
techniques. This chapter gives an insight to the application of nanocomposite mate-
rials in electrocatalysis and their properties which gives perspective to probe further
in this rising field of research to expand scientific understanding and build upon the
current body of work.
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1 Introduction

Mounting concern towards future energy scenario demands the replacement of fossil
fuels with renewable and sustainable energies. Green and clean splitting of water
achieved through several renewable ways such solar-thermal and nuclear thermal
energy can effectively cater to the need. Out of many forms of catalysis, electrocatal-
ysis is one specific form that holds special interest in the field of Electrochemistry for
the purpose of water splitting for hydrogen evolution. Until late eighties, most of the
work was limited only for academic purposes, however with the emergence of new
concepts in electrocatalysis later, it became a peremptory need for the industrialists
and engineers as well [1]. The process of electrocatalysis basically involves the pres-
ence of electrocatalyst material (or electrodes) that enables a usually faster chemical
rate of the reaction by either changing the reaction kinetics or mechanism sometimes.
Electrocatalyst facilitates the electron charge transfer between the reactants and the
electrode, and/or assists an intermediate chemical transformation described by an
overall half-reaction [2]. The progression and advancements in electrocatalysis has
become possible due to the significant improvement in the field of surface science
as the preparation and design of an electrocatalyst are based upon new concepts
such as atomic topographic profiles and atomic rearrangements, controlled surface
roughness, defined catalytic center sites and phase transitions in the course of the
electrochemical reactions. It has been well demonstrated that due to various fascinat-
ing properties, nanomaterials have become center of focus aiming at cost-effective
and high-efficient electrocatalysis system by stepping into the role of precious metal
catalysts, which have now been able to displace state-of-the-art and commercial
precious metal-based catalysts such as Pt, RuO2, IrO2, Ir etc. [3]. Till date, numer-
ous nano/nano-carbon/nanocomposite materials with unique structure and properties
have been routinely used to enhance themetal utilization, fuel-selectivity and stability
to reduce the metal loading [4]. Nanocarbons, when coupled with certain organic and
inorganic nanomaterials, can perform multiple functions such as to accelerate inter-
component charge transfer, modify composite growth or bring about confinement
resulting in significantly enhanced performances [5, 6].

This field holds a great scope to welcome new scientific inventions and concepts
with the help of nanocomposite materials that can stimulate breakthroughs and prove
critical to the development of novel electrochemical technologies. In this chapter, we
will focus on the applications of various nanocomposite materials based on carbon
and its derivatives, metal and bimetals and use of doping and dual doping concepts
in order to augment the cell performance.
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2 Nanocomposite Applications in Electrocatalysis

Fuel cells, for long, have garnered major attention as promising power generator,
especially DMFC’s (Direct Methanol Fuel Cells), due to their low operating temper-
ature, high energy conversion efficiency, ease of handling and low pollutant release
[7]. Use of suitable electrocatalysts in fuel cells is one of the crucial factors to achieve
high-energy densities. Due to high methanol oxidation activity, Platinum is one of
the most sought-after, well-known and widely used catalyst. However, being a pre-
cious metal, platinum has a high cost and thus the amount of platinum used must be
curtailed with a view to keep the prices of DMFC’s low [8]. Also, platinum is readily
oxidized by byproduct ofmethanol oxidation i.e. CO. Therefore, it is needed to invent
more Pt-based alloy catalysts with higher methanol oxidation activity and substantial
poison tolerance. Particle size, shape and dispersion of platinum-based electrocat-
alysts are prime parameters that govern their ORR (Oxygen Reduction Reaction)
rate and performance of DMFCs. Scientists and researchers have come up with the
variety of techniques such as use of hybrid electrode materials to cut down the cost
of catalysis set-up. A variety of commonly used carbon support materials include
graphite nanofibers (GNF), carbon black (CB), carbon aerogels and carbon nanotubes
(CNTs) consisting of incorporated Platinum nanoparticles to form a nanocompos-
ite type structures have been well explored. Researchers have been successful in
preparing highly mesoporous, low-defect and functionalized nanocomposites as a
high performance electrocatalysts for DMFC’s [7, 9].

Here, we discuss in-depth about some prominent carbon-materials and their
properties that are nowadays highly used to form nanocomposite electrodes for
electrocatalysis.

2.1 Graphene

Over a decade has been passed in understanding the physiochemical properties of
graphene with view of utilizing them as an essential carbon substrate in electrocatal-
ysis. Graphene has already played an outstanding role in this regard and has been
continuing to do so. It has been utilized in a wide number of ways such as- doped
and undoped graphene supported platinum, graphene with non-precious metals,
graphene-inorganic particle nanocomposites, heteroatom doped graphene catalysts,
dual-doped graphene and graphene/nanostructured carbon composites. Graphene
with its variant derivatives like graphene oxide (GO), graphite oxide and reduced
graphene oxide (rGO) are also used. Graphene are essentially two-dimensional sheet
like structures with hexagonal arrangements of carbon atoms bonded in sp2 configu-
ration. It offers fascinating surface, electronic and mechanical properties which can
be further fine-tuned or manipulated for application in electrocatalysis [10, 11]. Oxi-
dation of graphite leads to the preparation of a solid material “Graphite oxide” which
expands the interlayer spacing and functionalizes the basal planes. Graphite oxide in
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the exfoliated form is known as “Graphene oxide”, a highly soluble material, which
is generally synthesized by dispersing it in an aqueous solvent while rGO results
from the reduction of Graphene oxide.

Scientists have strengthened the deposition of platinum nanoparticles on to
the graphene nanoplatelets [12] or GO [13] by functionalizing them using
poly(diallyldimethylammonium chloride), termed PDDA. It is however well known
that platinum can be affected by surfactants, polymers and small adsorbingmolecules
that can potentially cause contamination over the surface and obstructs the viability of
this approach [14]. Zeng et al. demonstrated this approach to functionalize GO with
a polymer namely quaternary ammonia poly (2, 6-dimethyl-1, 4-phenylene oxide)
which allowed better anchoring of even smaller platinum nanoparticles [15]. Simi-
larly, He et al. used perfluorosulfonic acid functionalized rGO to uniformly disperse
Pt nanoparticles of size approx 1–4 nm [16].

Functionalization has become a well-studied technique but yet has not achieved
complete satisfactory results. Well-known are the effects of dopant introduction into
the graphitic carbon support structures, which may exhibit up to three-fold bene-
ficial influence on the stability and activity of nanoparticle catalysts, if conducted
appropriately [17]. Heteroatom species favorably work by serving as nucleation sites
which aids in deposition of well dispersed and uniformly sized Pt nanoparticles. The
modulation of electronic structure and surface properties of Pt leads to enhanced
ORR activity [18, 19]. Nitrogen [20–22] and Sulphur [23–25] are two extensively
investigated dopants for this purpose in graphene based materials along with phos-
phorus [26], boron [27, 28] and iodine [29]. Many research groups have recently
pursued the concept of dual doping i.e. incorporation of dopant species in combina-
tion with another dopant in graphene-based materials. It was found that dual doping
in carbon structure tailored the properties of the surface in a manner that is favorable
for oxygen reduction reaction kinetics [30–32]. Studies by Wang et al. [33] and Xue
et al. [34] successfully synthesized boron- and nitrogen-doped graphene based struc-
tures desirable for electrocatalysis applications. Graphene doped with dual dopants
like nitrogen and sulphur [30, 35] and phosphorus and nitrogen [36] has also been
investigated.

To minimize the dependency of platinum, Graphene-based non-precious metal
catalysts (NPMC) are also actively under investigation. Till date, complexes of tran-
sition metal-nitrogen-carbon have been reckoned as the most propitious NPMC of
this class. Unfortunately, they sometimes lack adequate stability as compared to
platinum-based materials. Nanostructured metal chalcogenides have emerged as one
major class of NPMC [37]. Among all other NPMC chalcogenides, structures of
Cobalt sulfide have arisen as ORR electrocatalysts showing tremendous activity in
acidic electrolyte, ascribed to their exceptional phase-dependent electronic, catalytic
and magnetic properties [38, 39]. A new cobalt sulfide-graphene-based catalyst syn-
thesized via two-step process of solution-phase reaction at low-temperature followed
by pyrolysis at high temperature was obtained by Wang et al. [39].
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2.2 Carbon Nanotubes (CNTS)

Many groups show the successful synthesis of CNT’s coupled with platinum metal
to form low-defect MWNT_Pt, PtRu/Carbon Nanotube, Platinum/Carbon Nanotube
nanocomposite etc. and exhibited enhanced electrocatalytic activity [7, 40, 41]. Due
to unique structural and optical properties, such as good electronic conductivity,
high external surfaces, high stability and large surface to volume ratio, CNTs are
of particular interest [42, 43]. CNTs alone generally lack high loading efficiency of
nanocrystals as they possess weak binding sites on their surface which becomes diffi-
cult to anchor metal nanoparticles or metal ions with high dispersion. In this regard,
many strategies have been developed to decorate CNTs with platinum nanoparti-
cles. Surface functionalization of carbon nanotubes is one such effective approach
which can be achieved via two major routes. First is to covalently attach chemical
groups such as carbonyl, carboxyl and hydroxyl groups through reactions onto the
π-conjugated skeleton of the CNTs via acid treatment. However, this brings struc-
tural deformity of CNTs altering their mechanical, optical, and electrical properties,
consequently leading to deterioration of electrochemical performance. Due to trans-
formation of carbon atoms from a planar sp2-hybridized geometry to a distorted
sp3-hybridized geometry results in subtle reduction of conductivity with increase
in oxidation which is the major pitfall of this approach [44, 45]. Second route is
absorption through noncovalent π_π stacking [45, 46] which involves coupling of
modified organic compounds like aniline to support platinum nanoparticles onto the
external walls of nanotubes [47–49]. However, excessive use of aromatic organic
compounds should be avoided as they are highly toxic.

Lin et al. investigated the role of CNTs as carbon substrate to form nanocomposite
with metal and bi-metal i.e. Platinum/CNT (Pt/CNT) and Platinum/ruthenium/CNT
(PtRu/CNT) nanocomposites, respectively [40, 41]. They demonstrated supercriti-
cal fluid technique to successfully deposit Pt nanoparticles on surface of CNT which
served as an effective electrocatalysts for low-temperature fuel cells. Decrease in
methanol oxidation overpotential and large surface area of CNT were main factors
attributed for its high catalytic activity. However, bi-metallic PtRu/CNT indicated
even better performance than Pt/CNT nanocomposite. The presence of Ru with
Pt proves beneficial since it lowers the onset potential and accelerates the rate of
methanol oxidation by increasing the ratio of forward anodic peak current to reverse
anodic peak.

2.3 Other Carbon Based and Metallic Nanocomposite
Materials

Other types such as ordered porous carbon [50], carbon tubulemembranes [51], films
of C60 clusters [52], graphite nanofibers [53], and hard carbon spherules [54], have
been used as carbon supports for DMFCs. Of late, carbon aerogels and carbon black



306 S. Singh et al.

have been used in fuel cell applications as catalysts support. Fundamental properties
of carbon aerogels such as high mesoporosity, high conductivity, and large surface
area likely makes them worthy electrocatalyst anchors than carbon blacks. Mass
transportation of fuel is affected by the pore structure in fuel cell electrodes. The
mesoporous structure of carbon aerogel is attributed as one of the vital factors that can
facilitate the mass transportation in the electrode [55]. Anderson et al. demonstrated
the use of carbon-silica composite aerogels to develop highly active electro-catalytic
nanostructured architectureswhich claimed to have improved themethanol oxidation
by 4 times per gram of Pt over Pt-modified carbon powder [56]. Sometimes, in case
of carbon black, catalytic nanoparticles have tendency to weakly get adsorbed on the
carbon which agglomerates over time limiting the device operating lifetime. Ding
et al. carried out an interesting study on Metallic Mesoporous Nanocomposites for
electrocatalysis in which they used atomically thin layer of Pt over nanoporous gold
core [9].

3 Conclusion

New ways related to methodical research in material design & synthesis, mecha-
nism understanding, and device optimization and integration have to be found out to
eliminate or minimize common problems associated with DMFCs such as low cat-
alytic activity of electrodes both for methanol oxidation reaction andORR. Platinum,
alone, due to high cost and toxicity demands a replacement or some coupling materi-
als that can minimize its use in electrocatalysis that can lead to a high-efficiency and
targeted development of electrocatalysis system. Carbon based nanocomposite struc-
tures, due to their unique features, are a great hope which provides ample opportunity
in this direction that can highly dilute the obstacles inhibiting the applications of fuel
cells and turn suggestive approaches into practical accomplishments. The on-going
research is mainly based on trial-and-error approaches that paves the way for opti-
mization of relationship between nanocarbon-based electrocatalysts structure and
its activity. Discoveries like use of metallic and bimetallic catalysts in supercritical
carbon dioxide, doing using single and dual dopants demonstrated the practicality
of processing for fuel cell applications but still needs to bridge the gap by vari-
ous progresses. For example, the various impacts of nitrogen and its behavior on
graphene are not fully studied. Systematic studies to gain understanding on how a
dopant species in graphene can influence the rate of corrosion and how might show
different ORR activities are still lacking. In order to take graphene technology related
to a higher level it is critical to consider the relation of nanostructures with NPMC
catalyst and effects on graphene by changing dopant concentrations.
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Abstract Electrocatalysis stands as a heart for realization of hydrogen gas (H2) as
a source of energy to replace conventional and traditional fossil fuel based energy.
In this chapter, we present a comprehensive overview of the state-of-the-art molyb-
denum disulphide (MoS2) nanostructures for application in electrolytic hydrogen
evolution reaction (HER). MoS2 is a crystalline compound consisting of Mo sand-
wiched between two sulfur atoms and can be identified in four poly-type structures,
namely 1T, 1H, 2H and 3R. Firstly, the reaction accompanied with water splitting
electrolysis, HER mechanisms as well as parameters to monitor HER reactions are
discussed. Furthermore, the chapter describes different types of MoS2 poly-types,
chemical synthetic routes and key approaches to activate inert S-containing basal
plane of MoS2. This led to superior performance of new materials by combining the
advantages of MoS2 components and others. Finally, future integration approaches
which can be used to attainMoS2 with exposed edges and excellent electron transport
channel are also outlined in this chapter.
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1 Introduction

Hydrogen (H2) gas has been considered as a favourable candidate to substitute the
non-sustainable conventional fossil fuels based energy sources, to alleviate the energy
problem and environmental pollution [17, 77, 153]. Among several hydrogen pro-
duction methods, electrochemical water splitting is regarded as an efficient and clean
technology as it offers H2 with high purity and free greenhouse gas emissions [85].
The water splitting electrolysis is an energy driven reaction and consists of two
major reactions, namely; the reduction of hydrogen proton on the cathode known
as hydrogen evolution reaction (HER) and oxidation process on the anode called
oxygen evolution reaction (OER) [1, 51, 127]. In principle, electrocatalysts stand
as a major component to minimize the energy barrier by lowering the overpotential
and increasing the rate of an electrochemical reaction occurring on an electrode sur-
face. In this case, realization and commercialization of HER requires development
of an abundant, stable and active electrocatalyst. Therefore, there is an increase in
the number of studies conducted in electrocatalysis with the great hope of finding a
best suitable electrocatalyst for HER. The advanced and ideal electrocatalyst should
have the following requirements on the fundamental level [80, 90, 135]:

• Low overpotential to achieve current density of 10 mA/cm2,
• High active surfacewhich facilitates adsorption and desorption of hydrogen proton
(H+) and molecular hydrogen (H2) efficiently,

• High electrical and intrinsi conductivity (allows diffusion of electrons),
• Superior chemical stability (able to work properly in different media (acidic,
neutral and alkaline),

• Good electrochemical stability (resist corrosion at long ranges overpotentials),
• Excellent mechanical stability (compatible to work on harsh conditions i.e. high
temperature),

• Long term durability and stability (maintain its catalytic performance for a long
time and cycles).

Furthermore, commercialization also requires cheap electrocatalyst in order to
compete with traditional fossil fuel based energy systems [32]. In this direction,
Platinum group metal (PGM) based electrocatalysts meet various requirements for
HER electrocatalyst as they exhibit low overpotential, high catalytic activity, fast
kinetics and are most stable [50, 73, 92]. However, their costness and scarcity are
the key hindrances for trade applications [70, 146]. For that reason, realization of
large-scale electrochemical generation of hydrogen for large-scale production needs
the development of cheap, containing-earth-abundant elements electrocatalysts with
catalytic performance matching the ones of Pt electrocatalysts [37, 91, 108]. Elec-
trocatalysts based on metal-free materials such as conducting polymers (CPs) and
carbonaceous (graphene, carbon nanotubes and activated carbons) have also been
rarely investigated for HER. CPs such as polypyrrole (Ppy) and polyaniline (PANI)
have shown great environmental stability on ranges of potential windows and they
are inexpensive [74]. Based on this properties, CPs can be used to replace the PGM-
based electrocatalysts as well as corrosion prone earth-abundant such as Fe, Ni, Mo
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Fig. 1 Graph of Gibbs free energy of hydrogen adsorption, �GH, versus the Gibbs free energy of
adsorbed hydrogen on chalcogen, �GHX (X = S or Se) of a Semiconducting single-layered and
bMetallic monolayer transition metal chalcogenide basal planes [114]

and Co. PANI and Ppy have been greatly studied as a catalytic support on abun-
dant metals for HER electrocatalysis [22, 43]. The key purpose for integrating the
metal units into polymer matrices is to scatter the metal nanoparticles as to increase
active site density of these materials resulting in enhanced HER performance [22].
The pristine carbon materials such as graphene oxide, activated carbon and carbon
nanotubes (CNTs) are inert (electrochemically) and they possess low catalytic effi-
ciency for HER [145]. In order to utilize carbon materials, chemical modification or
functionalization on their surface with metal oxides is required to increase anchoring
sites which consequently will increase their electrocatalytic activity [108, 145].

Recently, organometallic complexes havebeenproposed to bepotential substitutes
of Pt-group metals [64]. In order to utilize organometallic complexes as HER elec-
trocatalysts, more efforts and attention need to be place in order to address their low
activity in aqueous solution and instability due to their inherent vulnerability to disin-
tegration [64, 77]. Porous coordination materials, particularly metal organic frame-
works (MOFs) which are built from covalent bond coordination between cationic
metal ions and anionic polydentate organic ligands have been used recently for elec-
trochemical applications such as supercapacitor and gas sensing [13, 25, 76]. Based
on this, MOFs bode well to be used as OER and HER electrocatalyst. Due to MOFs
poor electrical conductivity which is attributed from insulation behaviour of organic
precursor and poor overlap between organic linker π-orbital and metal ion d-orbital,
little consideration has been paid to MOF as HER electrocatalyst [78]. Talin et al.
[105] and Ramohlola et al. [86, 87] reported methods which can be used to address
poor conductivity of MOF and this include: (1) introduction of channel-accessible
functionalities on framework linkers, and (2) physical incorporation of donor (proton)
or carriers into the tunable pores of MOF.

Transition-metal chalcogenides (Fig. 1) such as sulphides, carbides and nitrides
electrocatalysts for HER have been recently focused on due to their outstanding
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electrical conductivity and excellent durability [27, 133, 146, 119]. Molybdenum
disulphide (MoS2) has attracted widespread consideration as an alternative material
to be used as a noble-free electrocatalysts in the HER due to its ease of synthesis, low
cost, high catalytic activity as well as earth-abundance [45, 55, 130, 144].MoS2 has a
hexagonally or vertically layered packed structure (graphite-like structure) consisting
of a single layer of Mo sandwiched between two sulfur atoms in a trigonal prismatic
arrangement held together by weak van der Waals force [5, 140]. From Fig. 1, it
can be seen that both metallic and semiconductor MoS2 (1T and 2H) possess great
HER activity and the Gibbs free energy of adsorbed hydrogen (�GHad) denoted by
�GHX, which is the broadly recognized pointer for the catalytic performance and its
optimum value is 0 eV, for 1T-MoS2 is close to that one of Pt. Till today, countless
efforts have been made to improve the performance ofMoS2 as HER electrocatalysts
as HER activity of MoS2 correlates with the number of catalytically active edge sites
[32, 100]. There are two approaches to improve the performance of MoS2 which
includes revealing active sites and increasing the electrical conduction for enhancing
the electron transfer [89, 144]. Introducing defects has demonstrated to be an active
method to create active sites [136].

In this chapter, the recent developments and advances ofMoS2 heterostructures for
HER applications are summarized. This is achieved by doing comprehensive review
on the insights reaction and their related mechanisms of water electrolysis as well as
overview on parameters to monitor the activity of electrocatalyst. Then, we introduce
the state-of-the-art MoS2 heterostructures with great emphasis on the structure and
synthetic routes. Furthermore, we describe the challenges and approaches faced by
MoS2 are described and highlights on the recent studies which are on addressing
the limitation encountered by MoS2 are outlined. Finally, we summarize and give a
future perspective for realization of MoS2 as electrocatalyst.

2 Hydrogen Evolution Reactions

2.1 Insight of Reactions During Water Electrolysis

In a typical water electrolysis system, H2 and O2 gases are produced at the cathode
and anode through the hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER), respectively, and an external energy is applied to overcome the
energy barrier of the reaction (2.46 eV) [1, 51, 124, 127]. The overall water splitting
electrolysis can be represented by the following Equation (Eq. 1) [14, 111, 132]:

2H2O → 2H2 + O2 Ep = 1.23V (1)

As explained above, the overall process consists of hydrogen, H2 and oxygen,
O2 generation on the cathode and anode, respectively. In different media, the water
splitting processes have different equilibrium half-cell potentials. In acidic medium
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(pH 0–6), the corresponding half-cell reactions are given by Eqs. 2 and 3:

4H+ + 4e− → 2H2 E◦
c = 0.0V (2)

2H2O → O2 + 4H+ + 4e− E◦
a = 1.23V (3)

where, Ec° and Ea° are the cathodic and anodic equilibrium half-cell potentials at
standard conditions (1 atm, 25 °C), respectively. In neutral solution (pH 7), the
corresponding reactions (Eqs. 4 and 5) are:

4H2O + 4e− → 2H2 + 4OH− E◦
c = 0.413V (4)

2H2O → O2 + 4H+ + 4e− E◦
a = 0.817V (5)

In alkaline medium (pH 8–14), the reactions proceed following Eqs. 6 and 7:

4H2O + 4e− → 2H2 + 4OH− E◦
c = −0.826V (6)

2H2O → O2 + 4H+ + 4e− E◦
a = −0.404V (7)

Due to the presence of deprotonated water molecules in both acidic and alkaline
solutions, water splitting is favoured in both solutions as compared to neutral solu-
tions, hence the production of hydrogen in neutral solution is kinetically difficult to
achieve [14].

2.2 Mechanism of Electrochemical HER

Electrochemical HER is an essential redox process that occur at the elec-
trolyte/electrode interface. Most importantly, the nature of the electrolyte (acidic
or alkaline) plays a vital part in the mechanistic progression of the reaction. The
series of elementary steps involved can generate H2 through proton (H+) (acidic) or
H2O (alkaline) reduction.

2.2.1 HER in Acidic Media

In an acidic solution, initial step is the electrochemical discharge (Volmer reaction)
in which hydrogen proton (H+) adsorb onto the electrocatalyst surface as illustrated
in Eq. 8 [94, 132, 152].

H+ + e− → Had b = 2.3RT

αF
≈ 120mV dec−1 (8)
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where b, T, α ≈ 0.5, R and F are the Tafel slope (mV/dec), thermodynamic temper-
ature (K), symmetry coefficient, gas constant (8.31451 J mol−1 K−1) and Faraday’s
number (96,485 C mol−1), respectively.

Progression of the reaction can be preceded by electrochemical desorption (Hey-
rovsky) or catalytic desorption (Tafel). During Volmer-Heyrovsky mechanism, there
is a reaction between Had and a proton from the electrolyte giving off molecular
hydrogen (H2) (Eq. 9).

Had + H+ + e− → H2 b = 2.3RT

(1 + α)F
≈ 40mV dec−1 (9)

In the Volmer-Tafel mechanism, two adsorbed neighbouring protons on the
electrocatalyst surface react together to form molecular H2 (Eq. 10).

Had + Had → H2 b = 2.3RT

2F
≈ 30mV dec−1 (10)

The overall reaction in acidic HER is described in the Eq. 11 below:

2H+ + 2e− → H2 (11)

The two elementary processes, adsorption (Volmer) and desorption (Heyrovsky
or Tafel) on electrocatalyst surface are competitive, thus an electrocatalyst for HER
must have a proper balance between the two successive processes. An catalyst with
weak hydrogen bonding cannot absorb the hydrogen proton efficiently which needed
to start HER process and an electrocatalyst with strong hydrogen bonding strength
would have a difficulty in desorbing molecular hydrogen upon completion of HER
[77].

2.2.2 HER in Basic Media

Unlike in acidic media, the HER proceeds in a different way in alkaline medium and
the three elementary steps can be described by Eqs. 12–14 as follows [109, 120].
Due to the insufficient of H+ in the electrolyte, in alkaline media, HER starts from
H2O molecules dissociation in order to deliver hydrogen proton, which will adsorb
in the electocatalyst surface (Eq. 12) and combine with adsorbed hydrogen proton
to give molecular hydrogen (Eq. 13) [97, 132].

H2O + e− → OH− + Had Volmer reaction (12)

Had + H2O + e− → OH− + H2 Heyrovsky reaction (13)

Had + Had → H2 Tafel reaction (14)
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The overall reaction process is represented in Eq. 15 below, and theE° is−0.826V
versus standard hydrogen electrode (SHE).

2H2O + 2e− → 2OH− + H2 (15)

The catalytic efficiency of most electrocatalyst for HER in an alkaline media is
much weaker than that in an acidic electrolyte [137]. This is mainly attributed to
the low efficiency of water dissociation on the surface, resulting in sluggish kinetics
and high overpotential of HER [120, 138]. This implies that generation of hydrogen
molecule in basic media requires high energy consumptions.

2.3 Key Parameters to Evaluate HER Performances

Catalystmaterial or electrocatalyst forHER is the supreme significant element for the
upright performance of the reaction. Several factors particularly electrolyte nature,
can influence the activity of the electrocatalyst during HER. In order to study HER
performance of an electrocatalysts, parameters which include overpotential, onset
potential, Tafel analysis, impedance, stability and durability need to be evaluated in
different media.

2.3.1 Overpotential and Onset Potential

Considering the overall reversible HER reaction in acidic medium given by Eq. 16,

2H+ + 2e− ↔ H2 (16)

the interconversion of H+ to molecular hydrogen is difficult to attain as the forward
reduction reaction is associated with the SHE. The amount of electron supplied by
SHE are insufficient for the reaction to proceed, thus external potential is required to
accelerate the reaction [69]. The potentials needed to activate the intrinsic barrier of
the reactions are known as onset potential and overpotential (η). Onset potential is
the potential in which the current start to rise, thus the reaction start to take place and
Overpotential is defined as the potential required to drive the HER reaction [3, 6].

2.3.2 Tafel Analysis

Tafel analysis is generally used to elucidate the mechanisms of electrocatalysis,
intrinsic properties of the electrocatalyst as well as the electrocatalytic efficiency of
the HER reaction [63, 58]. Most specifically, Tafel analysis gives the above infor-
mation by deducing the two most important parameters, thus Tafel slope (b) and
exchange current density (io) [79]. In order to determine these Tafel parameters, the
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linear sweep voltammograms (LSV) is transformed into a plot of ï versus log j from
the Tafel relation (Eq. 17) [104]:

η = a + b log j (17)

where, ï is the overpotential, a denotes the Tafel constant, b defines the Tafel slope
and j denotes the current density.

Tafel slope (b) is a significant property of the electocatalyst gives information
about the rate-determining step (slowest step during electrochemical reaction) of the
HER. In principle, the kineticmodel forHERsuggest thatVolmer,Heyrovsky orTafel
stepmust have values near 120, 40 or 30mVdec−1, respectively in order to be regards
as the rate-determining step [5, 61, 78]. Additionally, to further assess the inherent
activity of the electrocatalysts, the exchange current density (jo) is determined by
extrapolation of the Tafel plots to j/log(j) axis when η is zero [79, 152]. The large
exchange current density obtained during HER studies specifies the large surface
area, and faster electron transfer process [152].

2.3.3 Turnover Frequency

Turnover frequency (TOF) of an electrocatalyst for HER is defined as the mass of
hydrogen produced per active site at a given time and it is measured in H2/s. TOF
can be calculated from the current density, j by using the relation given in Eq. 18
[36, 74]:

T OF = jM

zFm
(18)

where M represents mass percentage, m defines the mass per square centimeter, F
is the Faradays constant and z is the stoichiometric number of electron which is 2 in
HER. The higher the TOF value shows that the electrocatalyst has increased number
of active sites and produce more hydrogen gas at a given time and this tells that an
electrocatalyst possess high intrinsic properties [126].

2.3.4 Impedance

Electrochemical impedance spectroscopy (EIS) can be used to study the interfacial
reactions occurring and to reveal the kinetics during HER. It does this by giving
information about the size of the electric resistance which can tell on how energy is
consumed during the process [24]. In order to deduce the two, the charge transfer
resistance, Rct is determined and related to the electrochemical processes on the
electrode/electrocatalyst surface. The Rct value obtained corresponds with how fast
the HER process is and ideally it must be as low as possible as it shows that the
electron transport ability is enhanced and this lead to excellent HER activity [126].
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2.3.5 Stability and Durability

Stability and durability are themost significantmeasurements to probe the electrocat-
alyst performance for commercialization process. By evaluating the two parameters,
the ability of the electrocatalyst to maintain its original activity over a long range
of time (stability) or cycling (durability) can be determined [40]. The nature of the
electrolyte (acidic or basic) can severely affect the electrochemical stability and
durability of an electrocatalyst as most are very stable in basic medium but their
performance suffers in acidic medium [103]. In addition, the component of working
electrode (glass carbon, carbon cloth, ITO and Au) plays a serious role on the stabil-
ity, and electrochemical synthesis of electrocatalyst on working electrode surface are
more stable compared to the electrodeposited and pasted one [103]. To evaluate the
durability of an electrocatalyst in different media, long-term potential cycling and
current-time responses at fixed potentials over lengthy periods were performed. It is
distinguished that after continuous cyclic voltammograms at an accelerated scanning
rate for numerous cycles, the polarization curves practically overlays with the initial
one, with insignificant cathodic current loss. Long-term stability can be measured
by chronopotentiometry (CP) or chronoamperometry (CA), keeping for a period of
time with a particular current density and applied potential.

3 Molybdenum Disulphide (MoS2)

Transition-metal chalcogenides (TMDCs) are compounds which are produced by
sandwiching a d-block metal between a two chalcogen atoms [55, 95]. They have a
common structure of MX2, where M is the d-block metal such as Zr, Ti, W, and Mo
and X is the chalcogen (S, Se and Te) [55]. Bulk TMDCs have a multilayers which
are held together by weak van der Waals interactions, thus they can be broken easily
to monolayers or heterostructures [106]. Owing to their tremendous properties and
features, TMDCs have attracted great attention in applications such as semiconduc-
tors, photocatalysis, transistors and lubricants [26]. Among TMDCs, molybdenum
disulphide (MoS2) have been a theme of significant research for applications such
as catalytic hydrodesulfurization, lithium batteries, and wear resistance [28].

3.1 Structure of MoS2

The basic crystal structural unit of MoS2 consists of a layer of the Mo metal sur-
rounded by a layer of S chalcogen (Fig. 2). The interlayer spacing in bulkMoS2 allows
intercalation process in which guest molecules can be introduced [107]. Since Mo is
a Group 6 transition metal, it can form six coordination with S atoms to either form
trigonal prismatic or octahedral environment aroundMo [2, 46]. As explained, MoS2
form a layered structure (vertically or hexagonally) of S-Mo-S covalently bonded
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Fig. 2 a 3D structures of MoS2 showing Mo sandwiched between two sulfur atoms (S-Mo-S) and
the thickness of MoS2 layers (6.5 Å). b Top and side view of MoS2 describing the four adsorption
sites, i.e. (1) Hollow site, (2) S atom, (3) Mo-S bridge and (4) Mo atom [35]

(Mo sandwiched between S atoms), and the layers are joined together via weak
van der Waals forces. The length of metal-chalcogen (Mo-S) bond is 2.42 Å and a
monolayer with width of 3.18 Å [30, 140, 145]. MoS2 monolayer has a band gap of
around 1.8 eV (direct) as compared to 1.23 eV (indirect) for bulk MoS2 [46, 140,
148]. MoS2 has four most common structures namely, 1H, 1T, 2H and 3R (Fig. 3)
and this different structure lead to MoS2 with different properties [35].

1H- and 1T-MoS2 are the two existing MoS2 monolayer. In 1H-MoS2, the Mo
metal is coordinated by six S atoms in trigonal prismatic arrangement and has the
space group ofP6/mmc [35]. 1T-MoS2 is a non-naturally occurringmetastablemetal-
lic form of MoS2. It can be obtained by exfoliating bulk 2H-MoS2 at high temper-
atures. The first structure of 1T-MoS2 was reported by Wyphch and Schöllhorn in
1992 [129]. They found that the single crystal of 1T-MoS2 has a distorted layer

Fig. 3 Schematic illustration of different structures ofMoS2 poly-types. 1H and 1H are the existing
monolayers and 2H and 3R are the polymorphs [35]
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Fig. 4 Schematic showing the top and side view of MoS2 polymorphs in different layers with their
respective stacking orders [46]

with octahedral type structure. In Addition, the intercalated phases are monoclinic
with one MoS2 layer per unit cell with high crystallinity. The octahedral arranged
1T-MoS2 has a space group of p3m1 and the two S layers has AB packing mode
[83, 107].

Bulk MoS2 has two polymorphs, 2H-MoS2 and 3R-MoS2 with trigonal prismatic
structure [83]. Hexagonally structured 2H-MoS2 has two S-Mo-S units with space
group P63/mmc and ABABAB stacking order, while 3R- MoS2 has a rhombohedra
structure (three S-Mo-S units) in space group R3m and ABCABC stacking order [46,
83, 107]. Stacking orders of both polymorphs are shown in Fig. 4. The 3R-MoS2
structure is metastable, and will transform to 2H-MoS2 upon annealing at 873 K for
around 3 weeks.

3.2 Chemical Synthesis of MoS2

Several approaches have been investigated to synthesis different kind of MoS2 het-
erostructures. Synthetic route for MoS2 can be categorized in two: physical method
and chemicalmethod. Physicalmethods involve high-energy techniques such as laser
ablation, arc discharge and sputtering technique and gives MoS2 structures which
tend to aggregate. Chemical routes they involve methods which are cost effective and
simple to operate such as hydro-/solvothermal, chemical vapour deposition (CVD)
and sonochemical methods. In this section, we closely look at the chemical methods
which were recently used for synthesis of MoS2 structures.
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3.2.1 Chemical Vapour Deposition

CVD is one of the most synthetic approach which is widely used to synthesis MoS2
due to its advantages such as its simplicity, uniformity, low cost, and scalability, in
comparison with the other chemical synthetic methods for MoS2 [8, 31]. It involves
gaseous constituents reacting in the vapour stage or on the substrate surface, forming
solid products deposited directly on the substrates (Fig. 5) [39, 96]. The structural

Fig. 5 Synthetic mechanism of MoS2 synthesis usingMoO3 and molybdenum source and metallic
sulfur as sulfur-precursor obtained via CVD [39]
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morphology, number of MoS2 layers, their size, and orientation, and dopants or
defects introduction can be controlled efficiently by playing with the synthetic con-
ditions/parameters such as temperature, pressure, flow rate, source–substrate distance
and relative amounts of source materials. The CVD process its understood to follow
three major steps, which are: (a) the MoO3 reactant and gas-phase sulfur precursors
such as H2S and S8 are vaporized and interacts in the CVD chambers, leading to
formation of molybdenum oxysulfide (Mo-oxysulfide) intermediates; (b) this is fol-
lowed by converting the Mo-oxysulfide intermediates into MoS2 entities; and (c) the
produced MoS2 entities are deposited onto substrates and merged into MoS2 layers
[38]. Typical reactions for CVD synthesis are shown in Eqs. 19–21 below.

MoO3 + 2H2S + H2 → MoS2 + 3H2O (19)

MoO3 + 24H2S → 8MoS2 + 24H2O + S8 (20)

16MoO3 + 7S8 → 16MoS2 + 24SO2 (21)

From Eqs. 22 and 23 above, it can be deduced that during MoS2 formation, by-
products such SO2 and S8 are given off which can lead to environmental challenges
such as global warming. In effort to reduce SO2 and S8 emission, Zhao et al. [151]
reported the vapour transport behaviour of MoS2 monolayer using MoS2 powder as
the precursor and H2O as the transport agent. They suggested that the reaction occur
via this pathways (Eqs. 22–24) and it can be deduced that the reaction gives H2O
(Eq. 24) as a by-product unlike S8 and SO2 (Eqs. 20 and 21):

MoS2 + 4H2O → MoO2 + H2S + SO2 + 3H2 (22)

2H2S + SO2 → 3S + 2H2O (23)

MoO2 + 2S + 2H2 → MoS2 + 2H2O (24)

3.2.2 Solvothermal/Hydrothermal Synthesis

Solvothermal or hydrothermal route is one of the mostly used synthetic methods for
preparation of nanomaterials with different morphologies and sizes. Hydrothermal
method is defined as a chemical reaction in an aqueous medium above water boiling
point and solvothermal as a reaction in a nonaqueous medium at relatively high
temperatures. As compared to other synthetic routes, this method is very cheap,
simple and fewer precursors are required [67, 118]. In addition, growth control,
size of the particle as well as morphology can be controlled simultaneously in this
process. During hydro-/solvothermal synthesis of MoS2, molybdenum source such
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as ammonium molybdate is used to react with sulfur precursors such as thiourea,
potassium thiosulphate and thioacetimide in a Teflon autoclave at higher temperature
and pressure for several hours (depending on the morphology and particle size of
MoS2 required). And because of high pressure and temperature, MoS2 obtained
is of high crystallinity and purity. For example, Choi et al. [16] and Wang et al.
[119] studied the pressure and temperature effects during hydrothermal synthesis of
MoS2, respectively. From the X-ray diffraction (XRD) studies (Fig. 6a, b), it was
deduced that an increase in pressure and temperature enhances the peaks and thus,
the two parameters, pressure and temperature play a vital part in determining both
crystallinity and purity of MoS2.

In another study, Chaudhary et al. [12] reported theMoS2 nanosheetswith hexago-
nal rhombohedra structures prepared via hydrothermal route. Figure 7 presented the
XRD, Ultraviolet-visible (UV-vis), Fourier transform infrared (FTIR) and Raman
specta of their synthesized nanosheets. XRD showed that the MoS2 nanosheets were
crystalline with lattice constants a = b = 3.16 Å and c = 12.29 Å which corre-
spond to ones reported theoretically. The UV-vis showed the optical band gap of
2.01 and 1.87 eV corresponding to two absorption peaks at 614 and 663 nm which
were due to direct excitonic transition at the K-points of brillouin zone. FTIR and
Raman confirmed the Mo-S (478 and 594 cm−1), S-S (927 cm−1) and Mo-O (1181
and 1695 cm−1) on the synthesized MoS2.

Recently, a facile hydrothermal synthesis assisted with surfactant was used to
enhance the morphologies of MoS2 [72, 123, 146]. Zhang et al. [148] prepared
hierarchical 3D-MoS2 nanospheres using hexadecyltrimethylammonium bromide
(CTAB) as a surfactant. From scanning electron microscopy (SEM) images (Fig. 8),
it can be seen that the increase in CTAB concentration results in MoS2 nanospheres
with different morphologies.

Fig. 6 XRD patterns of the MoS2 prepared at different initial pressures: a 5–40 bar (a–d) and
300–400 °C (d–f) and various temperatures ranging between 160 and 240 °C [16, 119]



State-of-the-Art Advances and Perspectives for Electrocatalysis 325

Fig. 7 a XRD pattern, b UV–vis, c FTIR, and d Raman Spectra of MoS2 nanosheets [12]

3.2.3 Sonochemical Method

Sonochemical synthesis is a type of synthetic method in which molecules undergo
chemical reaction due to ultrasound radiation (20 kHz–10 MHz). Sonochemical
method have advantages such as faster reaction time, enhanced product yields and
simplified experimental conditions as compared to conventional routes [155]. Dis-
covery of sonochemical synthesis of MoS2 was first reported by Mdleleni and
co-workers in 1998 [75]. They prepared it by using molybdenum hexacarbonyl
(Mo(CO)6) and sulfur in isodurene (1,2,3,5-tetramethylbenzene) under 20 kHz
ultrasound radiation in an Ar environment. The synthesized MoS2 was found to
have high surface area (50 m2/g) as compared to conventional MoS2 (32 m2/g).
Observed increase in surface area is attributed from the dispersion of metal parti-
cles on MoS2 surface. Zuo et al. [156] reported MoS2/Pd composite synthesized
from facile sonochemical method (Fig. 9). The ultrasonic exfoliation of bulk MoS2
yields MoS2 nanosheets with high surface area which is essential for dispersion of
Pd nanoparticles.
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Fig. 8 Morphologies (a–d) of the prepared obtained from the facile hydrothermal route in the
present of different amounts (0–0.5 g) of CTAB [148]

Fig. 9 Schematic design of the progress of fabrication process of sonochemical doping of Pd on
MoS2 to form MoS2/Pd composite [157]

4 MoS2 as HER Electrocatalyst

The first report for application of bulk MoS2 as HER electrocatalyst was reported by
Tributsch and Bennett in 1977 [112]. However, the bulk MoS2 have a large band gap
which results in sluggish HER kinetics [19]. In addition, one of the major limitation
of MoS2 is the number of active site present [41, 93, 99]. The S edges on MoS2 are
chemically and electrochemically inert, thus only Mo edges are the ones responsible
to drive HER process [113, 134]. In this regards, usage of MoS2 as electrocatalyst is
hampered by the above mentioned problems. To overcome the above mentioned lim-
itations, great determinations have MoS2 with enhanced catalytic efficiency. Three
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main approaches of improving the efficiency of MoS2 includes: (1) optimizing the
MoS2 structure or preparing MoS2 with different morphologies, (2) increasing the
active sites density, and (3) improving the conductive properties of MoS2 [19, 119,
139, 142]. This approaches can be achieved by activating the basal plane of MoS2
to activate the inert S-edges, doping with other elements and forming MoS2 hybrid
structures with other compounds.

4.1 Activating Basal Plane of MoS2

Bulk MoS2 is crystalline in nature and have been the major revelation of HER appli-
cation. Nanostructured MoS2 can lead to different HER activities. This has been
shown by several studies on fine tuning the MoS2 structures into different nanostruc-
tures such as nanorods, nanodots, nanosheets and quantum dots). In addition, it was
reported by Cao et al. [9] that MoSx with amorphous structure offers extra active
sites and enhance the conduction activities which plays a significant role towards
HER activities. Benck et al. [4] presented a wet chemical synthesis for preparing
amorphous MoS2 and investigated change in morphology, composition and activity
during HER performance. The amorphous wet-synthesized MoS2 showed improved
HER activity as compared to several reported molybdenum based catalysts (Fig. 10).
The enhanced activity can be qualified to the rough nanostructured morphology of
MoS2 resulted from partial reduction of sulfur during catalysis. Additionally, the
composition of Mo which is 22 and 78% of S played an important role since the wet
synthesized MoS2 resembled the structure of highly active molybdenum trisulfide
(MoS3).

Fig. 10 a Linear sweep voltammogram (LSV) curves showing electrocatalytic performance of
we-synthesized MoS2 and b Tafel plot displaying wet-chemical-synthesized MoS2 catalyst with
other reported molybdenum based catalysts [4]
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Fig. 11 DFT atomic models of a 2H-1T phase and b four different kinds of 2H-2H domain
boundaries [154]

The other strategy of enhancing HER activity of MoS2 was reported by Zhu
et al. [154]. This can be achieved by generating domain boundaries in the MoS2
inactive/inert basal plane. There are two types of boundaries that can be formed on
the basal plane of MoS2, 2H-1T phase and 2H-2H domain boundaries (Fig. 11).
From the theoretical study, Density Functional Studies (DFT), �GHads of the 2H-2H
domain boundary was found to be much small to the one of pristine MoS2. And for
the 2H-1T phase boundary, the �GHads was found to be near to the one of highly
active Pt (111) surface and 2H-MoS2. From this observation, it was deduced that
phase boundaries can help in enhancing the HER activity of MoS2. This is because
the boundaries bring ultrahigh-density active sites, while maintaining the stability of
MoS2. The experimental HER results achieved enhanced HER performance with j0
of 5.7 × 10−2 mA/cm2, a b of 73 mV/dec, and a extraordinary enduring operation
stability for 200 h.

Another route of improving the HER activity of MoS2 is via desulfurization
process which create the S-vacancies on the basal plane. It was reported by Li et al.
[54] that creating and increasing S-vacancies number on the inactive MoS2 basal
plane stabilizes hydrogen atom adsorption and this lead to �GHads to be closer to
zero.Tsai et al. [115] demonstrated that desulfurizationprocess lead tomorphological
change as compared to pristine MoS2 (Fig. 12a). In addition, they demonstrated
that desulfurization decreases the Tafel slope and increases the current density 12
times, hence faster HER kinetics (Fig. 12b, c). This is attributed to more active
sites generated after activating the basal plane of MoS2. And duration and voltage
of desulfurization (Fig. 12d, e) greatly affects the HER activity as the temper with
the stability of the MoS2. However, from the results, it was obtained that that S-
vacancies stabilizes the MoS2 structure further and improves the long term stability
of the catalyst.
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Fig. 12 a SEM micrographs, b LSV in 0.5 M H2SO4 and c Tafel plot of P-MoS2 and V-MoS2.
d and e Shows effects of desulfurization duration and voltage on electrocatalytic performance of
V-MoS2 [115]

Lukowski and co-workers [66] examined intercalating effect on metallic MoS2
nanosheets. They observed that the simple chemical exfoliation process enhances
the HER performances. Intercalation with lithium for 48 h at 60 °C showed much
enhanced electrocatalytic activity with exchange current density of 200 mA/cm2 at
overpotential of −400 mV as compared to Pt (Fig. 13a, b). Tafel analyses (Fig. 13c)
showed that lithium intercalation decrease the Tafel slopes. The as-grown MoS2
showed a slope of 117 mV/dec which suggest that Volmer step was the rate deter-
mining step while intercalated MoS2 showed that the Heyrovsky step was the rate
limiting step [43 mV/dec (iR corrected)]. The EIS results (Fig. 13d) revealed the
faster kinetics after the charge resistance decreased from 232 � for as-grown MoS2
to 4 � for exfoliated MoS2. Cycle/scan dependent studies (Fig. 13e, f) showed a
slight loss of HER activity, however the activity was still great as compared to the
as-grownMoS2. In another study, Voiry et al. [116] intercalated theMoS2 nanosheets
with lithium borohydride. This electrochemical oxidizing activates the S-edge basal
plane and this increase the charge transfer process rate. Metallic 1T-, 2H-MoS2 and
Pt were used to compare with the edge oxidized MoS2. From Fig. 14a, b, it can
be deduced that the edge oxidized 1T- and 2H-MoS2 showed enhanced activities as
compared to their counterparts.

Another approach to activate the inertMoS2 basal plane is to create defects (cracks
or hole) on themonolayer ofMoS2 [15, 82, 128]. The twomostly commonapproaches
to achieve MoS2 monolayer with defects are oxygen plasma exposure and H2 treat-
ment at high temperatures [15]. Ye et al. [136] clearly showed formation after oxygen
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Fig. 13 a, b LSV polarization curves, c Tafel plot and d EIS results of lithium intercatalatedMoS2.
LSV (e) and EIS f obtained after intercalating at 1000 scans [66]

plasma exposure and H2 treatment. The SEM images are presented in Fig. 15a–
d showed that after exposing MoS2 monolayer with oxygen plasma, cracks started
developing on theMoS2 surface and cracks increasedwith oxygen exposure duration.
Interestingly, after 20 s exposure, interconnected networks of cracks were observed
which can enhance the HER activities. The Linear Sweep Voltammogram (LSV) in
Fig. 15g showed that the 20 s plasma exposure resulted in small onset potential. In
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Fig. 14 HER activities of edge oxidized MoS2 (Edge ox-2H and 1T-MoS2) comparing them with
un-oxidized counter metallic (1T) and semiconductor (2H) MoS2 and commercial Pt. a LSV shows
that activity of Edge ex. 1TMoS2 has similar activity to its counterpart and low Tafel slope bwhich
is close to that one of Pt [116]

addition, the Tafel slopes (Fig. 15h) decreased significantly from 342 mV/dec for
MoS2 monolayer to 162 and 171 mV/dec for 10 s- and 20 s-MoS2 plasma exposed,
respectively. H2 treatment of MoS2 resulted in formation of triangular holes on the
basal plane of MoS2 and this can be clearly observed in SEM images shown in
Fig. 16a–c after H2 treatment from 400 to 600 °C. The holes increased with increase
in temperature until total decomposition was observed at 700 °C (Fig. 16d). From
the LSV studies presented in Fig. 16f, it was deduced that 500 °C is the optimum
H2 annealing temperature since it gave onset potential of 300 mV which is smaller

Fig. 15 a–d Illustrations andmorphologies ofMoS2 after 0–30 s oxygen plasma exposure showing
interconnected cracks. e and f are the STEM micrographs at 120o showing that oxygen plasma
exposure is the correct approach to create cracks on the inert MoS2 basal plane. g and h are the
LSV and Tafel plots of MoS2 exposed with oxygen plasma, respectively [136]
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Fig. 16 SEM images (a–c) showing formation of triangular holes on MoS2 basal plane and
d decomposition ofMoS2 after H2 treatment. STEMmicrographs (e and f) showsMoS2 monolayer
and bilayer. g LSV, and h Tafel plots before and after H2 treatment are shown. It can be deduced
in the HER activities that the performance of MoS2 was significantly improved after H2 treatments
[136]

as compared to annealing at 400 °C (470 mV) and 600 °C (450 mV). The corre-
sponding Tafel slopes were 324, 129, 117 and 147 mV/dec for no H2 treated MoS2,
400 °C- 600 °C- and 500 °C-treated MoS2 as depicted in Fig. 16g. The Tafel slopes
of H2 treated MoS2 are much lower than that of pristine MoS2, which is an evident
that formation of triangular holes on MoS2 plays an important part in understanding
HER mechanism as well as rate-determing step during HER studies. STEM images
(Figs. 15 and 16e, f) showed that both Oxygen plasma exposure and H2 treatment
are the best approaches to generate defects on the basal plane of MoS2.

4.2 Heteroatom Doping on MoS2 Structure

Although activating the basal plane of MoS2 has been identified as a suitable way of
increasing HER performance of MoS2, the process of activating the basal plane still
suffers fromdifferent setbacks. For example, formation of S-vacancies cause electron
deficiency at the reaction interface resulting in limiting the charge transfer which is
essential forHERcatalyzation [68]. In addition, the basal S-edges activated still suffer
from less favourable �GHads despite increasing the active site density. Furthermore,
cycle or scan dependent studies by Lukowski et al. [66] showed activity loss resulted
from loss of stability during desulfurization process. Moreover, plasma exposure
and H2 annealing are effective for flat surfaced MoS2, thus it limits their practical
application or large scale synthesis [115]. In this regard, more efforts must be place
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in find other route to increase the performance of MoS2 such as heteroatom doping
which can be utilized to tailor the conductive properties of MoS2. This can lead into
more active site and increase the electron transport properties of MoS2 monolayer
[33, 63]. Metal (Co, Ni, Fe, and Cu) and non-metal (N, P, O, Se, and Cl) have
been reported to modify electronic properties and improve intrinsic conductivities by
replacing eitherMo or S [53, 92]. Table 1 summarizes recent developments in doping
metals and non-metal onMoS2 in comparisonwithMoS2 of different nanostructures.

Li et al. [53] reported the nitrogen dopedMoS2 (N-dopedMoS2) synthesized from
hydrothermal method. SEM images (Fig. 17a) revealed that the N-dopedMoS2 com-
prises of graphene-sheet-like nanostructures which are more dispersed and homoge-
neous as compared to pristine MoS2. The graphene sheet like morphologies can be
clearly seen on the TEM images (Fig. 17b, c) and the HRTEM showed that N-doped
MoS2 have the lattice fringes with an inter-planar distance of 0.61 nm (002) and
0.27 nm (100). Elemental mapping revealed the presence of N atoms as well as other
elements (Fig. 17d) present in the N-doped MoS2. The HER activity in Fig. 17e
of N-doped MoS2 showed improved HER activity (20-fold) as compared to pure
MoS2. The cathodic current of 10 mA/cm2 was achieved at 168 mV as compared
to 395 mV of pure MoS2. This is due to balance of dispersity and N amount in the
MoS2 structure as shown in SEM, TEM and EDS results in Fig. 17a–d. In addition,
the N-doped MoS2 gave lower Tafel slope of 40.5 mV/dec lesser than 101.7 mV/dec
of pure MoS2 (Fig. 17f). The EIS was used to provide information about the kinetics
of HER. N-doped MoS2 showed faster HER kinetics as the obtained charge transfer
resistance was 58.4–295.5 � of pristine MoS2 as depicted in Fig. 17g. The improve-
ment in HER performance can be further explained by the electrochemical surface
area (ECSA). The ECSA results showed in Fig. 17h of N-doped MoS2 increased
to 14.3 mF/cm2 in relation to the one of pure MoS2 (2.92 mF/cm2) which shows
that more active sites were generated. Furthermore, N-doped MoS2 showed superior
stability and good durability in acidic mead at 200 mV for 50 h and 5000 cycles,
respectively.

Zhang et al. [146] assumed that since N-doped MoS2 shows excellent HER activ-
ities, more active sites can be generated by doping N on the surface of much smaller
MoS2 quantum dots (QDs). The N-doped MoS2 QDs were synthesized using sin-
tering/etching/exfoliation method (Fig. 18a) which generate high concentration of
N in QDs as compared to the one on MoS2 nanosheets. The N-doped MoS2 QDs
showed excellent HER activities with onset potential, overpotential and Tafel slope
of 82 mV, 165 mV at 10 mA/cm2 and 51.2 mV/dec, respectively (Fig. 18b, c). This is
supported by a high double-layer capacitance (Cdl) of 71.5 mF/cm2 (N-doped MoS2
QDs) to 42.6 mF/cm2 (N-doped MoS2) (Fig. 18d).The EIS in Fig. 18e of N-doped
MoS2 QDs revealed much smaller charge transfer resistance which reflect on the
high conductivity and fast electron transfer process. Furthermore, it was shown that
the N-doped MoS2 QDs possessed great stability and durability.



334 K. E. Ramohlola et al.

Table 1 MoS2 doped with metal and non-metals for HER

Catalyst Dopant Electrolyte η*
mV

b
mV/dec

Cdl
mF/cm2

Rct � References

MoS2
nanosheets

– 0.5 M
H2SO4

395 101.7 2.92 296 Li et al.
[53]

MoS2
nanosheets

N 0.5 M
H2SO4

168 40.5 14.3 58.8 Li et al.
[53]

MoS2 QDs N 0.5 M
H2SO4

165 51.2 71.5 34.2 Zhang
et al. [146]

1T-MoS2 Pd 0.5 M
H2SO4

78 80.0 – 1.50 Luo et al.
[68]

MoS2 nanorods N 1.0 M
KOH

148 70.0 20.1 – Sun et al.
[102]

MoS2 nanorods Mn 1.0 M
KOH

107 62.0 25.0 – Sun et al.
[102]

MoS2 nanorods N, Mn 1.0 M
KOH

66 50.0 30.2 – Sun et al.
[102]

MoS2
nanoflowers

Fe 0.5 M
H2SO4

136 82.0 – – Zhao et al.
[150]

MoS2/rGO Co 0.5 M
H2SO4

187 50.0 10.4 14.3 Dai et al.
[21]

MoS2/rGO Mn 0.5 M
H2SO4

– 76.0 17.4 1.50 Wu et al.
[126]

MoS2/CC Se 0.5 M
H2SO4

127 63.0 – 143 Pu et al.
[84]

MoS2 P 0.5 M
H2SO4

39 39.0 5.58 – Wang
et al. [122]

MoS2/NG Co 0.5 M
H2SO4

59 59.0 – 575 Ma et al.
[71]

MoS2@graphene Al 0.5 M
H2SO4

212 41.0 – 13.0 Su et al.
[98]

MoS2
nanosheets

Co 0.5 M
H2SO4

40 64.7 – 0.990 Xiong
et al. [131]

MoS2
nanosheets

Co 1.0 M
KOH

60 50.3 – 1.02 Xiong
et al. [131]

MoS2
nanosheets

Zn 0.5 M
H2SO4

194 73.0 2.07 27.0 Wu et al.
[128]

MoS2/CNFs Au 0.5 M
H2SO4

92 126 14.4 10.0 Wen et al.
[125]

MoS2/rGO Cu 0.5 M
H2SO4

250 90 15.0 – Li et al.
[56]

η* overpotential needed to achieve 10 mA/cm2
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Fig. 17 a SEM, b TEM, c HRTEM and d elemental mapping of N-doped MoS2. e LSV curves
of various catalyst as indicated and corresponding Tafel plots (f); g EIS and h linear capacitive
currents MoS2 and N-doped MoS2 [53]
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Fig. 18 a Schematic illustration of sintering/etching/exfoliation method for preparation of MoS2
QDs. b LSV polarization curves of MoS2 catalysts compared with 40% Pt/C in acidic medium.
c Tafel plot, d Linear fitting capacitance currents vs scan rate, and e charge resistance derivation plot
showed decrease in Tafel slope, increase in number of active sites and fast HER kinetics N-doped
MoS2 QDs in relation with N-doped MoS2 and pure MoS2 [146]
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4.3 MoS2 Hybrid Nanostructures for HER

Combining MoS2 with secondary compounds, hybrid nanostructures, can address
both drawbacks, limited active sites and poor conductivity MoS2 suffers. The sec-
ondary compounds exposes the edges ofMoS2 and create an electron transport chan-
nel [30]. Materials such as TiO2, CoS2, CuS, carbon based (graphene, activated
carbon, carbon nanofibers, and carbon nanotubes (CNTs)), porous based (zeolites,
MOFs and conducting polymers have been studied for enhancement ofHERactivities
of MoS2 [54, 81, 104, 121, 143, 149] and are summarized in Table 2. In this review,
we will briefly look at MoS2 with carbon based, MOFs and conducting polymers.

4.3.1 Carbon Based Materials

Li et al. [48] recently developedMoS2 confined graphene particles (MoS2@G) using
hydrothermal synthesis and the synthesis procedure is shown in Fig. 19a. Interest-
ingly, it can be seen that there is a chelating interaction between [Mo7O24]6− and
GO. The electrolytic studies revealed that MoS2@G exhibited excellent HER activ-
ities with onset potential, overpotential, and Tafel slope of 32 mV, 132 to achieve
10 mA/cm2 and 45 mV/dec, respectively. In order to understand the role played by
GOduring enhancement ofHERperformances, they proposed a schemewhich shows
the channel created by GO to facilitate electron transport process. It can be deduced
that MoS2 is fully dispersed on the surface of GO without any form of agglomera-
tion which exposes the edges of MoS2 in order to attain more active sites and this is
deduced on the Cdl which increased from 26.33 mF/cm2 (MoS2/G) to 32.73 mF/cm2

for MoS2@G.. The electron diffusion model is presented in Fig. 20a. The electrons
diffuse on the layer of GO and then channelled to the edges of MoS2. The Nyquist
plot (Fig. 20b) supported the electron transport process and this process occurs very
fast as the Rct was lowered to 3.8 � (MoS2@G) from 10.1 � (MoS2/G). More-
over, Wu et al. [126] demonstrated the enhancement of HER activities by forming a
hybrid between MoS2 and reduced GO (rGO) and further dope with Mn. The elec-
trochemical performance of MoS2/rGO showed a Tafel slope of 105 mV/dec smaller
compared to pure MoS2 (135 mV/dec). This smaller Tafel slope resembles faster
HER rate with increase potential. The slope was further reduced upon doping with
Mn. To better understand the effect of both Mn and rGO, the TOF was determined
and fount to be 0.029, 0.042 and 0.05 s−1 for MoS2, MoS2/rGO and Mn-MoS2/rGO,
respectively.

4.3.2 Metal Organic Frameworks

Metal organic frameworks are crystalline structure built from coordinating metal ion
and organic linker/ligand covalently [42]. These MOFs exhibit tremendous charac-
teristics which include ultra-high surface area, ordered and tunable structure, highly
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Table 2 MoS2 composites for HER in different electrolytes

Catalyst Electrolyte Onset
Potential
mV

η*
mV

b
mV/dec

Cdl
mF/cm2

Rct
�

References

MoS2 nanosheets 0.5 M
H2SO4

100 395 102 2.92 295 Li et al.
[53]

MoS2/VGNS 0.5 M
H2SO4

160 212 41.3 7.96 39.2 Wang
et al. [117]

MoS2@G 0.5 M
H2SO4

32.0 132 45.0 32.7 3.80 Li et al.
[48]

MoS2/rGO (MG3) 0.5 M
H2SO4

110 30 41.0 – – Li et al.
[56]

MoS2 NSs/rGO 0.5 M
H2SO4

210 130 57.0 – 180 Cao et al.
[9]

MoS2/N-rGO-H 0.5 M
H2SO4

100 62.0 45.0 – 21.0 Dai et al.
[20]

MoS2 NF/rGO 0.5 M
H2SO4

200 190 95.0 – – Ma et al.
[71]

MoS2/RGO 0.5 M
H2SO4

150 100 41.0 – 250 Li et al.
[52]

MoS2/rGO 0.5 M
H2SO4

– 222 59.8 – 32.0 Sun et al.
[101]

Al-MoS2@graphene 0.5 M
H2SO4

225 212 41.0 – 13.0 Su et al.
[98]

MoS2/GO-CNT 0.1 M
HClO4

35 50.0 38.0 – – Khan et al.
[44]

MoS2/SWCNT 0.5 M
H2SO4

140 205 40.8 – 9.10 Cai et al.
[7]

MoS2 NS/MWCNT 0.5 M
H2SO4

50 155 43.0 – 100 Cao et al.
[10]

MoS2/N-MWCNTS 0.5 M
H2SO4

90 59 40.0 3.84 20.6 Dai et al.
[18]

MoS2/O-MWCNT 0.5 M
H2SO4

90 40 64.7 1.79 41.9 Dai et al.
[18]

CoS2-MoS2/CNT 0.5 M
H2SO4

70 31.3 64.0 – 150 Liu et al.
[59]

MoS2/CoS2-10 0.5 M
H2SO4

20 69 62.0 325 5 Ouyang
et al. [81]

MoS2@HKUST 0.5 M
H2SO4

99 300 69.0 12.5 367 Wang
et al. [121]

MoS2-PANI 0.5 M
H2SO4

160 300 82.0 – 229 Zhang
et al. [143]

MoS2/PANI 0.5 M
H2SO4

100 250 45.0 – 70.9 Zhang
et al. [143]

(continued)
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Table 2 (continued)

MoS2/Ppy 0.5 M
H2SO4

150 215 80.5 – – Lu et al.
[65]

DBC-MoS2
QDs-PANI

0.5 M
H2SO4

180 196 58.0 – – Das et al.
[23]

Co9S8/NC@MoS2 1.0 M
KOH

4 67 60.3 22.9 40.2 Li et al.
[49]

MoS2/N-ZIF 0.5 M
H2SO4

110 185 57.0 16.4 110 Tong et al.
[110]

MoS2/HG 0.5 M
H2SO4

100 124 41.0 12.3 3.65 Han et al.
[34]

MoS2/RGO 0.5 M
H2SO4

220 283 62.0 3.7 99.0 Liu et al.
[60]

CoS2/MoS2/RGO 0.5 M
H2SO4

80 160 56.0 11.9 35.0 Liu et al.
[60]

MoS2/CNFs 0.5 M
H2SO4

145 207 60.0 15.7 19.6 Zhang
et al. [147]

MoS2/CuS 0.5 M
H2SO4

150 290 63.0 14.4 45.0 Zhang
et al. [149]

MoS2/Ni2P 1.0 M
KOH

86 250 58.0 62.5 830 Yang et al.
[133]

Co3S4@MoS2 0.5 M
H2SO4

– 210 88.0 8.10 – Guo et al.
[29]

TiO2/MoS2 0.5 M
H2SO4

150 250 48.0 10.9 8.2 Tahira
et al. [104]

TiO2/MoS2 1.0 M
KOH

400 600 60.0 10.9 8.2 Tahira
et al. [104]

η* overpotential needed to achieve 10 mA/cm2

porous and robust (kinetically and thermodynamically stable) [58, 70]. Due to their
insulating properties of MOF structures, there are limited reports for utilizing MOFs
for electrochemical HER [78]. Previously, we reported on the synthesis of MOF
with polyaniline and phthalocyanine as an electron transport channel to facilitate
HER process [74, 77, 78, 86–88]. We deduced that, MOF can also be used as a
great support for HER electrocatalyst owing to its excellent properties which can
help in increasing the active sites density. Furthermore, it was reported that porous
materials can enhance electrocatalyst performance by improving the electronic con-
ductivity and smoothing proton delivery [37]. There are only few report on forming
a MoS2/MOF hybrid as electrocatalyst for HER.

Wang et al. [121] demonstrated the preparation of flower-like MoS2@HKUST-
1 nanohybrid following hydrothermal method. The fabricated catalyst possessed a
remarkable HER electrochemical performance with onset potential of –99 mV and
a Tafel slope of 69 mV/dec. The excellent HER activity was additionally supported
by the impedance data which showed a faster kinetics (Rct = 367 �) and increase
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Fig. 19 Schematic diagram showing hydrothermal preparation of MoS2@G. The magnification
described the chelating nature of Mo7O24

6− with GO [48]

Fig. 20 Schematic images showing electron transport mechanism between GO andMoS2. Nyquist
plot of MoS2@G compared to other catalysts as indicated [48]
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in number of active sites deduced from ECSA results (Cdl = 12.5 mF/cm2) as com-
pared to pristine MoS2 (Rct = 542 � and Cdl = 1.1 mF/cm2). The stability and
durability study of the prepared MoS2@HKUST-1 showed no decline which tells
that the prepared catalyst can withstand harsh conditions and used for a long time
without a loss of HER activity. In another study, Tong et al. [110] fabricated nitro-
gen doped MoS2 with zeolitic imidazolate framework-8 (a subclass of MOFs) using
hydrothermal route. The electrocatalytic findings (Fig. 21) showed that the prepared
catalyst exhibited lowest overpotential (185 mV) to obtain 10 mA/cm2 (a), Tafel
slope (57 mV/dec) (b), Cdl (16.38 mF/cm2), and Rct = 110 � (c). From Figure d, it
can be seen that the synthesized was stable, losing only 18 mV of potential during
1000 cycles. The electrochemical studies in both studies shows that MOFs can be
used as a support to MoS2 to enhance their HER activity.

Fig. 21 a LSV polarization curves and b Tafel analysis of catalytic active MoS2/NCNH-800-50
compared with various catalysts. c EIS plots and d Durability test for MoS2/NCNH-800-50 [110]
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4.3.3 Conducting Polymers

MoS2-conducting polymer composites have been widely studied in supercapacitor
applications and this is due to conducting polymer’s low cost, environmental stabil-
ity, simple synthetic process and high ECSA [47, 57, 62]. Conducting polymers such
as polyaniline (PANI) and polypyrrole (Ppy) can be easily dispersed on theMoS2 via
several methods and interact with each other using electrostatic interaction using the
metal on MoS2 and nitrogen on PANI and Ppy [141]. The interaction of MoS2 with
PANI in particular results in a hybrid material with improved physical and mechan-
ical properties (surface area and stability) as well as enhanced electronic/intrinsic
properties. Moreover, Chao et al. [11] investigated integration of MoS2 and PANI
results in forming heterostructure interfaces with great mechanical stability (MoS2)
and high conductivity (PANI). In this regard, MoS2/conducting polymer nanostruc-
tures are expected to possess great electrochemical HER activities and improved
stabilities. Zhang and co-workers [143] researched on MoS2 nanosheets rooted on
PANI nanofibers for HER. They used two approaches, hydrothermal (MoS2/PANI)
and direct mixing (MoS2-PANI) to attain integration betweenMoS2 and PANI. From
the two approaches, they found that hydrothermal synthesis gave MoS2/PANI with
exposed edges which is essential for HER, with uniform dispersed elements and the
2D MoS2 nanosheets assembled into PANI nanowires to give 3D integrative hybrid.
The hydrothermal synthesized MoS2/PANI showed superior HER activity as com-
pared to direct mixed (MoS2-PANI) and pure MoS2 and are presented in Fig. 22a.
The magnified polarization (Fig. 22b) showed the small onset potential of 100 mV
for MoS2/PANI as compared to 160 mV and 190 mV for MoS2-PANI and pristine
MoS2, respectively. In addition, the Tafel slope of the MoS2/PANI was the smallest
among the prepared catalysts (Fig. 22c). The effect on MoS2 in the MoS2/PANI was
studied and the results are shown in Fig. 22d. It can be seen that the optimum MoS2
was found to be 79.6% which suggest that at the mentioned percentage, more edges
are exposed. The Rct was found to increase from 70.92 � > 228.71 � > 421.65 � for
MoS2/PANI, MoS2-PANI and MoS2. The smaller Rct for MoS2/PANI shows faster
HER kinetics and favourable activity.

Owing to its high surface area and superior conductivity than MoS2 monolayer,
Das et al. [23] synthesized conductive MoS2 QDs-polyaniline aerogel as an elec-
trocatalyst with enhanced HER activity. DBC-MoS2-PANI aerogel showed bet-
ter HER activity with overpotential of 196 mV at 10 mA/cm2 and Tafel slope of
58 mV/dec with respect to other reference material. They suggested that the small
slope arised from coupling between MoS2 QDs and PANI allowing a good com-
munication between the two. This good communication resulted in decreasing the
Rct signifying an increase HER performance and faster kinetics. Reasons for better
HER activities in their study were summarized as: (i) PANI aerogels gives ultra-high
surface area which allows fast electrolyte diffusion because of the porous network
resulted from the structure, and (ii) the synergistic coupling between the MoS2 QDs
and PANI aerogels resulting in lowering the adsorption energy of adsorbed hydrogen.
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Fig. 22 HER catalytic activity of MoS2 with its PANI composites. a and b shows that LSV curves
and c the Tafel plots. It can be seen that the activity was enhanced upon composite formation and
they are much closer to Pt/C commercial electrocatalyst. The LSV (d) of different Mo in MoS2
percentage shows that 79.6% is the optimum amount of Mo to give catalyst with enhanced HER
activity [143]

5 Summary and Future Perspectives

Electrochemical generation of hydrogen plays a significant role in driving the
hydrogen economy towards commercialization. Developing a cost-effective, stable,
durable and highly catalytic active catalyst is a crucial step in realizing the fruit of
hydrogen energy. In this review, we clearly looked at the insight reaction during
electrolysis in order to understand better the crucial steps which need to be taken
into consideration during selection of catalyst. HER process need a catalyst with
balanced energies in order for it to proceed and thus understanding the mechanism
during catalysis is of great importance. We closely looked at the HER mechanisms
in both alkaline and acidic media and found that HER can proceed via Volmer-
Heyrovsky or Volmer-Tafel mechanisms. This depends mostly on the binding ener-
gies of the adsorbed hydrogens and corresponding slopeswere found to be 30, 40, and
120 mV/dec for Tafel, Heyrovsky, and Volmer, respectively. Catalytic performance
of the heterostructures can be monitored by studying electrochemical parameters
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such as onset potential, overpotential, Tafel analysis, double-layer capacitance and
charge resistance transfer. Theoretical background of the above mentioned parame-
ters were illustrated. The stability and durability were other parameters which were
explained in this review in relation to the suitable electrocalyst for HER.

The state-of-the-art approach was based on fine tuning the nanosheets of MoS2
and its heterostructures for electrocatalysis. There have been great advances in using
the above mentioned material for electrochemical application and this is mainly
due to its enormous structural and electrical properties. Much focus was placed on
the material design, synthesis strategies and electrochemical performance of MoS2
heterostructures. It was noted thatMoS2 consists mostly of an inert basal plane which
limits its application for HER performances as only few Mo-metal edges shows
activity towards HER. Therefore approaches of increasing the intrinsic properties
and exposing the edges to attain MoS2 with more active sites we investigated. This
included generating S-vacancies, creating defects and domain boundaries on the
basal plane of MoS2. Theoretical studies revealed that the Gibbs free energy of
adsorbed hydrogen reaches near zero upon activating the basal plane using those three
approaches. However, the stability of the nanostructure is compromised. Another
route involved doping with metal or non-metal on the monolayer of MoS2. These
dopants are dispersed on the monolayer and fully expose the edges of MoS2. Finally,
hybrid of MoS2 and other electron transport channeling compounds is a great way to
address the poor intrinsic and limited active sites ofMoS2. The hybrid with graphene,
metal organic frameworks and conducting polymers have been explored. Synergistic
effect was used to explain the enhancement of HER activity of MoS2. In addition,
hydrothermal synthesis was deemed as a best synthetic route to prepare the hybrid
composites rather than direct-mixing.

In future,more efforts are needed in order to attainMoS2 nanostructureswith supe-
rior HER activity. The first strategy can be creating S-vacancies, triangular holes,
cracks and domains on the hybrid composites which formed without disrupting the
heterostructures formed. Theoretical studies need to be conducted in order to illus-
trate the underlying processes and steps needed to achieve great activity. Ternary
composite formation can be the second strategy to improve the HER activity of the
MoS2.
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Electrocatalysts for Photoelectrochemical
Water Splitting

Yasser A. Shaban

Abstract The fast depletion of fossil fuels, the main energy sources, in addition
to the emission of carbon dioxide (CO2) from burning of these fuels intensifying
the research for the development of alternative clean, sustainable and secure energy
source. Hydrogen (H2) is considered as one of the most promising alternatives that
can play a significant role as a zero-carbon energy carrier with reduced fossil fuel
dependence.Utilizationof twoof ourmost abundant resources, sunlight andwater, for
the production of hydrogen via mimicking the natural photosynthesis process by the
photocatalytic water splitting by using a semiconductor photocatalyst is a fascinating
way for the establishment of clean, sustainable and secure energy source. This chapter
highlights the efforts that have been devoted for the development of photocatalysts
that can efficiently harvest the maximum solar light for the photoelectrochemical
water splitting into hydrogen and oxygen. The difficulties in achievingwater splitting
under visible light will be addressed. Furthermore, the strategies for overcoming
these difficulties and approaches for improving the visible light response of the
photocatalysts towards water splitting will be discussed.

Keywords Water splitting · Photocatalysis · Hydrogen · Bandgap ·
Photoelectrochemical · Non-metal doping · Metal doping · Semiconductor ·
Renewable energy · Dye sensitization

1 Introduction

Global economic growth and increasing world population further increase energy
demand. Based on current projections, almost 1.3 billion new energy consumers will
be added by 2030 [36]. Fossil fuels, the main energy sources, are depleting fast and
cannot afford the predicted energy needs. Furthermore, the global warming caused
by the emission of carbon dioxide (CO2) from burning of these fuels is considered
as one of the most serious environmental issues. Therefore, the establishment of
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clean, sustainable and secure energy source is questionably one of the most critical
challenges facing humankind in the 21st century.

Hydrogen (H2) is considered as one of the most promising alternatives to provide
non-polluting, viable, and secure energy [65]. Hydrogen can play a significant role as
a zero-carbon energy carrier with reduced fossil fuel dependence with the versatility
to be operated across different sectors such as electricity, industry, and transporta-
tion. Moreover, it has much larger calorific value per mass unit (142 MJ) which is
quadruple that of natural gas and triple that of gasoline. However, the present indus-
trial technology for H2 production, steam methane reforming, is a non-sustainable
process as it consumes huge quantities of fossil fuels (e.g., natural gas), and releases a
huge amount of carbon dioxide to the environment. Therefore, production of hydro-
gen gas using renewable energy sources rather than fossil fuels has attracted much
interest as a clean energy carrier.

Among renewables, solar energy is by far the cheapest and largest exploitable
source; it could be considered as the ultimate renewable energy resource. Approx-
imately 1000 W/m2 of solar energy continuously reaches the Earth, by far exceeds
all human energy needs [54], with 5% of this radiation at wavelengths less than
400 nm, in the ultraviolet (UV) range, and 49% within the visible spectrum, in the
400–750 nm wavelength [66]. Solar energy can be converted efficiently into elec-
tricity by photovoltaic devices, or into heat by solar thermal collectors. However, the
capturing, conversion, storage and distribution of solar energy are the main factors
that determine its exploitation as an energy source. Collecting and storing the solar
energy into chemical bonds (solar fuel) are the major difficulties for its utilization.

A fascinating way to overcome all of these obstacles is the utilization of two of
our most abundant resources, sunlight and water, for the production of hydrogen via
mimicking the natural photosynthesis process by the photocatalytic water splitting.
In this way, renewable solar energy is converted into an inherently more storable and
transportable form of energy.

2 Photoelectrochemical Water Splitting

The pioneering study in the photocatalytic water splitting using a photo electrochem-
ical cell (PEC) with a titanium dioxide (TiO2) as the photo-catalyst was reported by
Fujishima and Honda [22]. Generally, the photoelectrochemical reaction has been
defined as a particular case of photochemical reactions, which is associated with the
flow of an electric current through an external circuit [73]. For carrying out the water
splitting reaction, the photocatalyst is utilized as a photo-anode or photo-electrode in
a photoelectrochemical cell [57]. However, to direct the photo-generated electrons
from the photo anode to the cathode, an external circuit is required. Production of
hydrogen molecule is carried out by the reaction between the generated electron and
the proton at the cathode side (Fig. 1).
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Fig. 1 Schematic diagram of a typical photo-electrochemical cell for water splitting

In a typical photoelectrochemical cell (PEC), the photoelectrochemical water
splitting using semiconductor involves several processes at the photoelec-
trode/electrolyte interface, including the following [91]:

i. Dissociation of water molecules

Watermolecules spontaneously dissociate intoH+ andOH− in an electrolyte solution,

4H2O → 4H+ + 4OH− (1)

ii. Light-induced excitation

Upon illumination of a semiconductor electrode by a light with photonic energy
(hν) matches or exceeds its band gap energy (Eg), charge carrier electron/hole
pairs are generated in the bulk of the semiconductor. Electrons are excited from
the valence band (VB) to the conduction band (CB), leaving an equal number of
vacant sites (holes), then the photogenerated electrons (e−) and holes (h+) diffuse to
the semiconductor surface.

photoanode + sunlight → 4h+ + 4e− (2)

iii. Hydrogen evolution reaction

The photo-generated electrons from the photoanode (Eq. 2) are then transferred to
the cathode over the external circuit, resulting in the reduction of hydrogen ions (H+)
to gaseous hydrogen (H2):

4H+ + 4e− → 2H2(gas)

at cathode (3)
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iv. Oxygen evolution reaction

At the photoanode/electrolyte interface, the hydroxyl (OH−) ions are oxidized by
the light-induced holes from Eq. (2) to produce gaseous oxygen (O2)

4OH− + 4h+ → O2(gas) + 2H2O

at photoanode (4)

The overall reaction will be

photoanode + sunlight + H2O → 1/2O2(gas) + H2(gas) (5)

3 Properties of Semiconductor Photocatalysts for Water
Splitting

3.1 Bandgap

Thermodynamically, splitting of water into hydrogen and oxygen is associated by
a large positive change in the standard Gibbs free energy (the Gibbs free energy
change �G° = +237 kJ/mol, corresponding to �E° = 1.23 V). Therefore, for water
splitting, a minimum energy of 1.229 eV/electron should be supplied.

As solar radiation cannot be absorbed by pure water and the electrochemical
decomposition ofwater to hydrogen and oxygen is suggested to be achieved via a two-
electron stepwise process, therefore, it is possible to utilize a photo-semiconductor
that is capable of efficiently absorbing solar energy. The semiconductor electronic
structure plays a major role in its photoactivity. The energy difference between its
conduction band (CB) and valence band (VB) is called the bandgap (Eg), which
should be less than 3.0 eV, but larger than 1.23 eV to split the water molecule in
an indirect way through the generation of electrons and holes that can be, respec-
tively, involved in the reduction and oxidation the water molecules adsorbed on
photocatalysts [23, 45, 58, 67, 115].

3.2 Band Edges Positions

The electronic structure is doubtless the key parameter that decides thewater splitting
ability of the photocatalyst. Figure 2 depicts the band positions of various semicon-
ductors for water oxidation/reduction processes at pH 0 [104]. The levels of con-
duction band (CB) and valence band (VB) of the semiconductor should satisfy the
energy requirements set by the redox potentials for H2O (Fig. 3). For efficient hydro-
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Fig. 2 Band gap positions of various potential semiconductors with respect to the redox potentials
of H2O [104]

Fig. 3 Basic principle of photoelectrochemical water splitting on a photocatalyst
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gen generation, the lowest level of its CB should be more negative than the reduction
potentials of H2O (EH2O/H2 ) while the highest level of its VB should be located more
positively than the oxidation potential of H2O (EH2O/O2 ) for oxygen production.

3.3 Charge Carriers Separation and Migration

The photocatalyst used for water splitting reaction should be capable to separate the
photo-generated charge carriers. It is also essential for the separated charge carriers to
be migrated to the solid-liquid interface during their life time and to find appropriate
reaction partners, water molecules for holes and protons for electrons. Furthermore,
the generation/separation of photo-excited electrons and holes should be associated
with a minimal recombination rate. The migration of electrons and holes towards
the photocatalyst surface strongly depends on the surface area of the photocatalyst
which determined by its particle size. Efficient charge migration involves essentially
longer diffusion lengths than the size of the photocatalyst particles. Therefore, upon
decreasing the particle size of photocatalysts, the opportunity for the charge carrier
to reach its surface increases [6].

The fast recombination of the separated electrons and holes to become trapped in
surface sites is one of major factors that canminimize the efficiency of the photocata-
lyst towardswater splitting [2]. Therefore, a suitablemodification of the photocatalyst
should be performed to promote the efficient charge carrier separation and migra-
tion of photogenerated electron-hole pairs (e−/h+) to the surface and suppress their
recombination in the bulk.

3.4 Stability in Aqueous Media

Stability against photocorrosion and dissolution processes in aqueous environments
is one of the necessary requirements that should be satisfied by the photocatalyst.
Therefore, photo-electrodes utilized for water splitting must exhibit excellent oxida-
tive/reductive stability in contact with aqueous electrolyte solution. The photocorro-
sion occurswhen the photogenerated charge carriers (electrons/holes) decompose the
photocatalyst itself instead of performing the water oxidation/reduction processes.
The relative positions of the semiconductor band edges and the respective decom-
position potentials are the main factors determining the photocorrosion reactions.
When the cathodic decomposition potential is below the conduction band of the
semiconductor, cathodic photocorrosion can occur. Conversely, in case of the anodic
decomposition potential is above the valence band potential of the semiconductor,
the anodic photocorrosion can happen.
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4 Photocatalysts for Water Splitting

Typically, photocatalysts that can exhibit a significant photocatalytic activity towards
water splitting are synthesized from metal oxides, metal sulfides, oxynitrides, oxy-
sulfides and composites. Inmost cases, metal cations with the highest oxidative states
in photocatalysts have d0 or d10 electronic configuration, while O, S and N show their
most negative states. Unfortunately, most of the photo-semiconductor materials are
only active under UV light and those active under visible light are quite limited.

4.1 UV-Active Photocatalysts

Various types of semiconductors have been reported as efficient photocatalysts to
split water into H2 and O2 under illumination of UV light. These photocatalysts can
be classified into four groups.

4.1.1 Titanium Oxide (TiO2) and Titanates

Overall water splitting using titanium oxide (TiO2) [82] and SrTiO3 [18] under illu-
mination of UV light was reported for the first time in 1980. Shibata et al. [92]
reported the photocatalytic H2 evolution from aqueous methanol solutions by using
layered titanates, such as Na2Ti3O7, K2Ti2O5 and K2Ti4O9. Perovskite titanates,
La2TiO5, La2TiO3 and La2Ti2O7, with layered structures have been also described
as materials with high photocatalytic activities under UV irradiation [43]. Titanates
with cubic-pyrochlore structure R2Ti2O7 (R = Y, Eu, Ga, La) showed a fairly high
activity for overall water-splitting reaction [1].

4.1.2 Tantalates and Niobates

Oxideswith tunneling and layered structures are considered as promising candidatess
for efficient water splitting. According to this fact, tantalates and niobates oxideswith
corner-sharing of MO6 (M = Ta, Nb) octahedra structure have been investigated
as photocatalysts for water splitting. Due to of their wide bandgap energy (4.0–
4.7 eV), tantalates and niobates oxides are highly active for water splitting only
under UV light, even without co-catalysts [94]. This high activity of this layered
compounds under UV light can be attributed to the easy separation and migration
of the photogenerated charge carriers (electrons/holes) through the corner-shared
framework of MO6 units [49].
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4.1.3 d10 Metal Oxides

It has been reported that metal oxides with d10 configuration including gallates
(Ga3+), indates (In3+), stannates (Sn4+), germinates (Ge4+), and antimonates (Sb5+)
are efficient photocatalysts for water splitting under UV light. The potential of d10

metal oxides such as NaInO2 and CaSb2O6, Ca2Sb2O7 and Sr2Sb2O7 and Zn2GeO4

for water splitting has been highlighted by Inoue [32]. B-Ga2O3 with a band gap
of 4.5 eV has been reported as promising photocatalysts for water splitting under
[106]. Significantly high water splitting rate was observed for CaIn2O4, SrIn2O4 and
BaIn2O4 under UV irradiation [80]. Distorted octahedral and/or tetrahedral struc-
tures of some metal oxides with d10 configurations such as, CaSb2O6 [81], Zn2GeO4

[79], and ZnGa2O4 [29] were also reported to exhibit a photocatalytic H2O splitting
activity under UV irradiation.

4.1.4 Nonoxide

Sulfides, nitrides and phosphide photocatalysts that have wide band gap and VB at
relatively negative potentials compared to oxides have also been reported as semi-
conductors for UV-driven photocatalysis. ZnS has been reported as high-active pho-
tocatalyst for hydrogen production from SO3

2− solutions under UV irradiation [76].
InP was the sole reported phosphide that is able to produce hydrogen from aqueous
sulfite solutions [69]. Nitrides photocatalysts with d10 electronic configuration (Ga3+,
Ge4+) are another type of photocatalysts that can split water efficiently under UV
light [3, 63].

4.2 Visible Light Active Photocatalysts

The number of visible light active photocatalysts for water splitting is quite limited.
They can be divided into three groups.

4.2.1 Oxides

Despite some oxides, such as BiVO4 and Ag3VO4 exhibit visible light response
towards evolution of oxygen from aqueous silver nitrate solution, but they are unable
to generate hydrogen fromwater due to too low conduction bands for water reduction
[47]. These oxides possess steep absorption edges in the visible light region, revealing
that the band-band transition is the reason for the visible light absorption of these
oxides. In contrast with other oxides, the mixing of Bi and Ag orbitals with O2p
states in the valence band of BiVO4 and Ag3VO4, respectively, decreases their band
gap energies and increases of the potentials of valence bands. Therefore, BiVO4 and
Ag3VO4 have the ability to absorb visible light [47].
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4.2.2 Sulfides

Metal sulfide are considered as good candidates for visible light-driven photocata-
lysts due to their narrow band gap and the relatively negative potentials of valence
band, compared to other oxides. However, the higher susceptibility of S2− anions
to oxidation than water causing the photo-degradation of the photocatalyst in the
water oxidation reaction under visible light [20]. Therefore, appropriate strategies
are designed to minimize the photo-degradation of sulfide photocatalysts to be suit-
able for water splitting. Among the available, CdS is one of the promising sulfide
semiconductors due to its narrow band gap (2.4 eV) and a suitable CB potential to
effectively reduce the H+ [16, 77].

4.2.3 Other Materials

Some phosphate semiconductors has been reported as promising photocatalysts for
water splitting under visible light. Li9FE3(P2O7)3(PO4)2 has been confirmed to be an
active photocatalyst for hydrogen production under irradiation of visible light using
I− ions as electron donor [33].

The development of graphitic carbon nitride (g-C3N4) having a bandgap of 2.7 eV
has triggered considerable interests as an efficient photocatalyst for water split-
ting under the illumination of visible-light with the aid of sacrificial reagents [99].
Graphene oxide semiconductor photocatalyst with a band gap of 2.4–4.3 eV can also
steadily produce H2 from an aqueous methanol solution or pure water under visible
light irradiation as reported recently by Yeh et al. [109].

5 Difficulties in Achieving Water Splitting Under Visible
Light

Basically, it is difficult to develop an oxide semiconductor photocatalyst that has both
an adequately narrow band gap (i.e., Eg < 3.0 eV) for visible light activity and a satis-
factorily negative conduction band for H2 production because of the highly positive
valence band [84]. Indeed, most visible-light-responsive oxide photocatalysts, such
as WO3 [15, 21, 47, 83, 97], are not capable to produce H2 from water splitting due
to their conduction bands being too low for water reduction as can be seen for class
B in Fig. 4. On the other hand, narrow bandgap of semiconductors, such as Fe2O3,
are capable for visible light absorption, but the configuration of their band edges is
not suitable for driving both water reduction and oxidation reactions. Accordingly,
the only solution for these materials to be able to drive either oxidation or reduction
of water, is to be used only in tandem cells.

Although some non-oxide such as sulfides [46, 53, 64, 113] and nitrides [26,
52] semiconductors possess suitable band levels for water splitting under visible
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Fig. 4 Band energy levels of different classes of semiconductors

light (class C in Fig. 4), they are generally unstable against photocorrosion or self-
oxidation, rather than O2 evolution. For example, CdS, GaP, TaON exhibit suitable
photocatalytic properties for solar energy conversion, but they are unstable in the
water oxidation reaction due to the formation of an oxide layer at the surface as a
result of the easily oxidation of the anions of these salts or oxy-salts more than water
[20].

Despite, some semiconductors, such as TiO2, fulfill the requirement to drive the
overall water splitting as their band edges straddle the potentials of water redox
reactions, their wide bandgap (Eg > 3.0 eV), so they can harvest only a small portion
of the solar spectrum (class A in Fig. 4).

6 Strategies for Improving the Visible Response
of UV-Active Photocatalysts

Most of UV-active photocatalysts are incapable for water splitting under visible
light, due to their high bandgap energy. The following strategies have been reported
to improve the solar light harvesting efficiency of a particular photocatalyst.
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6.1 Doping with Metals

Metal ion doping is one of the most effective tools for the development of visible
light active photocatalysts by generation of impurity levels in the bandgap. Exten-
sive studies have been carried out for improving the photocatalytic activity of the
photocatalysts towards water splitting reactions via doping with transitional metal
ions and rare earth metal ions. For example, the electronic coupling between doping
ions and TiO2 leads to the introduction of an impurity energy level just below the
conduction band, which can act as either an electron acceptor (Fig. 5a) or just above
the valence band of TiO2, acting as a donor level (Fig. 5b), which allows more visible
light to be absorbed by TiO2. This can be explained based on the band structure of
TiO2. Where the 3d, 4s, 4p orbitals of Ti contribute to the unoccupied conduction
band, whereas 2p orbitals of O contribute to the filled valence band. Ti 3d orbitals
dominate the lower position of conduction band [74, 85, 96].

Fig. 5 Electronic coupling
between doping metal ions
and TiO2 semiconductor
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In addition to the introduction of an impurity level in the forbidden band,metal ion
dopants can effectively separate the photogenerated electron-hole pairs by acting as a
trapping center for photogenerated electrons, leading to high photocatalytic activity.

The electronic modification of the semiconductor surface via metal deposition
has been reported by several authors [13, 28, 31, 39].

In an early study, photocatalyticwater splittingbyusingCr3+-dopedTiO2 nanopar-
ticles under illumination of visible light (400–550 nm) have been reported by Bor-
garello et al. [9]. They concluded that the transition of the photoexcited Cr3+ 3d elec-
trons into the conduction band of TiO2 is the reason for the observed enhancement
in its visible light activity.

Liqiang et al. [59] reported that the addition of an appropriate amount of noble
metals Ag and Pd to the ZnO surface greatly enhanced the photocatalytic activity
of ZnO nanoparticles. Hu et al. [28] prepared a Ag/AgBr/TiO2 photocatalyst under
visible light irradiation. Deposition of noble metals such as Pd [101], Pt [93], Au
[31], and Ag on TiO2 surface has been reported in the literature [30, 60]. These
metals greatly enhanced the photocatalytic activity by significantly minimizing the
recombination rates of the photo-generated electrons (e−) and holes (h+).

Khan et al. [41] reported that Fe3+-doped TiO2 synthesized by hydrothermal
method exhibited significantly enhanced its optical response under visible light
through narrowing its bandgap energy. The authors demonstrated that the stoichio-
metric ratio of water splitting into H2 andO2 under visible light irradiation was found
to be of 2:1, respectively.

However, several disadvantages have been reported for metal doping, such as
thermal instability, high cost of ion-implantation apparatus required for dopingmetal-
ions into semiconductors [95]. Besides, the partial blockage of surface sites available
for photocatalytic activity caused by the metal ions doping into semiconductor [75].

Dholam et al. [17] found that Fe-doped TiO2 generated higher H2 rate compared
to Cr-doped TiO2 under illumination of visible light. They ascribed this enhancement
to the fact that Fe ions can efficiently minimize the charge recombination by trapping
both holes and electrons, whereas only one type of charge carrier can be trapped by
Cr. It has been noted that co-dopingwith twometal ions exhibits higherwater splitting
than doping with single metal ion. Niishiro et al. [68] reported that the co-doping of
TiO2 with Ni2+ and Nb5+ produced more hydrogen than TiO2 doped with Ni2+ alone
under visible light irradiation (λ > 420 nm). They attributed the enhanced hydrogen
production by the co-doping with two metal ions to the increase in the photocatalyst
stability due to the charge balancing effect of the two different charged ions.

6.2 Doping with Nonmetal

Doping with nonmetal ion is another approach for extending photocatalytic activity
of the photocatalyst into the visible region by narrowing its bandgap energy. Unlike
metal ion doping, doping with nonmetal ion could hardly affect the CB band of
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photocatalyst. Instead of forming donor levels in the forbidden band, nonmetal ion
doping usually reconstructs the valence band and shifts its edge upward.

Doping with non-metallic elements, including sulphur [35, 70], nitrogen [5],
fluorine [42, 56], boron [102], have been intensively carried out to improve the
photocatalytic activity of nanophotocatalysts.

Early in 2002, Khan and co-workers [40] discovered that modification of n-TiO2

by carbon synthesized via thermal oxidation of Ti metal sheet narrowed its bandgap
energy from 3.2 to 2.32 eV and exhibited an efficiency of 8.35% for water splitting.
Subsequently, further investigations have been stimulated for carbon modification of
TiO2 as visible light active photocatalysts for water splitting reactions ([87–90, 105].

Various studies have reported that doping of TiO2 with non metal ions is more
effective than metal ions towards the photocatalytic activity as they do not generate
recombination centers produced by the existence of d-states deep in the band gap
of TiO2, in addition to the instability of the material doped with metal ions and the
requirement of an expensive ion implantation facility [4, 5]. They attributed the band
gap narrowing of TiO2 resulting from the non metal doping to the mixing of p states
of non metal dopants with the O 2p states of TiO2 via interstitial or substitutional
doping (Fig. 6).

Hoang et al. [27] reported that the nitrogen (N) modification of single crys-
talline TiO2 nanowire arrays via nitridation process enhanced its visible light activity
(extending to 520 nm) and narrowed its optical bandgap to be 2.4 eV. The Nmodified
TiO2 showed higher photocatalytic activities towards water splitting than unmodified
TiO2.

Fig. 6 Doping of TiO2 with non metal ions
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Modification ofZnOwith nitrogenhas been reported to play amain role of expand-
ing its absorption to the visible region and enhancing its photocatalytic performance
for water splitting [107, 116].

Similar to metal ions doping, co-doping with two non metal ions exhibits higher
water splitting than doping with single non metal ion.

Luo et al. [61] reported that the activity of Br and Cl co-doped TiO2 towards the
H2 production from water splitting is higher that of single doped TiO2. Similarly,
higher photocatalytic H2 production rate was observed for co-doped of TiO2 with
carbon and sulfur compared to that of single doped TiO2 [7]. B and N codoped TiO2

showed enhanced water splitting efficiency under irradiation of visible light than that
of N doped TiO2, they ascribed this enhancement to the prolonged lifetime of the
photogenerated charge carriers (holes and electrons) by B doping [55].

Severalmechanismshavebeenproposed to elucidate the shift of absorption thresh-
old to visible region and the photocatalytic activity of non-metal-doped photocata-
lysts. N doping of TiO2 can increase photocatalytic activity by narrowing the TiO2

bandgap by shift its photo-response into the visible region as a result of mixing
of p states of nitrogen with 2p states of lattice oxygen and [19, 50]. Unlike metal-
ion-doping, non-metallic-dopants replace oxygen vacancies in the lattice and are less
likely to form recombination centers. N-doped TiO2 hollow spheres hadmuch higher
photocatalytic activity under visible light irradiation than undoped TiO2 [108]. Some
studies have shown that the efficiency of nonmetal dopants in narrowing the band-gap
is higher than the metal-dopants, however non-metal doping also has some disadvan-
tages; studies have shown that the amount of a doped-non-metal component would
decrease during the annealing process, thus decreasing visible light photoactivity
[95].

6.3 Co-doping with Metal and Nonmetal

It is anticipated that the co-doping of photocatalyst with both metal and nonmetal
atoms can also extend its visible light absorption. Recently co-doping has been
identified as one of the ways to compensate the disadvantages of single metal and
non-metal-ion-doped TiO2, and was discussed by some researchers [62, 95, 112].
Co-doped TiO2 with In and N showed higher H2 production rate as compared single
doped TiO2 [78]. Doping with Cu metal atoms can effectively suppress the recom-
bination of the photogenerated electron-hole pairs. In the meantime, carbon can
enhance the photoresponse of the catalyst by narrowing its bandgap energy from
3.09 to 1.78 eV [38, 37], which can be attributed to the hybridization of the O 2p
orbital with C 2p orbital. Selcuk and co-workers [86] investigated the co-doping of
TiO2 by N with different metals such as Pt, Fe, Ni, and Cr. The highest H2 rate was
obtained by Ni and N codoped TiO2 under visible light irradiation.
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6.4 Surface Sensitization with Dyes

Application of surface sensitization of semiconductors with dyes is another strategy
for shifting its absorption threshold toward visible region. Furthermore, the electron–
hole recombination could be inhibited due to the effective charge separation by
the semiconductor/sensitizer interface. Since the work carried out by O’Regen and
Gratzel in 1991 [71], this approach has been discussed for solar water splitting in
different articles [10, 11, 48, 110]. Upon absorption of visible light, the adsorbed
dye molecules on the semiconductor surface become excited and be able to inject
electrons into the conduction band of the semiconductor,where the reduction reaction
takes place. However, the dye-sensitizer molecules themselves are unable to oxidize
water molecule to oxygen. Generally, in the absence of a sacrificial electron donor,
dye molecules decompose through self-oxidation under photo-irradiation.

Efficient H2 evolution from water under visible light irradiation was observed for
platinized titanium oxide (Pt/TiO2) nanoparticles sensitized by s Ru(bpy)2+3 or Eosin
Y in the existence of triethanolamine or ethylenediaminetetraacetic acid acting as
sacrificial electron donor [24, 44].

6.5 Coupling of Photocatalysts

Coupling of two semiconductors, having different energy levels for their band gaps,
is an interesting approach that has been investigated to enhance the efficiency of
the photocatalytic capability by expanding the energy range of photoexcitation into
the visible light region and increasing the charge separation in the individual pho-
toelectrodes [72]. In composite photocatalysts, the conduction band electrons from
a small bandgap semiconductor photogenerated by the absorption of visible light
can be injected to the CB of a large bandgap semiconductor, while the photogen-
erated holes remained in a small bandgap semiconductor, consequently, an efficient
electron-hole separation can be accomplished. For successful coupling of semicon-
ductors and for ensuring an effective migration of the charge carriers from one to
another, the following conditions are necessary to bemet: (1) the CB level of the wide
bandgap semiconductor should be less negative than that of the narrow bandgap; (2)
the CB level of the semiconductor with wide bandgap should be more negative than
H2O reduction potential and; (3) electron injection from narrow bandgap to the wide
bandgap semiconductor should be fast and efficient.

Graphene oxide and carbon nanotubes (CNTs) coupling with TiO2 have shown
potential prolongation of electron-hole pairs by capturing the electron within their
structure [12, 34, 51, 100]. The photocatalytic properties of TiO2 composites with
CdS [8], Al2O3 [14], SiO2 [111], ZnO [98], ZnS [25], SnO2 [114], Bi2O3 [103]
have been studied. Although the experimental results showed that the coupling of
semiconductors having suitable energy levels can attain an efficient photocatalyst



368 Y. A. Shaban

via better charge separation but their cost effectiveness for an industrial application
remains as a challenging issue.

7 Conclusions

Utilization of two of our most abundant resources, sunlight and water, for the pro-
duction of hydrogen via mimicking the natural photosynthesis process by the pho-
tocatalytic water splitting using a semiconductor photocatalyst is a fascinating way
for the establishment of clean, sustainable and secure energy source.

The electronic structure and bandgap energy are the key parameters that decide
the water splitting ability of the photocatalyst. The photocatalyst used for water
splitting reaction should be capable to separate the photo-generated charge carriers.
It is also essential for the separated charge carriers to reach the solid-liquid interface
during their life time and to find suitable reaction partners, water molecules for holes
and protons for electrons. Furthermore. The stability against photocorrosion and
dissolution processes in aqueous environments is one of the necessary requirements
that should be satisfied by the photocatalyst.

Various types of semiconductors have been reported to act as efficient photocat-
alysts to split water into H2 and O2 under illumination of UV light. However, the
number of visible light active photocatalysts for water splitting is quite limited, due
to their high bandgap energy.

Sincere efforts have been devoted for the enhancement of the efficiency of visible
light active photocatalysts for water splitting thought narrowing its bandgap, shifting
the absorption threshold toward visible region and increasing the charge carriers
separation and migration. So approaching this target; several emerging strategies
including doping of photocatalyst with metals and nonmetals, surface sensitization
with dyes and coupling of photocatalysts have been extensively studied.

Further breakthroughs, efforts and studies are needed for large-scale hydrogen
production from solar water splitting by using an efficient visible light active photo-
catalyst. Such an achievement will help in establishing clean, sustainable and secure
energy source and solving environmental problems.
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Oxygen Reduction Reaction

Rizwan Haider, Xianxia Yuan and Muhammad Bilal

Abstract Polymer electrolyte membrane fuel cells (PEMFCs) and metal air bat-
teries are considered green and efficient electrochemical energy devices and both
include reduction of oxygen at cathode during the working of device. Due to the
sluggish reaction kinetics of ORR, it is considered the performance limiting factor
and to cope with this issue scientists are trying to introduce low cost, highly durable
and efficient electrocatalyst for cathode reaction. After the synthesis of catalyst mate-
rial, different electrochemical techniques including Steady-state polarization, Cyclic
voltammetry, Rotating disk electrode and Rotating ring disk electrode are used to
check the performance and durability of ORR catalysts. In PEMFCs, water should be
produced along with some heat by the 4-electron transfer reaction between oxygen,
protons and the electrons. The reported ORR catalysts can be classified as platinum
group metal catalyst, platinum group metal free catalyst and metal free catalysts. All
the catalysts have their own pros and cons, while platinum supported carbon (Pt/C)
is considered the state-of-the-art catalyst for both fuel cell and metal batteries.

Keywords Oxygen reduction reaction · Electrochemical techniques · ORR
electrocatalysts

1 Introduction

Oxygen being a non-metal, belongs to sixth group of periodic table with atomic
number 8. It is a strong oxidizing agent and gives oxides with other elements and
compounds. Catalysis, biology, material dissolution and energy conversion are some
important disciplines inwhich oxygen reduction reaction (ORR) plays a fundamental
rule. Oxygen exist at room temperature in gaseous form and undergo reduction
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Table 1 Electrode potential for O2 reduction in different electrolytes

Type of electrolyte Reaction equation Electrode potential at standard
condition (V)

Acidic aqueous O2 + 4H+ + 4e− → H2O 1.229

O2 + 2H+ + 2e− → H2O2 0.70

H2O2 + 2H+ + 2e− → 2H2O 1.76

Alkaline aqueous O2 + H2O + 4e− → 4OH− 0.401

O2 +H2O+2e− → HO−
2 +OH− −0.065

HO−
2 + H2O + 4e− → 3OH− 0.867

Non-aqueous alkaline O2 + e− → O−
2 Depends on the type of solvent

O−
2 + e− → O2−

2

by accepting 1 electron in non-aqueous solutions and 2 or 4 electrons in aqueous
solution. Successive one, two and four electron reductions of molecular oxygen
gives the superoxide radical anion (O−·

2 ), H2O2, the hydroxyl radical (OH·) and
water, respectively [1]. Table 1 is showing the thermodynamic electrode potential
for O2 reduction reaction with different electrolytes.

All of the above-mentioned electron transfer steps have their own importance.
4-electron transfer is important in fuel cells. 2-electron transfer is significant forH2O2

production while 1 electron transfer is important to understand the ORRmechanism.
The ORR mechanism in fuel cells and batteries is very complicated as it involves
different intermediates depending on the type and structure of electrodes, catalyst
used and nature of electrolyte. On the other hand, during a corrosion reaction oxygen
accepts one or more electrons from ametal in most cases to produce respective metal
oxides [2].

ORR in metal-air batteries and fuel cells is in spotlight because of superior energy
density and specific capacity of these energy storage devices when oxygen is reduced
at cathode. Here, it would be worth mentioning that the word ‘air’ with a metal
as named above, represents actually oxygen. In that particular case air containing
oxygen is taken from environment. On the other hand, if pure oxygen is supplied
by some other source, like oxygen cylinder or a chemical reaction, the batteries
are termed as metal-oxygen batteries [3]. The ORR mechanism is similar for both
metal-air and metal-oxygen batteries.

The kinetics of ORR reaction is sluggish, so an efficient and stable catalyst is
always required to speed up the electrochemical reaction. To date Pt metal supported
on carbon (Pt/C) is considered as contemporary ORR electrocatalyst with excellent
performance and efficiency.Nonetheless the high cost and rare availability of Ptmetal
is motivation for researchers leading them to search for new ORR catalysts. Some
examples of ORR electrocatalysts include carbon materials, metal oxides, noble
metals and alloys, transition metal dichalcogenides (TMDCs) and chalcogenides,
transition metal carbides (TMC) [4], phosphides [5] and nitrides [6].

During ORR, oxygen reaches to the catalyst active sites by mass transport dif-
fusion where two reaction pathways are possible depending on the type of oxygen



Oxygen Reduction Reaction 377

Fig. 1 Schematic diagram for molecular oxygen adsorption sites on the (111) face centered cubic
transition metal electrocatalysts. The adsorption sites are labeled corresponding to the Yeager (a),
Pauling (b) and Griffiths (c) models [7]

molecules chemisorption on the surface of catalyst. The oxygen adsorption may fol-
low three different models (Fig. 1) depending upon the distance between electrocat-
alyst surface and oxygen molecules and the extent of proton solvation. First, Yeager
model or two-site adsorption directly coverts adsorbed oxygen to water following
4-electron oxygen reductionmechanism. Second, end-on adsorption (Paulingmodel)
lead towards peroxide production following 2-electron transfer—end-on adsorption
may rearrange to single site adsorption yielding dual bond. Third is named as Grif-
fiths model and it follows 4-electron pathway to produce water [7]. The mechanism
involving direct conversion of oxygen to water is called direct pathway and follows
4-electron transfer. On the other hand, if oxygen is first converted to H2O2 following
2-electron pathway it is called peroxide pathway. Adsorbed MOMOH species are
produced in the case of direct pathway and MOOH species are produced for perox-
ide pathway where M represents a transition metal. The general equations for their
production are given below [8, 9].

2M + O2 + e− + H+ → MOMOHads (1)

M + O2 + e− + H+ → MOOHads (2)

The direct route mechanism occurs as follows
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MOMOHads → MOads + MOHads (3)

For a bimetallic electrocatalyst, Eqs. (1) and (3) can be rearranged as

M1 + M2 + O2 + e− + H+ → M1OM2OHads (4)

M1OM2OHads → M1Oads + M2OHads (5)

For peroxide mechanism the second electron and proton transfer step may follow
two steps. The two possibilities are: (1) formation of water and adsorbed oxygen
atom as in Eq. 6 and/or (2) depending on the attacking site of proton on oxygen
atom, a hydrogen peroxide intermediate may also be produced as in Eq. 7.

MOOHads + M + e− + H+ → MOads + MOH2ads (6)

MOOHads + M + e− + H+ → MOHOHads (7)

2 Oxygen Reduction Reaction Kinetics

The sluggish kinetics of ORR can be improved by keeping the reaction potential val-
ues close to the thermodynamic electrode potential which is also called the reversible
electrode potential.

The current-overpotential relationship is given in Eq. 8 [10].

ic = i oO2

(
e

naO αO Fηc
RT − e

naO (1−αO )Fηc
RT

)
(8)

Where, ic is cathode current density for ORR, i oO2
is exchange current density when

oxygen is reduced at cathode, nao is electron number involved in the rate determin-
ing step at standard condition, ao is transfer coefficient at standard conditions, ηc is
ORR overpotential for cathode, F is Faraday constant, R is gas constant, and T is
temperature (K). It is evident from the above equation that to achieve low overpoten-
tial leading to high current values and better performance, (RT/αonaoF) should be
small and exchange current density i oO2

should large. Here, αo and nao are intrinsic
properties of material and depend on the nature of catalyst.
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2.1 Tafel Slope

Tafel equation can be derived starting from the Butler-Volmer equation as given
below

i = i o
(
e

αFηc
RT − e

(1−α)Fηc
RT

)
(9)

Where, i is the net current and io is the exchange current. However at large negative
overpotential value and minor backward reaction anodic current becomes zero and
we have

i = ic = i oe−αna Fη/RT (10)

Where ic is cathodic current, α is transfer coefficient, na is number of electrons
involved in ORR, F is Faraday’s constant, R and T have their usual significance. The
above equation can be rearranged as

ic = i o exp

[
−naαFη

RT

]
(11)

log ic = log i o − naαFη

2.303RT
(12)

A more general form of potential current relationship can be written as

η = a + b log i (13)

Equation 13 is known as Tafel equation, where a and b are Tafel constants and
their values are calculated experimentally. This equation can be used to get the Tafel
slope by plotting η versus (log i). The calculated value of slope is termed as the
Tafel slope. Tafel plots are useful for fitting the experimental data obtained during
activation overpotential studies. Tafel slope only depends on α and na since all other
terms are constant. Higher Tafel slope means a rapid rise in overpotential with lower
current density. Hence, for low Tafel slope or large αna value, high current at low
overpotential would be achieved during an electrochemical reaction. Two values of
Tafel slope are reported for ORR on Pt/C, one at 60 mV/dec and other at 120 mV/dec
contingent to the electrode potential range and nature of its material [11]. The Tafel
slope for ORR mainly depends on electron transfer coefficient ‘α’ value and this
value depends on the temperature. The α value increases linearly from 20 to 250 °C
when ORR occurs on a Pt/C electrode. The relationship of α and T is given in Eq. 14
[11, 12]:

α = α
◦
T (14)
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Where α is ORR electron transfer coefficient, αo is a constant with a value of
0.001678, and T is the temperature in Kelvin. Relative humidity (RH) is another
major factor affecting transfer coefficient [10]. For PEMFCs paradigm, change of
transfer coefficient for ORR, at 120 °C is related to RH as given in Eq. 15 [13]. In
Eq. 15, RHc is relative humidity of the cathode compartment.

α = (0.001552RHc + 0.00139)T (15)

2.2 Exchange Current Density

Second important kinetic parameter is exchange current density, which represents
the rate of electrochemical reaction at equilibrium. Electrochemical reactions are
reversible redox reactions and may occur as given in Eq. 16.

O + ne− ↔ R (16)

Dynamic equilibrium is established in electrochemical reactions like all other
reversible reactions. Exchange current density is defined as the net current density
at equilibrium. At equilibrium, the value of exchange current density is always zero
which is attributed to the equal but opposite amount of current flow during reverse
and forward reaction [10]. The value of exchange current density governs the speed
of reaction.

For an electrochemical reaction, electrode surface and nature of reaction are
responsible for increase or decrease in exchange current density. For instance, the
ORR exchange current density is many times lower than hydrogen oxidation reaction
(HOR) for a Pt electrode. On the other hand, ORR bares low exchange current den-
sity for an Au electrode as compared to Pt. That is major reason why ORR kinetics is
strongly dependent on catalyst or electrodematerial. In conclusion, exchange current
density has variable values for different catalysts and electrode materials and a list
of ORR exchange current densities for different materials is given in Table 2.

For fuel cell perception the ORR exchange current density is associated with
the concentration (partial pressure, for gases) of reactant and area of electrode on
which reaction is taking place. It is recommended to use intrinsic current density, as
given in Eq. 17, during the lab experiments. The two major reasons for the above
consideration are: (1) the actual geometric area of catalyst (Pt) is significantly larger
than the electrochemical active surface area and (2) during a reaction involving gases,
the partial pressure of oxygen is not exactly equal to 1 atm [12]:

i o−apparent
O2

= (EPSA)ci
o
O2

(
PO2

Po
O2

)αo

(17)
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Table 2 ORR exchange current densities on various electrode materials

Electrode
material/catalyst

ORR
exchange
current
density
(A cm−2)

Electron
transfer
coefficiency

Electron
transfer no.
in rate
determining
step

Measurement
conditions

Reference

Pt 2.8 ×
10−7

0.48 – At Pt/Nafion
interface at
30 °C

[14]

PtO/Pt 1.7 ×
10−10

0.46 – At Pt/Nafion
interface at
30 °C

[14]

FePc 1.3 ×
10−7

– – Acidic
solution (pH
= 1.3)

[15]

PtFe/C 2.15 ×
10−7

0.55 1 In 0.5 M
H2SO4 at
60 °C

[16]

PtW2C/C 4.7 ×
10−7

0.45 2 In 0.5 M
H2SO4 at
25 °C

[17]

5.0 ×
10−5

0.47 1

RuxSey 2.33 ×
10−8

0.52 1 In 0.5 M
H2SO4 at
25 °C

[18]

RuxFeySez 4.47 ×
10−8

0.51 1 In 0.5 M
H2SO4 at
25 °C

[19]

Where, i o−apparent
O2

is apparent exchange current density, (EPSA)c is electroactive
surface area of the cathode catalyst, i oO2

is intrinsic exchange current density, Po
O2

is
standard O2 partial pressure, PO2 is actual O2 pressure, and αo is transfer coefficient
for ORR at standard conditions. As the factual state of ORR is not truly reflected by
apparent exchange current density, henceforth exchange current density and intrinsic
exchange current density will have a similar meaning in all references. Temperature
is another factor affecting the ORR exchange current density and the relationship
between temperature and exchange current density trails Arrhenius equation as given
in Eq. 18.

i oO2
= I oO2

e−(Ea/RT ) (18)

Where, I oO2
is exchange current density, Ea is activation energy, while R and T

have their typical nature. Various investigations have been reported, both in full and
half-cell paradigm, explaining the temperature dependence of ORR with Pt metal
electrode. Parthasarathy et al. [14] considered the Pt/Nafion interface and elaborated
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the change in ORR kinetics at different temperature. Wakabayashi et al. [20] studied
the effect of temperature on ORR kinetics in acidic solution at Pt electrode. Song
et al. [12] performed ORR kinetics studies from 23 to 120 °C for PEMFCs and
found that activation energy value is 57.3 kJ/mol for pure Pt metal and 28.3 kJ/mol
for PtO/Pt surface. Depending on method used and nature of catalyst a broad range
(21–83 kJ/mol) of activation energy values has been reported against ORR for both
Tafel regions.

3 Electrochemical Techniques in Oxygen Reduction
Reaction

ORRoccurs in a series of reactions andmostly follows a complexmechanism.Hence,
different electrochemical techniques along with other characterization techniques
are used to study the mechanism of reaction. The general electrochemical methods
employed to study oxygen reduction reaction catalysis include cyclic voltammetry
(CV), steady-state polarization, rotating ring disk electrode (RRDE) and rotating disk
electrode (RDE). A detailed explanation of these techniques is given in the below
section.

3.1 Steady-State Polarization

This technique is based on potential polarization. In detail, the electrode surface
potential is shifted away from equilibrium value heading towards a potential dif-
ference induced chemical reaction. In a simple elementary electrochemical reaction
O + ne− ↔ R, this potential polarization can be explained with the help of the
Butler-Volmer equation as given in Eq. 19 [10]:

i = i o
(
e

βFηc
RT − e

(1−β)Fηc
RT

)
(19)

Where, io is exchange current density, ηc is reactant (O) reduction overpotential, and
β is symmetry factor. The symmetry factor is actually that fraction of overpotential
which affects forward reaction. The above equation best describes an elementary
reaction but mostly the electrochemical reactions involve multiple step and are not
elementary. Either the reaction involves multiple electron transfer or a single elec-
tron transfer, it always undergoes many chemical and electron transfer steps leading
to multiple elementary reaction. Certainly, there is a reaction rate value for each
elementary step and it follows a separate rate equation along with Butler-Volmer
equation for each electron transfer. It is well known that electrochemical current or
rate of reaction is decided by considering slowest step but depending on their rate of
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reaction, other reactions also interpose to the overall reaction rate. Due to the above
facts it is very complex to determine the overall rate of reaction.

A chemical stepmay also be a rate determining step as in the case ofORRcatalysis
by carbon materials, where the movement of adsorbed superoxide might be the rate
determining step. To conclude, the slowest or rate determining step is supposed to
be a pseudo-elementary step transferring “n” electrons in a multiple electron transfer
electrochemical reaction. To be specific, n can be 1 or 2 in the case of ORR depending
on the potential range and the nature of catalyst being used. The current overpotential
relationship for such type of pseudo-elementary step is given in Eq. 20 [2]:

i = i o
(
e

αnFηc
RT − e

(1−α)nFηc
RT

)
(20)

Where n is electron transfer number in the pseudo-elementary rate determining step,
and α is transfer coefficient indicating the fraction of overpotential that activates
the forward direction of the pseudo-elementary rate determining step. Steady-state
polarization curves are used to display a relationship between current density and
electrode potential. It can be recorded in two ways; (1) calculating a stable current
density response against constant electrode potential or (2) recording the stable elec-
trode potential response against constant current density. The evaluation criteria of
polarization curve are application dependent. For fuel cells, high current density is
always desired as it provides utmost power density and for ORR such current density
can be achieved at lowest possible overpotential, thus for fuel cells it can be achieved
at highest possible cell voltage. Figure 2 is displaying the steady-state polarization

Fig. 2 Polarization curves for a HT-PEMFC with catalyst layer of 0.01 mm and proton exchange
membrane thickness of 0.04 mm [21]
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curves of a high temperature polymer electrolyte membrane fuel cell (HT-PEMFC)
at different temperatures [21]. It is obvious that the cell performance is increasing
with increasing temperature. Hence, it is concluded that PEMFC fuel cells perform
better at high temperature as compared to low temperature. An overpotential versus
(log i) plot or polarization curves fitting can be used to obtain Tafel slope or exchange
current density.

A study reported low current density range i.e. <0.4 A/cm2 and high current
density range i.e. >0.4 A/cm2 results showing different exchange current densities
for fuel cell. For instance, in the case of ORR, an exchange current density value
of 6.25 × 10−6 A/cm2 has been reported for PtO/Pt surface at 80 °C, with current
density values <0.4 A/cm2. On the other hand, at current density values >0.4 A/cm2,
exchange current density of 5.26 × 10−6 A/cm2 was reported using Pt metal as
catalyst [12].

3.2 Cyclic Voltammetry

In electrochemistry, cyclic voltammetry (CV) may be considered as the most benefi-
cial technique. In few minutes, it can give very useful qualitative information about
the electrochemical reaction and catalyst. The catalytic activity and electrochemical
response of catalyst depends on some electrochemical reactions. The principle of
CV is not a focus of this chapter so we will simply explain how CV is applied to
study the catalysis for ORR reaction in the presence of surface adsorbed catalysts.
Figure 3 is displaying a cyclic voltammogram of Pt/C adsorbed on graphite electrode
recorded in our lab using 0.1 M KOH solution as electrolyte. In the potential range
of 0.2 to −0.8 V versus Ag/AgCl reference electrode, a very clear sharp wave can
be observed and is attributed to O2 reduction.

For surface adsorbed species, the electrochemical reactionmechanism can also be
explained by the reaction involving change in redox peak potential with a variation
in pH. Formal potential which is defined as the average of anodic and cathodic
potential, is used to study such type of reactions. Hence, for an electrochemical
reaction involving either OH− or a proton, e.g.,

O + mH+ + ne− ↔ R

follows Eq. 21 for change in the pH versus formal potential;

E f = E0 − 2.303
mRT

nF
pH (21)

whereEf is formal potential andEo isNernst potential [10]. The catalytic activity of a
material is observed from the peak current and onset potential. For example, carbon-
supported cobalt-polypyrrole catalyst (Co-PPy/C) shows different electrocatalytic
activity in pyrolyzed and unpyrolysed form as shown in Fig. 4. In the plot five peaks
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Fig. 3 Cyclic voltammogram of Pt/C adsorbed on a graphite electrode at 25 °C in 0.1 M KOH
solution. Potential scan rate: 0.005 mV s−1

1

3

4

5

2

Fig. 4 Cyclic voltammograms for unpyrolyzed and pyrolyzed Co-PPy/C catalysts at 25 °C in 0.5M
H2SO4 under saturated N2 and O2, respectively. Potential scan rate: 50 mV s−1. UT indicates
the unpyrolyzed sample and 800C indicates the pyrolyzed sample at 800 °C. Co-PPy/C loading:
0.122 mg cm−2 [22]
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are designated to different samples of Co-PPy/C. Sample 1, 2 and 3 are pyrolyzed at
800 °C, 600 °C and 1000 °C, respectively,while 4 and 5 are designated to unpyrolysed
samples in O2 and N2 atmosphere, respectively. It should be noted that catalysis is
taking place in 1, 2, 3 and 4 only because there is no oxygen present for sample 5. In
comparison, the highest current density is achieved in 1 and onset potential of all the
pyrolyzed samples is almost equal, about 350–400 mV earlier than the unpyrolysed
sample in O2 atmosphere (Peak 4) [22].

3.3 Rotating Disk Electrode

RDE is used as working electrode for electrochemical studies and is composed of
a disk made of mostly glassy carbon or graphite surrounded by a thick layer of
insulating polytetrafluoroethylene (PTFE). The other materials used to make RDE
disk include, but not limited to, CdS, GaAs, Fe, Au, Cu, Ni, Pt, or Si [23]. It is used
to limit the diffusion layer thickness. Equations used for RDEs are as follows [10]:

1

I
= 1

Ik
+ 1

ID
= 1

Ik
+ 1

Bω1/2
(22)

Where I is disk current density, Ik is kinetic current density, ID is diffusion limiting
current density and ω is angular velocity of rotating disk (ω = 2πN, where N is
rotating speed in rpm). While B can be calculated using Eq. 23

B = 0.62nF(Do)
2/3υ−1/6Co (23)

Where n is overall electron transfer number, Do diffusion coefficient of O2, ν is
kinematic viscosity of electrolyte solution, and Co is concentration of dissolved
oxygen. Ik can be expressed as Eq. 24:

Ik = nFKCo (24)

Figure 5 is showing an example of RDE application inORR including polarization
curves and the Koutecky-Levich (K-L) plot for carbon-supported cobalt-polypyrrole
catalyst (Co-PPy/C). These results are compared with theoretical plots for 4 and 2-
electron process. The experimental data already reported in literature [26] was used
for theoretical calculation of parameters to get the above plots. The K-L slope of
unpyrolyzed Co-PPy/C resembles to the theoretical 2-electron process plots. On the
other hand, pyrolyzed Co-PPy/C slops are well matched with theoretical 4-electron
transfer reaction.

Along with the electrochemical factors, three non-electrochemical parameters
are also required for RDE analysis. These parameters are temperature dependent
and include O2 solubility, electrolyte solution kinematic viscosity and O2 diffusion
coefficient. The values of these parameters also depend on the nature of electrolyte
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Fig. 5 a Polarization curves of unpyrolyzed and pyrolyzed Co-PPy/C catalysts at 25 °C in 0.5 M
H2SO4 under saturated N2 and O2, respectively. Potential scan rate: 5 mV s−1. Electrode rotation
rate: 400 rpm. Co-PPy/C loading: 0.122 mg cm−2. b Koutecky–Levich plots for the ORR on
unpyrolyzed and pyrolyzedCo-PPy/C catalysts at 0.3VversusRHE in 0.5MH2SO4 under saturated
O2. The current densities were normalized to the geometric area. Co-PPy/C loading: 0.122mg cm−2

[22]

used for ORR catalysis. Table 3 is showing the values of these parameters at different
conditions.

Table 3 Non-electrochemical kinetic parameters for RDE data analysis

Experiment
conditions (T,P
electrolyte)

Diffusion
coefficient of O2
(cm2 s−1)

Kinematic
viscosity of the
electrolyte
solution (cm2

s−1)

Solubility of O2
(mol cm−3)

Reference

0.1 M HClO4,
20 °C, 1 atm O2

1.67 × 10−5 – 1.38 × 10−6 [20]

0.5 M H2SO4,
25 °C, 1 atm O2

1.40 × 10−5 0.010 1.10 × 10−6 [19]

0.1 M KOH,
25 °C, 1 atm O2

1.90 × 10−5 – 1.20 × 10−6 [14]

1 M NaOH,
25 °C, 1 atm O2

1.65 × 10−5 0.011 8.40 × 10−7 [24]

0.1 M TBAP
quinoline, 25 °C,
1 atm O2

1.71 × 10−5 0.033 1.49 × 10−6 [25]
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3.4 Rotating Ring Disk Electrode

The rotating ring disk electrode (RRDE) is a double working electrode and this
technique is used to study themechanism ofORR reaction. The intermediates formed
on the disk of electrode during the ORR reaction are detected on the ring. On the
disk, both 2-electron and 4-electron process may occur while H2O2 is oxidized to
H2O on the ring of RRDE [27].

The reduction current for 2-electron (I2e−) process is given by

I2e− = IR/N (25)

Where, I−
2e is 2-electron ORR current on the disk electrode and N is collecting

coefficiency of electrode. The disk current (ID) can be calculated using Eq. 26:

ID = I2e− + I4e− (26)

Where, I−
4e is 4-electron ORR current. Equation 26 can also be written as

ID
ne−

= I4e−

4
+ I2e−

2
(27)

Equation 27 can be rearranged to Eq. 28 and is used to calculate the number of
electrons participating in ORR

ne− = 4ID
ID + IR/N

(28)

The H2O2% is estimated by Eq. 29.

H2O2% = 200 × IR/N

ID + IR/N
(29)

Figure 6 is displaying the polarization curves, electron number (calculated using
Eq. 28) andH2O2 percentage (calculated using Eq. 29) for ORRon polypyrrole based
catalyst [28].

4 Electrocatalysts for Oxygen Reduction Reaction

Oxygen reduction reaction catalyst is considered performance limiting factor in both
fuel cells and batteries, that is whyORR catalysts have been in spotlight since last two
decades. Themain problems associatedwithORR catalysis include sluggish reaction
kinetics, catalyst layer delamination, catalyst degradation and catalyst agglomera-
tion or band formation. In the course of designing ORR catalyst attention should be
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Fig. 6 RRDE voltammograms and the calculated values of transferred electron number (n) and
yield of H2O2 (Y(H2O2)) during ORR. a Polarization curves of Co–PPy/C and Co–PPy–TsOH/C
obtained with RRDE at room temperature in O2 saturated 0.5 M H2SO4 with a potential scan rate
of 5 mV s−1 and an electrode rotation rate of 900 rpm. b Calculated values of n and Y(H2O2) for
Co–PPy/C and Co–PPy–TsOH/C catalyzed ORR

focused on high intrinsic activity and durability as well as low cost of material. For an
effective catalyst, high activity can be achieved by structure engineering, like nano-
structuring, alloying, intercalation, confinement of active elements or compounds
in layered materials, shape engineering and implication of different type of catalyst
supports. The other parameters mentioned above are the intrinsic properties of mate-
rials attributed to the nature of techniques for catalyst synthesis which depends on
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the type and structure of catalyst. In the next section, we will have a look on some
of the examples of electrocatalysts for ORR.

4.1 Pt-Based Catalyst for ORR

Pt metal-based catalysts have always been in focus for ORR owing to their excellent
performance. The ORR on Pt surface usually follows 4 electron mechanism pro-
ducing water in acidic solutions, while OH− in alkaline solution along with a small
amount of side reactions which are already discussed in detail in literature [29]. Here
we will discuss some novel examples of Pt containing catalysts for ORR reaction.
Usually Pt metal is dispersed on carbon supports and the contact is considered not
very good, especially for high temperature applications. The other problem asso-
ciated with this is non-homogeneous dispersion of Pt particles. A study reported
[30] Pt-MoOx interface on smoothMWCNT surface (Pt-MoOx −MWCNT system)

to overcome the above-mentioned problem. A polymer electrolyte membrane fuel
cell fabricated by using 5% by weight MoOx (Pt-MoOx (5%) − MWCNT) as an
additive and polybenzimidazole (PBI) membrane showed balanced Pt surface area
leading to 9 times higher kinetic current calculated from K-L plots, as compared to
Pt-MWCNT system. Similarly, some other studies reported enhanced performance
with the addition of metal or metal oxide as an additive or alloy with Pt or Pt-group
metals [31–33]. Different kinds of carbon support also aid in enhancing the per-
formance of ORR reaction performance [34, 35]. Another problem associated with
ORR catalysts is durability. High surface area (1037 m2/g) 3D nanoporous carbon
was used as a support to prepare a highly durable electrocatalyst (NanoPC/PyPBI/Pt)
for ORR and compared with CB/PyPBI/P (Fig. 7) [36]. About 2.2 nm diameter Pt
deposited on NanoPC carbon were wrapped in PyPBI layer. This system showed no
loss of electrochemical active surface area (ECSA) even after 10,000 start/shutdown
cycles (Fig. 8), which is excellent example of durable catalyst for ORR in PEMFC.

Fig. 7 Schematic
illustration of preparation of
CB/PyPBI/Pt and
NanoPC/PyPBI/Pt
electrocatalyst [36]
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Fig. 8 CV curves of the a CB/Pt, b CB/PyPBI/Pt, and c NanoPC/PyPBI/Pt after 2000, 4000, 6000,
8000, and 10,000 potential cycles test. d Normalized ECSAs of CB/Pt (black line), CB/PyPBI/Pt
(blue line) and NanoPC/PyPBI/Pt (red line) as a function of the number of potential cycles in the
range of 1.0–1.5 V versus RHE [36]

It shows that the better engineering of carbon support helps to increase the durability
of ORR catalyst.

A recent study reported that modification of MWCNTs with nitrogen containing
compounds can increase the performance of Pt/MWCNT (40 wt%) electrocatalyst
for ORR. RDE was used to perform the studies where 0.1 M HClO4 was used
as electrolyte. Melamine-formaldehyde resin was used as a precursor to introduce
nitrogen (8.3 at.%) on MWCNT surface. The utilization ratio of Pt was increased
(0.84) as compared to the Pt/CNT (0.29) leading to uplift in power density from 0.37
to 0.61 W cm−2 [37].

Platinum deposited poly(vinylpyrrolidone) (PVP) MWCNTs are reported as a
highly durable ORR catalyst with a loss of only about 40% ECSA even after 150,000
cycles at 1.0–1.5 V versus RHE [38]. This performance is 15 times better than com-
mercial Pt/C catalystwhich shows about 50%ECSA loss just after 10,000 cycles. The
device fabricated using this catalyst also showed3.5 times high power density as com-
pared to the commercially fabricated Pt/C containing device. Same group reported
another MWCNTs based ORR catalyst containing phosphoric acid (PA)-doped plat-
inum electrocatalyst supported on poly[2,20-(2,5-pyridine)-5,50-bibenzimidazole]
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(para-PyPBI)-wrapped MWCNTs having performance comparable to commercial
Pt/C [39].A state-of-the-artORRcatalystwith outstandingperformancewas reported
by the same group again showing durability for more than 400,000 fuel cell cycles
and a power density of 252mW/cm2 at an operating temperature of 120 °C [40]. Syn-
thesis route is shown in Fig. 9 while polarization curves and CV plots are displayed
in Fig. 10.

From the above discussion, it is concluded that the problems associated with the
Pt/C catalyst may be resolved by suitablemodification of carbon support, use of addi-
tive and alloying Pt metal with other metals. Instead of all the above breakthroughs,
still a PGM-free catalyst is required for ORR catalysis and wide spread applications
of fuel cell and metal-air batteries.

Fig. 9 a Chemical structure of PyPBI. b Schematic illustration of the preparation technique of the
MWNT/PyPBI-PVPA/Pt [40]

Fig. 10 a Polarization curves and durability test curves; b CV curve. The polarization curves were
measured after every 1000 cycles of the potential sweep between 1.0 and 1.5 V. For convenience,
only initial (thin solid line), after 80,000 cycles (bold dotted line) and after 400,000 cycles (bold
solid line) were plotted. For PA-non-doped MEA, test was stopped at 8000 cycles [40]



Oxygen Reduction Reaction 393

4.2 Platinum Group Metal (PGM)-Free Catalysts

Owing to the scarcity and high price of Pt-group metals, Pt-group metal (PGM)-
free catalysts have got special attention in the last decade. Numerous studies have
been reported on PGM-free catalyst outperforming state of the art Pt/C and it would
be worth mentioning that for the synthesis PGM-free catalyst mostly metals are
co-doped with nitrogen. Low cost nitrogen and metal doped carbon materials (M-
N/C) are the most prominent PGM-free electrocatalyst for ORR, where the metal
is mostly Fe and/or Co. A recent study reported highly graphitic mesoporous Fe
and nitrogen doped carbon materials (Fe-N/C) with a surface area of 800 m2/g and
an electrical conductivity of about 19 S/cm. The surface of prepared material was
modified by post synthesis acid and thermal heat treatment. As synthesized materials
showed more positive half-wave (0.87 V) and onset (1.04 V) potential values against
reversible hydrogen electrode (RHE), leading to better ORR activity which was
comparable with commercial 20% Pt/C catalyst [41]. Another study reported highly
durable [42]mesoporous Fe-N/C. Liu et al. reported computational and experimental
studies of Mn-N/C materials as better ORR catalysts [43] in acidic medium. It was
demonstrated with the help of DFT calculation that the MnN4 sites present in the
material can catalyze the ORR reaction with much lower half wave potential (60 mV
lower than Pt (111) and 80mV lower than the eminent Fe-N/CORRcatalyst [44, 45]).
This material also showed excellent potential cyclic stability, only losing 20mV even
after 10,000 cycles using oxygen saturated electrolyte at 0.6–1 V [43]. A comparison
of reaction coordinates, in the form of free energy diagram, for MnN4, FeN4 and Pt
(111) is given is Fig. 11. In M-N/C materials the main catalytic site is metal ion
coordinated to pyridinic type nitrogen atom facilitating ORR catalysis as shown in
Fig. 12. In an overall perspective, M-N/C are considered as a low-cost alternative for
commercial Pt/C ORR catalyst.

Fig. 11 Predicted free energy evolution diagrams forO2 reduction through 4e− associative pathway
to form H2O on MnN4, FeN4, and Pt (111) surface under electrode potential of a U = 1.23 V and
b U = 0.58 V. The DFT calculations have included the explicit water solvation effect; the free
energy calculations are performed at temperature of 300 K and in acid medium with pH value of 0
[43]
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Fig. 12 Catalytic site in the
case Fe-N/C ORR
electrocatalyst [41]

Many other PGM-free ORR catalysts, apart from M-N/C, have also been
reported. A recent research reported graphene coated Sn-doped C12A7 :
e− (C12A7−xSnx , where, x = 0.2 to 1) composite as an excellent ORR cata-
lyst in alkaline medium. When x = 1, the calculated current density, onset poten-
tial, methanol resistance and long-term stability were comparable to commercial
20% Pt/C catalyst for ORR [46]. The only drawback of this material is that high
temperature (1550 °C) is required to synthesize the material.

Some other examples of PGM-free ORR catalyst include cobalt based catalysts
[47], porous carbon material [48] and carbon black [49]. Last two members shows
excellent ORR activity when combined with suitable metals.

4.3 Metal-Free Electrocatalysts for ORR

Metal free ORR electrocatalyst have got researchers attention because of their bet-
ter ORR activity and durability. Nitrogen-doped carbon including nitrogen-doped
carbon nanotubes and nitrogen-doped graphene have been extensively studied dur-
ing last few years [50]. The nitrogen is introduced using different precursors like
Polypyrrole (PPy), ammonia, cyanamide, nitrogen gas, melamine, phthalocyanine
and pyridine [28]. The oxygen reduction reaction on carbon is catalyzed by the strong
interaction of surface carbon atoms [51]. Hydrophobicity control and homogeneous
N-atoms distribution in the case of pyridine, as a precursor, is crucial to achieve an
ORR catalyst with high activity and bottom up approach is recommended to achieve
this target [50]. A schematic for synthesis of catalyst with high density of active sites
is shown in Fig. 13.

A recent study reported synthesis of N-doped graphene (N-GP), where ammonia
was used as a nitrogen precursor, and its use as ORR catalyst [52]. The results showed
that exfoliation method, type of graphite precursor and electrolyte temperature has
significant effect not only on the quality of product but on the catalytic properties
also. Two major types of carbon materials are glassy carbon (GC) and graphite and
they followdifferentmechanism forORRcatalysis. ORRon carbon normally follows
first order kinetics with a Tafel slope of −120 mV for graphite and −60 mV for GC.
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Fig. 13 Concept of electrocatalyst development with high-density catalytic active sites: schematic
of different parameters to control the catalytic performance of a fuel cell ORR catalyst, displaying
dopedNas theORRactive center, the role of the catalyst surface hydrophobicity towardO2 diffusion,
the electronic state tuning of the catalyst, the conductivity of the electrolyte membrane for efficient
H+ ion transport, and the conductivity of the electrode for faster electron transfer

Different elementary steps are involved in the ORR mechanism for different car-
bons. The first step is adsorption followed by electron transfer, which finally results
in the formation of superoxide (O−

2 ). In the next step, disproportionation or reduction
of superoxide is possible [53]. Some studies proposed a transformation between two
different types of superoxides [51]. In the case of strong alkaline solution (pH > 10),
two waves can be observed in the ORR curve; both of them can be attributed to the
formation of O−

2 involving different carbon atoms on the same surface but away from
each other [54].

In the study of ORRmechanism, the surface chemistry of carbon must be consid-
ered as it is believed to play a vital rule in oxygen reduction. Figure 14 is showing
some important features of carbon surface [29].

Owing to all the above surface functional group, different carbon materials like
graphite, glassy carbon, carbon nanotubes, heteroatom doped carbons, pre-treated
carbon surfaces and graphene have been reported and explained in detail [29].

Core shell ZIF8@ZIF8 single crystal-based N-doped hierarchically porous car-
bon nanopolyhedras (CS-HPCNs) were reported to have greater number of graphitic
and pyridinic nitrogen as compared to core less carbon nano cubes. Here, ZIF8
stands for zeolitic imidazolate framework with structure Zn(mIM)2 and mIM is
2-methylimidazolate. When compared with commercial Pt/C catalyst, as prepared
catalyst showed higher kinetic and limiting current density and comparable onset
potential. The better ORR activity was ascribed to higher mesopore volume and
surface area of material [55]. A main problem associated with the N-doped carbon
is that their activity is comparatively lower than commercial Pt/C. This problem is
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Fig. 14 Schematic showing some of the carbon surface features of relevance to electrochemistry,
and details of some different possible oxygen-containing surface functional groups [29]

addressed by introducing binary and ternary-doped carbons like N,S,F doped [56,
57]; N,P doped [58]; N,S doped [59] carbon and N,P doped polymer [60]. Phenoxy-
cyclophosphazenes (PCPZs) pyrolyzed onmonodispersed silica spheres yielded high
surface graphitized carbons with numerous N,P catalytic sites. N,P co-doped graphi-
tized carbon (N,P-GC) showed bifunctional catalytic activity for ORR and oxygen
evolution reaction (OER) [58]. As prepared catalyst with 30 nm SiO2 particles as a
support, showedORR half wave potential of 0.85V, which is comparable to commer-
cial Pt/C. Figure 15 is showing results of different techniques for the above catalyst
where 900, 1000 and 1100 is indicating the calcination temperature for different
samples. Another study reported that introduction of binary and ternary dopant can
enhance the distribution of active sites which eventually leads toward better ORR
performance. This N, F and S doped graphene (FN3SG) catalyst showed a half wave
potential of 0.803 V and positive onset potential of 0.988 V versus RHE which is
analogous to commercial Pt/C catalyst for ORR [56].

The activity and durability of metal-free ORR electrocatalyst, especially carbons
can be increased by the introduction of nitrogen or other binary or ternary dopant
as explained in the above examples. Instead of the numerous reports on metal-free
ORR catalyst, development of carbon based metal-free electrocatalyst is still need
of the day to introduce next generation metal air batteries and high performance fuel
cells.
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Fig. 15 CV curve of N, P-GC-1000 in 0.1 M KOH electrolytes (a) and 0.1 M HClO4 (b); RDE
polarization curves of N, P-GC hiring 30 nm SiO2 under different calcining temperature in 0.1 M
KOH (c) and in 0.1 M HClO4 electrolytes. d The corresponding Tafel curves (e) and their slopes
(f) in 0.1 M KOH [58]
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History, Progress, and Development
of Electrocatalysis

Amel Boudjemaa

Abstract This chapter reviews the history, the progress, development and achieve-
ment of electrocatalysis. We introduce some practical examples for electrochemi-
cal reactions as CO2 reduction, hydrogen evolution and oxygen reduction reaction.
Some examples of these anchored reaction using differents electrocatalysts cited
metal oxide, carbon based material, alloy material, noble and precious metal, lay-
ered electrocatalytic materials, platinum-based electrocatalysts and electrocatalysts
without Pt are cited.

Keywords Electrolysis · History · Progress · Development · Electrocatalyst ·
Electrocatalysis · Electrochemical energy conversion · CO2 reduction reaction ·
Hydrogen evolution reaction · Oxygen oxidation reaction · Environment protection

1 Introduction

Recently, the International Energy Agency (IEA) reported that the energy supplied
by fuels from fossil fuels energy source has been increased and reached 13,647Mtoe
in 2017. Based on the report of the International Energy Statistics, by 2050 annual
energy consumption is envisaged to more than double and turn to the triple by the
year 2100 [1]. So, the demand energy increased due to the development of human
society leading and lead to the issues related to environmental pollution resulting a
serious environmental degradation and global warming [2–5]. For this, we need to
develop clean and sustainable technologies [6–8]. It is important to develop a new
process for both the generation and storage of energy and protection of environment
[9–13]. Renewable energy technologies depend on various main reactions, as well
as oxidation/reduction reactions [14–16].

Grubb used the word electrocatalysis for the first time in 1963 in connection with
the investigations of fuel cells [17]. However, the first interpretation of electrocatal-
ysis process was introduced in 1935 by Horiuti and Polanyi [18] based on the upon
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work of Gurney’s analysis of 1931. Electrocatalysis is one of fields of catalysis that
speeds up the rate of an electrochemical reaction occurring at the interface elec-
trode/electrolyte [19]. Various applications such as electrodeposition, electropoly-
merization, electrosynthesis, electrochemical sensors, electrochemical capacitors,
fuel cells, lithium ion batteries, solar cells, etc. [20–26]. To achieve these reactions,
the development of electrocatalysts those are able to increase of reactions efficiency
is required due to the various fields of catalysis [27]. On the other hand, electro-
catalysis is not limited to heterogeneous catalysts where the catalyst can be used as
immobilized on a conductive material or on a support. Due the electrocatalysis inter-
disciplinary, it is believed to play a central role of society through it inexpensive and
environmentally friendly energy, fuels and chemicals production [28]. Over the past
several decades, the progresses in the field of electrocatalysis have been motivated
by both improvements in fundamental techniques and the technological imperative
to develop enhanced low temperature electrocatalytic devices.

2 History of Electrocatalysis

2.1 Introduction

The history of electrocatalysis starts with electrochemistry history. It has seen a suc-
cession of several important stages during its evolution, often in correlation with
the development of different branches of chemistry and physics. Indeed, it follows
from the discovery of the principles of early magnetism XVI and XVII century and
continues until the theories on conductivity and electric charge transport which has
known many changes during its progress from first principles to complex theories.
In the late 19th and 20th, the word electrochemistry used to describe electrical phe-
nomena. In recent decades, electrochemistry has a huge field of research improves
refining methods through electrolysis and electrophoresis, remove of contaminants,
etc. In the period 1950s and 1960s, the role of electronic and geometric factors in
the electrocatalysis using alloy electrocatalysts was the major contribution made by
Bockris and coworkers [29].

2.2 History

In 1780, Luigi Galvani highlighted animal electricity by connecting two different
metal plates (copper and iron) [30]. He caused the contraction of frog legs; his
explanation was the existence of intrinsic electricity to the body of the frog. In
1786, Luigi Galvani fabricated the first battery without realizing it. Many years
after, Alessandro Volta disproved this explanation in 1792 and demonstrated that
the metals can produce electricity. He continued his experiments and published in
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1800 his results which led him to design the first electric battery (which is a stack—
hence the name of pile—of zinc and copper metal disks separated by a tissue or
cardboard soaked in acid or salt water) [31]. The first batteries had a running time of
about 20 min. The Volta battery is therefore the first independent source of electrical
energy available. Therefore, the discovery of voltaic pile was in 1800 by Alessandro
Volta.Meanwhile in Germany, JohannWilhelmRitter was studying electrolysis [32].

In early 1800s Humphry Davy, discovered the elements and improved the design
of the voltaic pile. Michael Faraday highlighted in 1831 the principles of mag-
netic induction (creation of an electric current in a conductor placed in a magnetic
field). He created the terms electrode, electrolyte, anode, cathode and ion. During the
period 1833–1836, the laws of electrocatalysis revealed by Faraday were included
[32]. Daniell cell was discovered in 1836 and attempted to eliminate the problem of
hydrogen gas production of the Voltaic pile [32]. In 1859, Gaston Plante discovered
a lead-acid battery, the oldest type of rechargeable battery currently used in motor
vehicles [32].

Wilhelm Ostwald started his experimental work on electrochemistry in 1875. The
first definition of catalyst was in 1894, the beginning of the catalysis field. Wilhelm
Ostwald had his Nobel Laureate in 1909 (Nobelist in Chemistry, 1909). The year
1886was established the process for the electrolytic production of aluminium.Nikola
Tesla used of alternative current and he achieved to patent the results in 1888 [33,
32]. Gardner Cottrell introduced the Cottrell equation; the rules relation between
electrode kinetics and mass transport [34, 32]. Edison Storage Battery was published
in 1901 [35]. The theory of the electromotive force was developed in 1888 [36, 37].
Nernst’s was the first researcher acknowledged the importance of ions in solution
with his investigated in electrochemistry inspired by Arrhenius’ dissociation theory.
He explained the galvanic theory in 1889 [38].

Electrochemistry: Grundriss der technischen Elektrochemie auf theoretischer
Grundlage book published in 1898 [39]. In 1898, the results of electrolytic oxi-
dation and reduction were published [40]. Pierron illustrated that definite reduction
products could result if the voltage at the cathode kept constant. After, the reduction
of nitrobenzene at the cathode was elucidated. In 1910, the oil replaced water and
the results were more precise [41]. In 1921, Jaroslav Heyrovský had a Nobel Prise
in chemistry for his work about the elimination of the tedious weighing essential by
previous analytical techniques [42]. In 1922, was the day of born of polarograph.
After this, Masuzo Shikata builds the first instrument for the polarographic curves
measurement [43]. In 1923, the year of the publication of the theory about how
acids and bases behave using electrochemical basis [44]. The International Society
of Electrochemistry (ISE) was created in 1949. Arne Tiselius was awarded a Nobel
Prize in 1948 [45].
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3 Progress and Development of Electrocatalysis

3.1 Electrochemical Energy Conversion

3.1.1 Introduction

The electrochemically catalytic conversion to value products is a promise way to
produce green fuels. Recently, a main progress has been made in electrochemical
energy conversion [46, 47]. Compared to the fossil energy, renewable energy is
considered as the most powerful candidate due to its renewable and environmental
friendly properties [48, 49]. The method of hydrogen generation via electrocatalysis
is the electrocatalytic water splitting which has attracted most interest advantages
[50, 51]. The key of the reaction is a catalyst that can be used as anode or cathode
depend on the semiconductor type (n or p type) [52].

3.1.2 CO2 Reduction Reaction (CO2RR)

Metal and Metal Oxide Electrode

The first studies on the electrocatalytic CO2 reduction reaction (CO2RR) date back
more than a century. CO2RR was reported for the first time in 1870, with a formic
acid as the reaction product [53]. In an aqueous medium, the formation of formic
acid is in competition with H2, due to the reduction of water. Since the early 1900s
and until 1980s, CO2RR has been studied on metal electrodes such as zinc, lead,
copper andmercury, to convert CO2 to formic acid [54]. In 1967, Haynes and Sawyer
conducted a potentiostatic study on Au and Hg electrodes in DMSO electrolyte [55].
The resultants showed that CO and formate were the main products of CO2RR.
In 1969, Paik and coauthors converted CO2 on mercury electrode [56]. In 1970,
Bewick et al. observed the formation of glycolic acid on Hg electrodes using a
quaternary ammonium electrolyte [57]. Under similar operating conditions, Eggins
et al. obtained oxalate on a mercury and graphite electrode, while glycolic acid
observed on a lead electrode [58].

The electrocatalysis of CO2RR by transition metal complexes is more recent.
Its origins date back to the 1970s, but the field has gained importance over the last
thirty years [59]. In 1975, Aresta et al. have published a crystalline structure of CO2

bound to a transition metal complex where they show η2-bidentate bond involving
carbon and oxygen atom, with significant structural curvature of CO2 molecule [60].
From the beginning of 1980s, CO2RR had attracted more interest, because of the
promising results, which estimated the possibility of applications on the industrial
scale. In 1981, another important study published by Darensbourg et al. showed
the interest of carbonyl anionic metal hydrides for CO2RR, HM (CO)5− (M = Cr,
Mo, or W) [61]. In the middle of 1980s, Frese and coauthors study the synthesis of
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methanol by CO2RR on several metals and semiconductors such as Ru, Mo, GaAs
and InP [62]. Promising results were obtained [63, 64].

In 1985, Hori et al. discover that metallic copper can converted CO2 to hydrocar-
bons (methane, ethylene, etc.) with efficient reactivity [65, 66]. Since then, copper
has remained the most studied metal for CO2RR, being the only one to give hydro-
carbon products with yields higher than 50%. Excellent journals have been published
in this area and several review articles have dealt with CO2RR [67, 68].

For example, Frese et al., discuss electrocatalytic reduction on solid electrodes
[69]. Various kind of metal-based catalyses have been used as cathodes for the elec-
trocatalytic CO2RR. Semiconductors [63], complexes [69], oxides [70] and alloys
[71] have been studied in this field, but pure metals have been the most studied
[54]. In 2008, Hori published a general review [54], in which he summarized the
progress, focusing on the fundamental problems of CO2RR on metal electrodes and
in particular on the electrocatalytic aspects.

Cokoja et al. publish a review presenting a global overview of homogeneous
catalytic mechanisms for a large number of metal complexes used for CO2RR [70].
Other more recent journals summarize the catalytic activity of different transition
metal complexes immobilized on electrodes [72]. They show that the efficiencies
of modified electrodes depend on the nature of the complex, electrolyte, applied
potential. Generally, in liquid medium, two major factors influence the selectivity
of the products as well as the mechanisms of the electroreduction CO2RR. The
first factor is related to the nature of the aqueous or organic solvent. While the
second parameter was due to the nature of the catalyst used. This catalyst can be
either dissolved in the case of homogeneous catalysis, or deposited on the working
electrode or itself forming the electrode, it is in this case a heterogeneous catalysis.

For enhanced yields of CO2RR it was better to work in pH conditions where CO2

was the majority. CO2 dissolved in an aqueous medium leads to an acidic pH. In
neutral electrolyte, where protons were not the majority, the faradic CO2 conversion
efficiencies were the highest, and it was in these electrolyte that most studies have
been conducted.

Carbon Based Material

Eggins et al. investigated the electroreduction ofHCO3
− in a neutral aqueousmedium

on vitreous carbon (CV) [73]. The results confirmed that the decomposition of
HCO3

− in CO2 is intermediate step for this reduction. Similarly, in a neutral medium
and with Hg electrode, they showed that the HCOO− ion was the only the product
with a faradic efficiency close to 100%. Schiffrin performed photoemission mea-
surements for the study of the reduction of the CO·−

2 anion radical formed on Hg
electrode [74]. The results showed that the CO2 reduction potential did not depend
on pH where the water provided the protons for forming the formate ion via CO·−

2 .
Hori and Suzuki confirmed the last hypothesis and demonstrated that the electrode
potential was constant for pH ranging from 2 to 8 [74]. They explained that CO·−

2 free
in solution, having a nucleophilic carbon, reacted with a proton of H2O molecule to
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form HCO·
2. H

+ will not bind to CO2 de-oxygen since the pKa of CO·−
2 /HCO·

2 pair
was very low (pKa = 1.4) [75]. Then it is HCO·

2 which was reduced to HCOO·−.
In the field of CO2RR, the classification of metals made according to the reaction

selectivity. There are two main pathways for the electroreduction of CO2 in the
presence of protons. The first one leads to the formation of CO and the other way
gave a formate ion. Cu has an affinity for adsorbed CO, which allows it to reduce
CO2 beyond two electrons to methane and other hydrocarbons.

Alloy Materials

Christophe et al.were interested inCu/Aualloys byvarying thepercentageofAu from
1 to 50% (Au1Cu99, Au10Cu90, Au20Cu80, Au50Cu50) [76]. The study indicated
that CO formed increased with increasing amount of Au, while the CH4 decreased.
They also studied the activity of Cu in different crystal lattices. Among the alloys it
was Au50Cu50 which had the highest faradic yield of gaseous product containing
carbon (CO, CH4 and various C2). Ishimaru et al. have studied the selective elec-
troreduction (potential pulses) of CO2 into C2 compounds (CH3CHO, C2H5OH and
C2H4) on different Cu/Ag alloys (87/13, 55/45, 28/72 and 13/87) [77]. The faradic
efficiency of the compounds C2 depended on the atomic ratio in the various alloys
as well as applied anodic and cathodic pulses. The maximum yield was 54.2% on
Cu/Ag electrode (28/72) for anode pulses at −0.2 V/ENH and other cathodic at
−1.8 V/ENH. It has been established that the formation of Cu oxide as well as
the desorption of Ag under anodic polarization are the key factors for the selective
CO2RR inC2 compounds onCu/Ag alloy electrodes. Studies on Sb-Pb–Pt/GC alloys
have also been presented in the literature [77]. The used alloys was not limited to the
electrocatalytic CO2RR but was also involved in the chemical CO2RR (by adding a
chemical reducer).

Komatsu and Kudo have studied the catalytic effect of several Raney-type alloys
in order to form methane from the chemical CO2RR [78]. Addition of 0.2 g of Fe-
Raney and 10 mmol of CsOH in 8 mL H2O at 380 °C and 320 atm gave cesium
formate with a yield of 32.9%. The addition of 0.05 g of Ru impregnated on carbon
(Ru/C) modifies the selectivity of the reaction and the majority product becomes
CH4 with a faradic yield of 45.3% whereas cesium formate and H2 are with 1.2 and
30% respectively. Despite all the improvements made to CO2RR on metal cathodes
and metal alloys, the surge problem is not overcome. This situation conduced to find
catalytic systems capable of improving the CO2RR in terms of reaction selectivity
as well as energy by minimizing the reduction potential.

Gas Diffusion Electrodes

The application of the gas diffusion electrodes (GDE) began in 1987 with the experi-
ments of Mahmood et al. for measurement of formic acid selectively in acid medium
(pH = 2) [79]. GDEs were prepared from carbon black impregnated with different
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metal salts. For lead-containing GDE, a faradic yield of 89% of formic acid was
obtained. In this study, the use of indium and tin instead of lead showed a lower
selectivity towards HCOOH, with CO as co-product. Hara et al., have worked with
Pt impregnated GDE in an aqueous medium (0.5 M KHCO3) and have shown that,
at atmospheric pressure CO2 was badly reduced whereas at high pressure (30 atm),
CH4 was obtained with a faradic efficiency 35% [80]. They also observed a high
current density with a faradic yield of 43% methane at a CO2 pressure of 50 atm.

The study of the comparative reactivity of Fe, Pd and Ag shows that the density
of the maximum CO2 reduction current to CO (3.05 A/cm2) is reached for silver
impregnated GDE [81]. Machunda et al., prepared modified GDE (electrodeposited)
with tin and obtained formate with a faradic yield of 18% during the first 5 min of
reaction, then this yield decreased to 12% after 1 h. They concluded that it was nec-
essary to control the distribution of the material on the electrode in order to improve
the reaction efficiency [79]. The same group was also interested in the microstruc-
tural changes of the surface of GDE after the use for CO2 reduction. Lead has been
electrodeposited on GDE. After exposure to CO2 gas saturated with water vapor for
1 h, the particles were transformed into PbO2 needles. In electroreduction, the maxi-
mum faradic yield attained was 65% in formic acid after 1500 s at−1.8 V/ENH. The
initial current density reaches about 52 mA/cm2, decreases to less than 46 mA/cm2

within 500 s, and then stabilizes for 3500 s [82]. Tryk et al., have prepared GDE
based on carbon fibers impregnated with Ni, Fe and Pd. Under atmospheric pressure
of CO2, the maximum current density obtained for the majority production of CO is
80 mA/cm2 [83–85].

Other studies have been conducted with EDG using Cu as a catalyst. Ikeda et al.,
have shown that C2H4 and C2H5OH were the main products [86]. Whereas on GDE
with copper particles with different sizes CH4, C2H4, C2H5OH, CO and HCOO−
were obtained. For the smallest particles, the selectivity for CO and hydrocarbons is
highest. Cook et al. obtained CH4 and C2H4 with a total faradic yield of 79% [87].
Furuya et al., studied the CO2RR on Ru and Pd-impregnated GDE and their Ru/Pd
alloy (1/1) in aqueous electrolyte (0.5 M, KHCO3). They obtained a faradic yield of
90% in formic acid on a GDE impregnated the alloy [88]. Ikeda et al. tested GDE
loaded with CuO/ZnO = 3/7. At −1.32 V/ENH, ethanol was the main product (with
an efficiency of 17% and a selectivity of 88%. The use of reduced Cu/ZnO = 3/7
GDE under H2 showed a decrease in the formation of n-C3H7OH and C2H4 [89].

Schwarz et al. introduced Cu-based ceramics such as La1.8Sr0.2CuO4,
Pr1.8Sr0.2CuO4 and Gd1.8Th0.2CuO4 perovskites in GDE and conducted electrore-
duction experiments on CO2 inKOH [90]. CH3OH, C2H5OH and n-C3H7OH formed
with an overall faradic efficiency of 40%. No catalytic activity was recorded in the
absence of copper. More recently, Mignard et al., have studied the same catalyst
supported on GDE but have obtained different products. Under identical operating
conditions, CH4, C2H4 and CO was the majority products. They suggested that this
change in selectivity (from alcohols to hydrocarbons) might be due to the use of
reagents and electrolytes from different suppliers, or a lack of electrolyte circulation
in the system used [91].
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3.1.3 Hydrogen Evolution Reaction (HER)

Noble and Precious Metal

Electrocatalysis was begun in 1920s by Bowden and Rideal, where a series of met-
als were elaborated for measurement of Hydrogen evolution reaction (HER) [92].
Pt-group metals, such as Pt, Ir, Pd, Rh, etc. exhibit a highest activities toward HER
[93, 94]. Pt electrocatalyst could significantly lower the overpotential with the low-
est Set off potential value of about (0.2–0.4 V) and the Tafel slope value is around
30 mV/decade [95]. In 1968s, the performances of electrode used as anode for chlo-
rine evolution was patented by Beer [96]. RuO2 was the active element in these cat-
alysts. For the first time, Pt was not in the focus of the material choice and the result
was more than excellent [97]. Pt was firstly used as cathodic and anodic electrode
[98]. Pt was established to be the good electrode for HER with minimum overpo-
tential. However, due to the scarcities and high cost of noble metal, the application
of Pt-based electrocatalysts might be limited. Thus, the future development direc-
tion of highly activity electrocatalysts for HER is focused on the materials, which
are cheap, and earth-abundant [99]. In the middle of 1970s, the materials without
precious metals were improved and extended.

Precious metals are among the most active materials and it was discovered that
these oxides are active even for cathodic processes [100, 101]. Generally, precious
oxides as IrO2 and RuO2 are thermodynamically unstable in the conditions of H2

evolution but they are very active and stable in reducing conditions. This behaviour
is due to their electronic conductivity [102, 103]. In alkalis electrolyte, the cathodic
electrocatalysts IrO2, RuO2 and Co3O4 were used for HER. IrO2 has proved to be
as active as RuO2 and more active than Co3O4 [104]. Krstajic et al., studied the
behaviour of RuO2-doped Ni/Co3O4 electrodes [105, 106]. It is demonstrated that,
less than 10 mol% RuO2 in a Co3O4 matrix allows for the same electrocatalytic
response as pure RuO2. On the other hand, IrO2 is even more active than RuO2 for
HER [107, 108].

Layered Electrocatalytic Materials

Recently, two-dimensional (2D) layered materials had attracted significant attention
in the fundamental and application science due of their unique chemical and phys-
ical properties [109, 110]. Due to their anisotropic structure, chemical or mechani-
cal processes, as well as the thin films, nanosheets, nanoribbons, nanoparticles and
nanotubes [111], where they can obtained the ultrathin flakes.

Recently, molybdenum sulfides (MoS2) shown a good efficiency for the HER and
will be one of the best electrocatalysts [112]. The electrocatalytic property of MoS2
for HER could stem from 1970s. In 1977, Jaegermann and Tributsch reported the
electrochemical performance ofMoS2 layer crystals [113]. However, the bulkMoS2
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had a lower electrocatalytic activity. Consequently, few attentions had been attracted
on this research topic. So during the past decades, the research progress is very slow
[114].

In 2005, Hinnemann et al. examined the biomimetic electrocatalytic HER process
for the Hydrogenase and Nitrogenase [115]. The results reported a good indicator of
the electrocatalysts for HER and it will be applied to many material systems, ranged
frommetals to enzymes, includingMoS2 [116]. After that, Chhowalla et al., reported
that the elaborationof [(PY5Me2)MoS2]2+ [117]. Theuse of the inorganic compound
tomimic the sulfide-terminated edge sites ofMoS2was reported byKarunadasa et al.
[116]. The authors verified once again that the active site of MoS2 was the disulfide-
terminated edges supplied a way to prepare the powerful electrocatalytic molecular
complexes. After the publishedwork of Au supportedMoS2, carbon paper supported
MoS2 was reported by Chorkendorff and coworkers [118]. The value of Tafel slop is
~120 mV/dec. and the performance of MoS2 was promoted by the co-impregnation
of cobalt. Compared with the bulk one, the performances of MoS2 had improved
and it is still not a good enough to be regarded as a good electrocatalysts for HER.

In 2011, the elaboration of hybrids MoS2/Graphene was reported [111]. The as
prepared catalysts exhibited great electrocatalytic activities for HER with the low
potential value (~0.1 V) and Tafel slope (41 mV/dec). Another study of hybrids of
MoSx with CNTs and other mesoporous carbons etc. were prepared and tested for
HER [119–123]. In 2013, Chang et al., investigated the performance of the three-
dimensional 3D MoSx@Graphene electrode [114].

The 3DMoSx@Graphene electrode had the highest electrocatalytic activities for
HER at the temperature of 120 °C with the Tafel slop around 43 mV. Kibsgaard
and co-authors described the method that controlled the surface structure of MoS2
[119]. Another route to improve the performance of MoS2 electrocatalyst for HER
is to prepare MoS2 with a small particles size or with a few layers (or single layers).
Wang and coworkers enhanced the electrocatalytic activities of MoS2 for HER by
the ultrasonication of the bulk MoS2 [124]. Recently, it is reported that the layers
of the MoS2 influenced on the reaction efficiency for HER where the few layer or
single of MoS2 have the better performance [125, 126].

Recently, another kind of transition metal phosphides (TMPs), the first work was
published in 2013 [127]. Since this date, variousTMPshavebeenproven as promising
electrocatalysts for HER, including CoP, Ni2P, MoP, Cu3P, FeP and Ni5P4 [128–
133]. It was reported also, TMP nano arrays grew on 3D substrates show enhanced
electrocatalytic activity [134–136].

3.1.4 Oxygen Reduction Reaction (ORR)

Oxygen reduction reaction (ORR) is a main reaction used in electrochemistry as
well as environment, material and energy [137–140]. ORR is an essential reaction
for proton exchange membrane fuel cells (PEMFC) [141]. Despite a many studies
carried out for this reaction, the reaction mechanism and kinetics are still unclear,
even on Pt-based catalysts that are the most used. At present, this is a big challenge
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for electrochemists to design new electrocatalysts with low cost, high reactivity and
selectivity, and a high stability in the electrolytic medium [142–144]. During the last
twenty years, many review papers have been published for platinum (Pt), ruthenium
(Ru) and cobalt-iron macrocycle materials [145–153]. The development of catalysts
based on Ru or macrocycles of cobalt and/or iron are considered as an alternative for
Pt-based materials due to their comparable activity of ORR through the tolerance to
the presence of organic molecules [154–156].

Platinum-Based Electrocatalysts

Carbon-supported Pt is themost electrocatalyst used as cathode for PEMFCwhere Pt
was a best electrocatalyst for ORR [157]. Pt modified transition metal was developed
and improved their electrocatalytic reactivity [158]. Numerous studies have been
reported in the literature for fuel cell applications [159–162].

United Technologies Corporation reported in 1980 the work on Pt alloys for ORR
of phosphoric acid batteries (PAFC) [163]. In 1993, Mukerjee and Srinivasan study
the Pt-alloy catalysts for PEMFCs [164]. The work reported that Pt-alloy illustrated
a low current density range and a higher potential relative to Pt. Between 1995 and
1997, another work conducted on carbon-supported on Pt-M alloy (M = Fe, Mn,
Ni, Ti, Cr and Cu) for PEMFC applications [137, 163]. Many studies have also been
carried out on Pt-Co alloys [165–174], Pt-Ni [174], Pt–Fe [166], and Pt-Pd [167]. In
all cases, the alloys have a better activity than Pt alone. This could be explained by
an electron effect induced by the alloy [169] or by a surface area surface [52]. Alloys
with Pt have also been reported using twometals [170]. Therefore, carbon-supported
Pt/Cr/Cu alloys have a reactivity twice time better than Pt. They demonstrated also
Pt-Cr-Cu based on metal oxides could improve the activity for ORR by a factor of
six compared to Pt.

However, concerns may arise about the stability and durability of these alloys in
long-term of utilization [137, 168]. The main factor hindering the implementation of
PEMFC-type cells is the catalysts performance loss during reaction time. The cata-
lysts degradation at the cathode is due to sintering of the particles [172], dissolution
of the catalysts [175] and corrosion of the support [153, 158]. The electrocatalysts
stability of Pt materials was investigated and reached more than 1000 h.While others
works reported a poor stability of some materials after just a few hours of half-cell
operation [176, 177]. The material performance related to the temperature, pressure
and fuel flow [172]. In this context, durability tests in PEMFC showed a positive
effect. In long-term tests, alloys such as Pt3Cr, Pt3Co and Pt3Ni showed negligible
performance loss after operating periods ranging from 400 to 1200 h [164]. Colon-
Mercado et al. studied Pt3Ni alloy supported on carbon [178]. The results show a
better sintering resistance compared to Pt alone. Similarly, Gasteiger and co-authors
reported that PtxCo1−x/C compared with Pt/C demonstrated a good reactivity which
was maintained after 1000 h of reaction [137].

Other studies on Pt-Co alloys [179–181] showed the same trend, after long tests,
the activity of these alloys remained higher than Pt alone. Studies have therefore
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focused on the development of catalysts that tolerate pollutants. Pt-Co has been
studied for its tolerance against CO [182]. In 1964, Jasinski discovered the elec-
troreactivity of nickel electrodes for ORR [183]. The reaction reactivity increased by
electrode coating with cobalt phthalocyanine used as a new electrocatalyst replaces
the expensive Pt-based electrode [184].

Electrocatalysts Without Pt

The research of catalysts based on noble or non noblemetals forORRwas a challenge
to develop the reaction reactivity [172]. Palladium (Pd) nanoparticles deposited on
gold electrodes have been tested in KCl medium [185]. Pd nanoparticles were also
deposited on carbon nanotubes and showed a diffusion controlled process [186]. Pd
nanotiges deposited on carbon shows activity quite similar to Pt [187]. Silver (Ag)
nanoparticles showed an activity in basic medium with a mechanism similar to Pt
with high potential and a better tolerance to methanol [188].

Non-noble metals, such as copper are widely used and in particular, for this
one it is possible to find a literature rich enough for its applications [172]. Ohno
et al. studied the adsorption of oxygen on Cu (001) [189]. A similar study was
conducted on Ni (100) [190]. Indeed, TiO2 deposited on a Ti surface showed an
activity for ORR [191]. Similarly, carbon-deposited Ta2O5 has a similar oxygen
reduction potential compared to platinum [192]. Developments of electrocatalysts
were also observed and developed [193]. The electroreactivity of these materials
maybe due to the presence of a carbon carrier, a metal source, a nitrogen source, and
a heat treatment temperature. In addition, the metal amount plays an important role
for activity and stability.

Thus, tantalum was added to improve their activity which also reduced corro-
sion [194]. W2N/C had also developed [195]. Its activity is comparable in acidic
medium and fuel cell test; moreover, it shows a good stability. On the other hand,
its performances remain less than the commercial Pt/C. Over the last years, Ru (Ru-
Se) materials were developed due to their activity for ORR and were considered a
potential alternative to platinum catalysts [196–198].

Carbon Based Materials

Preliminary studies have demonstrated that carbon nanotubes (CNT) can be used as
a support for the development of catalysts [199]. Thus, more studies that are detailed
have shown that ORR on Pt deposited on SingleWall Carbon Nanotubes (SWCNTs)
is improved compared to Pt/C [200]. It also appears that these CNT improve the
durability of the electrocatalyst as well as its tolerance to CO [200]. Other studies
focused on the modification of CNT by chemical treatment [201] or by nitrogen
doping [202, 203]. A chemical treatment of CNT was developed for functionalized
the material surface and also facilated the deposition of metal nanoparticles [201].
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Microporous carbon supports and ordered hierarchical nanostructured carbon
(OHNC) structures have been used as a support for high Pt nanoparticle loads [204,
205]. The uniform dispersion and the small particle size was lead to increase Pt
activity and thus increasing PEMFC. Recently, it is observed that, the modification
of the support with boron improves the durability of the catalysts by decreasing the
corrosion phenomena [206]. Pt has recently been deposited on functionalized carbon
nanofibers [207].

Rao et al. studied the carbon of the Sibunit family (Omsk, Russia) with different
active surface and pore size values [208]. They have thus shown that the carbon
support having the smallest active surface allowed to obtain a best specific activity.
This type of carbon has been of great interest for both the cathode used in PEMFC
cells and the anode of DMFC batteries [209, 208, 210]. Carbon and carbon nano-
filaments has shownbetter corrosion stability compared to conventional carbon [211].

It has been demonstrated that carbon and nitrogen modified material show impor-
tant ORR activity [212–216]. These results lead to the metallic active sites [215].
Another study demonstrated that, the lower amount of Fe and C was not a good
choice [217].

Oxide-Based Materials

Early 1900s, the work on the electrochemical of cobalt oxide was carried out using
anodic cobalt material [218, 219] mainly encouraged by the limitation of the corro-
sion phenomena. During the period 1950s and 1960s, the research focused on the of
cobalt oxide materials evaluation through water oxidation performance [220, 221].

The high cost of Pt motivated research to investigate a non nobel metal [156,
222]. The attractive method is to using low cost material in their complex form.
The complexes based on iron (Fe) and cobalt (Co) shown a highest activities but
it was lower than Pt due to the lower stability. In the 1980s, Collman and Anson’s
work establish enhancements reactivity by using bis-cofacial cobalt porphyrins [223–
225]. In 1964, Fe was used for ORR [226]. The works on the Fe based catalysts
enhancement the ORR reactivity increased [222]. In 2011, the work on Fe based
catalysts was reviewer in detail (Chen et al., [227, 228]. It is demonstrated that,
under inert atmosphere the activity and the durability of Fe and Co based materials
enhancement heating treatment [229–231].
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Characterization of Electrocatalyst

Jayashree Swaminathan and Ashokkumar Meiyazhagan

Abstract In the process of developing a catalyst, understanding their structure and
properties is considered essential as it is obligatory to improve their performance or
to resolve a failure issue. Hence, the purpose of this invited chapter is to give a brief
summary of various characterization tools specifically, X-ray Diffraction (XRD),
Brunauer, Emmett, and Teller (BET) technique, Infrared Spectroscopy (IR), UV-
visible spectroscopy, Electron microscopy, and Electrochemical techniques, where
we discussed the principle, application, and challenges associated with the catalyst
characterization. Also, in this chapter, we illustrated the analysis and interpretation
of characterization data with an example for better understanding. These perceptive
investigations of different characterization tools lead to the establishment of empirical
relationships between various factors that govern catalytic activity.

Keywords XRD · Electrochemical characterization technique · UV-visible
spectra · Catalyst · Cyclic voltammetry

1 Introduction

The fundamental understanding of an ideal catalyst is necessary for the design and
development of new catalysts with prominent activity and selectivity. It also helps in
understanding their fundamental nature, exploring its catalytic mechanism, which in
turn aids to identify the catalytic activity descriptors. An in-depth and rigorous char-
acterization of catalyst and careful analysis is indispensable since, the performance
of the catalyst is related to their electronic state, atomic structure, chemical structure,
composition, and surface topography [1, 3, 23, 53]. However, no one technique can
offer all the information about a catalyst at a time. Hence, various characterization

J. Swaminathan (B) · A. Meiyazhagan
Department of Materials Science & NanoEngineering, Rice University,
Houston, TX 77005, USA
e-mail: jayashreesavithiri@gmail.com

A. Meiyazhagan
e-mail: ma37@rice.edu

© Springer Nature Switzerland AG 2020
Inamuddin et al. (eds.), Methods for Electrocatalysis,
https://doi.org/10.1007/978-3-030-27161-9_17

425

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-27161-9_17&domain=pdf
mailto:jayashreesavithiri@gmail.com
mailto:ma37@rice.edu
https://doi.org/10.1007/978-3-030-27161-9_17


426 J. Swaminathan and A. Meiyazhagan

Fig. 1 Various characterization techniques available for analysis of catalysts

tools (as shown in Fig. 1) and comprehensive examination is mandatory for a com-
plete understanding of the catalyst. The characterization tools allow either energetic
photons, X-ray electrons, or ions to interact with material [30] and produce a wealth
of information based on emitted, transmitted, or diffracted signals (as described in
Fig. 2).

Techniques like XRD, Electron diffraction are widely used to identify the crystal
structure of a catalyst. For understanding their chemical state (such as chemical bond-
ing, composition, distribution, and degree), spectroscopies like XPS, XANES, ICP,
AAS provide quantitative information and EPR contributes to a lesser extent. The
functional group in the catalyst is predominantly probed by spectroscopies like IR,
Raman, andNMR.Abetter understanding of internal porosity, the surface area can be
obtained using BET. UV-vis spectroscopy is used to understand the optical behavior
of catalyst. Spectroscopies like SEM, TEM, etc. can be used to recognize the size,
shape, and microstructure of catalyst. Electrochemical techniques like linear sweep
voltammetry, cyclic voltammetry, electrochemical impedance, chronoamperometry,
chronopotentiometry can also be very informative in an insightful understanding of
the electrocatalytic behavior of catalyst. The work function, catalytic active spots
can be studied by SPM like SKP, SECM. These characterization tools are limitlessly
extended like EELS, SIMS-ISS, Mossbauer spectroscopy. However, we limit our
discussion to valuable characterization tools for conciseness. Since a fundamental
understanding of a catalyst is essential, this chapter explains only the working princi-
ple of the characterization technique, andmostly focuses on the application, analysis,
and interpretation of the data.
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Fig. 2 Scheme representing the overall principle of different characterization techniques

2 X-Ray Diffraction (XRD)

XRD technique uses an X-ray beam to diffract atoms of the catalyst and discloses
detailed information about its crystallographic structure based on Bragg’s law of
diffraction:

nλ = 2d sin θ

where n is order of reflection (any whole number), θ is the Bragg’s angle (half-value
of the diffraction angle from the catalyst), and λ is X-rays wavelength (usually Cu
Kα = 1.54 Å), and d is the lattice/interplanar spacing. Thus, diffraction peaks width
carries information on dimensions of a catalyst particle. If the XRD peak width is
very sharp, then the catalyst possesses micron-sized crystals; Nano-sized catalyst
retains a broader XRD peak due to a large number of surface atoms diffracting X-
rays. Debye-Scherrer equation is used to analyze the average crystallite size (D) of
the spherical particle:

D = Kλ

βhklcosθ

where K= shape factor (0.87–1.00) and βhkl = full width at half maximum intensity.
Also, dislocation density in the catalyst is calculated with the expression [37]:
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δ = 1

D2

where δ, D is the dislocation density and crystallite size of the catalyst.
Besides, we can also estimate the lattice strain (ε) in the catalyst by analyzing the

XRD peak shift and broadening using the Williamson-Hall (W-H) equation [48]:

βhkl cos θhkl = Kλ

D
+ 4siεnθhkl

However, for each diffraction peak, the instrumental broadening (βhkl)Instrumental

is corrected using the relation:

βhkl =
√

(βhkl)
2
Measured − (βhkl)

2
Instrumental

On plotting β cos θ/λ against sin θ/λ and linear fitting, the intercept and slope
give the value of D and ε, respectively. Choudhury and Choudhury [9] has calculated
the developed lattice strain in TiO2 on annealing at different temperature (200, 450,
700, 950 °C) using the W-H method (Fig. 3). From the magnitude of lattice strain
(Table 1), it is well understood that Ti200 possess the highest lattice strain while

Fig. 3 XRD pattern and the corresponding W-H plot of TiO2 at a different annealing temperature.
Reproduced from Choudhury B; Copyright © 2013, Springer

Table 1 Magnitude of lattice
strain obtained from W-H plot

Sample Annealing temperature (°C) Lattice strain

Ti200 200 0.0345

Ti450 450 0.0290

Ti700 700 0.0183

Ti950 900 −0.0006

Reproduced from Choudhury et al., Copyright © 2013, Springer
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lowest strain is observed in Ti950. The high lattice strain in Ti200 could be due to
enormous defects and atoms on the amorphous grain boundary, which leads stress
and enforce a strain in the lattice. This effect is decreased, and phase transformation
has been observed from anatase to rutile on annealing. Besides, positive (negative)
strain indicates the crystal lattice is under tensile (compressive) forces. These strain-
induced lattice distortions influence the catalytic behavior due to localization of
carriers [2].

The developed intrinsic stress (σ) is calculated using the relation [20]:

σ = Y (a − a0)

2a0γ

Here, a, a0 are the lattice constant obtained from XRD data and standard pattern,
respectively. Whereas, Y and γ are Young’s modulus and Poisson’s ratio of catalyst,
respectively.

Besides, a material with highly preferred orientation is called textured material
and possesses high surface energy due to their high index planes (planes with a huge
density of steps, kinks, and terraces). This textured material favors catalytic activity,
and the extent of preferred crystallographic orientation of different crystalline planes
is determined by calculating the intensity of the XRD spectrum using the following
formula (Harris analysis [46]):

TC(hikili) = I(hikili)

I0(hikili)

{
1

N

N∑
i=1

I(hikili)

I0(hikili)

}−1

For a given peak, I(hikili) is the integrated intensity ratios of diffraction peak
(hikili) of a catalyst and I0(hikili) is the integrated intensity available on a powder
diffraction file (PDF) card; N is the number of diffraction peaks reflected in the XRD
data and TC(hikili) is the texture coefficient of the plane indexed by Miller indices
(hikili).

Thus, XRD plays an active role in estimating the crystallite size, strain induced
lattice distortion, and texture of the catalyst. Even though XRD gives quick and reli-
able information, this technique is suitable for catalyst with crystallinity. Amorphous
phases (crystallites smaller than 50 Å) give either broad and weak diffraction lines
or no diffraction.

3 Physical Surface Area Determination

Pore architecture of the catalyst controls the transport phenomenon and governs
the accessibility of catalyst active sites. The presence of pores provides channels
for facile migration of ions and by-product. Pores are classified into micropores,
mesopores, and macropores depending on their size as:
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1. Macropore (>50 nm)
2. Mesopore (2–50 nm)
3. Micropore (<2 nm).

Usually, Bulk diffusion occurs on a macroporous surface while Knudsen and
molecular diffusion occur in the mesoporous andmicroporous surfaces, respectively.
Besides, the presence of several pores determines the internal surface area (SA) of
the catalyst. As SA symbolizes surface free energy, adsorption capacity and hence
catalytic activity is enhanced if the material has a higher surface area (i.e., a large
number of small pores). Conversely, if the pore size is too small, diffusional resistance
persists and reaction by-products block the pores and hinder the activity. Thus, the
quantitative determination of pore size, pore volume, and pore size distribution are
essential in determining the activity of the catalyst.

The pore size is usually determined by understanding the physical adsorption of
inert probing of gas molecules (N2, O2, CO2, Ar, Krypton, He, Methane) on the
solid catalyst surface. Typically, liquid N2 (77 K) is exposed to the solid catalyst in a
vacuum chamber, and the consequent adsorption (N2 adsorbed) and desorption (N2

removed) isotherms is evaluated over a broad range of relative pressures in order to
determine the adsorbed gas molecules volume to form a monolayer on the catalyst.
As each adsorbed N2 molecule occupies only a cross-sectional area (16.2 Å2), SA
of catalyst can be quantitatively determined. Figure 4 shows the various stages of
physical interaction of probing gas molecules on the catalyst surface. Initially, the
microporous surface is filled by probing gas and forms amonolayer called “knee.”On
further increasing relative pressure of the gas, multilayer and capillary condensation
occurs on catalyst surface. Thus, the distribution of micro, mesopore size in the
catalyst can be quantified based on the gas adsorbed amount at different relative
pressure.

Depending on the nature of adsorbed volume at various relative pressures, IUPAC
classified the adsorption isotherm as Type I to Type VI as shown in Fig. 5 [40, 41].
As seen, all isotherms usually consist of three regions:

Fig. 4 Stages of physical
interaction of probing gas
molecules on the catalyst
surface
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Fig. 5 IUPAC classification of adsorption isotherm. Copyright © IUPAC & De Gruyter, 2015

(i) Concave to the X-axis (at low pressure)
(ii) Linear (at intermediate pressure)
(iii) Convex to X-axis (at high pressure).

The surface area was determined in the region of pressure range where (i) V (P0−
P) increase with P/Po. (ii) Intercept should be positive (>0). It usually occurs at
a low-pressure region (0.05 < P/Po < 3) for macro and mesoporous materials and
represents the formation of a complete monolayer [4].

By analyzing the data with a suitable evaluation method as listed below, pore size,
pore volume, the total surface area is determined.

(i) Barrett-Joyner-Halenda Method (BJH)
(ii) Dollimore Heal Method (DH)
(iii) Dubinin-Radushkevich Method (DR)
(iv) MP method (MP)
(v) t-plot
(vi) α plot
(vii) Dubinin-Astakhov Method (DA)
(viii) Saito-Foley Method (SF)
(ix) Frenkel-Halsey-Hill Method (FHH)
(x) Neimark-Kiselev Method (NK)
(xi) Horvath-Kawazoe Method (HK)
(xii) Oliver-Conklin
(xiii) Brunauer, Emmett, and Teller (BET).
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Brunauer, Emmett, and Teller (BET) technique are one of the simple and broadly
usedmethods to evaluate the surface area, pore size, pore volume, etc. [8]. The relation
between N2 volume adsorbed, and the volume adsorbed to cover a monolayer at a
given partial pressure is given by the BET equation:

P

V (P0 − P)
= 1

VmC
+ (C − 1)P

VmCPO

where P = partial pressure of N2, P0 = saturation pressure at experimental tem-
perature (vapor pressure of liquid N2), V = volume adsorbed at P, Vm = volume
adsorbed at monolayer coverage, C= a constant. Plotting P

V (P0−P)
versus P/Po under

proper pressure region gives the value of slope (C − 1)/Vm C and intercept 1/Vm C,
respectively. From the slope and intercept, the volume of the adsorbed monolayer
(Vm) and C can be calculated. Similarly, the surface area St and specific surface area
S are calculated by:

Surface Area = St = VmAcsN;
Specific surface area = S = St/m

where Ax, N represents the cross-sectional area of an adsorbed molecule and
Avagadro constant. M is the weight of the catalyst.

Besides, the pore volume and pore radius can be determined by:

Volume of liquid in N2 pore = Vliq = PaVadsVm/RT

Vm—molar Volume of liquid adsorbed, Vads—Volume of gas adsorbed at ambient
temperature T and pressure Pa.

Average pore radius = rp = 2Vliq/S

Also, the shape of the hysteresis loop (Type IV and V isotherm) provides various
information about the nature of pores as shown in Fig. 6 [41]. However, the measured
surface area fromBET is not a real active surface area, and it is just a representative of
the particular gas adsorbed/desorbed quantity. In other words, BET detects only the
geometric SA but not the real active catalytic surface area. Also, the validity of BET
results is questionable as the catalyst structure is not the same on all surfaces. The
results may be a consequence of primary micropore filling or localized monolayer
coverage. It is generally argued that BET analysis overestimates the microporous
surface as there is a probability of enriched physical adsorption by micropore filling
[43].
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Fig. 6 Different types of a hysteresis loop. Copyright © IUPAC & De Gruyter, 2015

4 Infra-Red Spectroscopy (IR)

It is a well-known fact that the same material possesses different properties owing
to the difference in their functional groups. Hence, analyzing the functional group
of the catalyst helps us to identify their inherent properties. IR spectroscopy plays a
substantial role in defining the structure and functional group of catalysts. It is based
on the fact that material’s absorption relies on their vibrational energy gap. i.e., these
absorptions occur at resonant frequencies (frequency of the absorbed radiation cor-
responds to the vibration of an atom or frequency of the bond). Hence, absorption of
catalyst at specific frequencies is a characteristic and fingerprint of their structure.
The number of peaks is associated with the number of vibrational freedoms of the
molecule and the peak intensity depends on the change of dipole moment and transi-
tion of energy levels. Besides, IR absorption is an indicator of bond strength. Mostly,
light atoms and stronger bonds will vibrate at a high frequency (wavenumber).

IR spectroscopy is considered as a vital characterization tool to identify unsatu-
rated sites through comparison of functional groups between the defective and pris-
tine (non-defective) materials. For example, the different electrostatic environment
of titanium oxide has been distinguished by their O–H stretch frequencies (Table 2).
It is because of the conception that as oxygen vacancy in titania increases, Ti–O–Ti
bond strength will decrease, and hence, the hydroxyl groups will be incorporated to
compensate the coordinative unsaturated valence sites. But IR spectroscopy is con-
sidered as a useful tool only for the non-symmetrical molecule (changes in dipole
moment). If the molecule is symmetrical, it is “IR in-active.”
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Table 2 Vibrational changes associated with the defect in titania

Molecular signature (cm−1) Inference Ref.

700 Symmetry stretching vibration of Ti–O bonds in TiO4
tetrahedra

[45]

940 Non-bridging oxygen bonds in the Ti–O molecule [54]

1688 Ti–(OH)2 stretching vibrations of H2Ti(OH)2 molecule [54]

3280 Internally bound O–H stretch [15]

3488 OH group at the internal defect site [42]

3400 Bridging OH group [26]

3685–3700 Tetrahedral coordinated vacancies Ti4+–OH [45]

3640 Bridging OH gp (Ti4+)2–OH [38]

3687 Ti4+–OH [31]

3716 Ti3+–OH− (Octahedral vacancies) [39]

3710 embedded terminal isolated titanol –OH groups [45]

3672 Terminal titanol group [11]

5 UV-vis Spectroscopy

UV-vis spectroscopy is one of the essential characterization tools for investigating
photoelectrocatalyst as it quantifies the optical bandgap of thematerial. It is primarily
an absorption/diffuse reflectance spectroscopy, which measures the attenuation of a
light beam after it passes through the catalyst and reflects. The attenuation of the
light beam is correlated to the inherent catalyst properties through Beer-Lambert’s
law [34]:

Absorbance A = a(λ) ∗ b ∗ c

where a(λ) is the wavelength dependent absorptivity co-efficient; whereas b and c
are the path length and concentration of the analyte, respectively. As energy levels of
matter are quantized, light with a precise amount of energy is absorbed, and hence,
electronic structure and optical behavior of the catalyst are evaluated.

If the material is transparent (clear and colorless solution), absorbance mode
(measuring absorbance as a function ofwavelength) is used.While diffuse reflectance
DRS mode (measuring reflectance as a function of wavelength) should be used for
highly scattered (optically rough film or powders) material. The Diffuse reflectance
curve can be converted to an equivalent absorption [10, 29] curve using Kubelka
Munk function (F(R)):

F(R) = α = (1 − R)2/2R



Characterization of Electrocatalyst 435

where α and s are the optical absorption coefficient and scattering coefficient, respec-
tively. The relationship between α and energy band gap (Eg) of the catalyst is given
by [27]:

αhυ = A(hυ − Eg)
n

where A is a proportionality constant and n is an index related to specific electronic
transition (n = 1/2 for direct allowed, 3 for in-direct forbidden transition, 2 for in-
direct allowed and 3/2 for direct forbidden,). The material may have both direct
and indirect transition or either one of the allowed transitions [13]. Tauc plot or
Kubelka-Munk plot is used to evaluate the bandgap and determine which transition
is feasible.

Typical Tauc plot has hυ on the abscissa and (αhν)1/n on the ordinate, and ‘n’
value relies on the nature of the transition. The resultant plot has a distinct linear
regime which pinpoints the absorption onset and extrapolation of the linear region
to the abscissa affords Eg.

For DRS measurements, the equation can be written by Kubelka-Munk theory as

F(R) ∗ hυ = A(hυ − Eg)
n

Kubelka-Munkplot [(F(R).E)n vs. E] is used to calculate Eg by linear extrapolation
of the graph and assessing its abscissa on the x-axis intercept.

Besides, the shape of the spectrum represents the nature of the material. If the
spectrum has steep and parallel absorption edges, then the material possesses narrow
bandgap; however, the materials with a disorder or localized states will result in an
absorption tail. This absorption tail is also called the Urbach tail, and it is due to
delocalized electrons. The width of the Urbach tail (Urbach energy—Eu) is related
to α as shown in the equation [14]:

α = α0 exp
E

Eu

where α0 is the constant and E, Eu are the photon and Urbach energy respectively.
Hence, Eu can be determined by plotting ln α against E and reciprocating the slope

at the linear portion (below the optical bandgap). We can also draw ln[F(R)] versus
E Since α is linearly related to F(R) by Kubelka-Munk theory.

For a typical analysis, Yaghoubi et al. [49] have calculated the optical bandgap
and Urbach’s tail of undoped, oxygen vacancy-rich titania using Kubelka-Munk
plot. As TiO2 is an indirect bandgap material, (F(R).hυ)0.5 versus E is plotted. As
seen (Fig. 7), sample exhibit sub-bandgap absorption owing to presence of oxygen
vacancy associated large Urbach tail (2.2 eV). This disorder induced midgap-states,
which was supported by XPS and UPS characterization. The schematic illustrates
the effect of localized energy states in TiO2 for CO2 photocatalysis.
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Fig. 7 Estimation of optical bandgap and Urbach tail of undoped, oxygen vacancy-rich titania
using Kubelka-Munk function. Reproduced from Yaghoubi et al., Copyright © 2015, American
Chemical Society

Fig. 8 Influence of change in oxidation state (a), ligand type (b), coordination number (c) on
UV-vis spectra. Reproduced from Leofanti et al., Copyright © 1997, Elsevier

Besides optical bandgap and Urbach tail of the material, we could also infer
the change in oxidation state, ligand type, and coordination number of the catalyst
(Fig. 8) [52].

6 Electron Microscopy

A surface is a place of catalytic activity, and hence understanding the surface proper-
ties of catalyst is crucial. Electron microscopes like SEM, TEM, AES, ED provide a
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Fig. 9 Detectable signals when an electron beam interacts with the sample

treasure of information like surface morphology, size, shape, crystallography, chem-
ical composition and, homogeneity of catalyst. These microscopes use an electron
beam to interact with the samples and detect the scattered/diffracted/transmitted
electrons (Fig. 9).

SEM analyzes secondary or back-scattered electrons while TEM analyze trans-
mitted and diffracted electron from the sample. Secondary electrons could study the
topographical information as it has low energies (10–50 eV). Since electrons are
transmitted and diffracted in TEM, it offers valuable information on the crystallinity,
morphology and stress-strain state of the sample. It even projects the information in
sub-nanometer resolution 2D image [33, 44].

In the same way, selected part (typical ~10 nm) of an electron diffraction pattern
facilitates us to detect crystallographic phases as in XRD. The single crystal particle
shows spots while randomly oriented particles exhibit a ring pattern. Bradby et al. [7]
has differentiated the amorphous and crystalline silicon after indentation by SAED
pattern (Fig. 10). Even we can identify the distribution of amorphous and crystalline
(or different crystalline) compounds and relative ratios of different crystalline faces
through SAED analysis [47].

Emitted X-rays and Auger electrons are characteristic of an element which helps
to determine the chemical composition of catalyst (EDX analysis and AES).
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Fig. 10 a TEM image of silicon after indentation and the corresponding SAED pattern of b amor-
phous silicon from region 1 c crystalline silicon from region 2. Reproduced from Gorelik et al.,
Copyright © 2002, Springer Nature

7 Electrochemical Techniques

Electrocatalytic reactions are generally composed of several simple steps involv-
ing the transport of electrons, protons, and reactants/products. Hence, understanding
the charge separation, mass transport, and charge transfer behavior of catalyst is
essential. Electrochemical techniques like cyclic voltammetry, linear sweep voltam-
metry, impedance spectroscopy, chronoamperometry, chronopotentiometry play a
vital role in monitoring the charge transfer kinetics, the rate constant, stability, and
selectivity of the catalyst. It offers to appraise the real-time performance (activity)
towards the desired electrochemical reactions. It is usually carried out using a three-
electrode system with platinum as a counter electrode, and the catalyst is used as
a working electrode. The reference electrode is based on the electrolyte (solution)
pH (Hg/Hg2SO4 for acidic medium, Hg/HgO for alkaline and Ag/AgCl for neutral
medium.

8 Linear Sweep Voltammetry (LSV)

In this method, the current of the working electrode (catalyst) is measured when its
potential is swept linearly with time. Hence, the activity of a catalyst is gauged by
both the onset potential (where the catalytic reaction starts) and the peak (or limiting)
current. Higher activity of catalyst implies the catalyst has low onset potential and
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Fig. 11 LSV compares the OER catalytic activity of single metal and multi-metal system.
Reproduced from Kim et al., Copyright © 2018, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

higher peak current at lower overpotential. Figure 11 shows the improved catalytic
activity of multi-metal system rather than single-metal composition for Oxygen Evo-
lution Reaction (OER) by exhibiting low onset potential and higher peak current at
lower overpotential [21].

Besides, the sudden increase in current after specific potential region infers forma-
tion of the inversion layer, and hence the conduction and valence band edge position
is calculated based on the onset regime at cathodic and anodic regime, respectively.
Yeh and Teng [50] has calculated the conduction band edge position of p-type GO
based on the onset potential of the cathodic linear potential scan, as shown in Fig. 12.

Then, the energy positions in the electrochemical scale are converted to absolute
value scale (AVS) using equation [51]:

E(NHE) = E(RHE) + 0.059pH

E(NHE) = −E(AVS) − 4.50

The obtained current density at a particular potential should be divided by the
total mass of the catalyst in order to calculate its mass-specific activity, while area
specific activity is calculated by current density divided by the total surface area of
the catalyst. Higher specific activity signifies the effective use of catalyst.
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Fig. 12 Determination the
conduction band (CB) edge
position of the p-type GO
specimens based on cathodic
linear potential scan for at
5 mV/s. Reproduced from
Yeh et al., Copyright © 2012,
Electrochemical Society

9 Tafel Analysis

Tafel analysis is a powerful probe to determine the reaction kinetics and rate deter-
mining steps involved in electrocatalysis. It analyses the observed electric current
behavior at high overpotential region (|η| > 0.118/n V) to the applied potential,
which affords the electrochemical reaction kinetics of the catalyst [5]. The Tafel
equation is:

η = b log(j/j0)

where η, j, j0 are the overpotential, current density, and exchange current density,
respectively.

Hence by plotting log j and η, we can obtain two important catalytic descriptors—
Tafel slope (b) and exchange current density (j0). Tafel line extrapolation to the
equilibrium potential (Eo) gives j0 and the slope give ‘b’.

Tafel slope depicts the efficiency of the catalyst, whereas j0 accounts the intrinsic
catalytic activity under equilibrium conditions (η = 0). Conventionally, experimen-
tally observed Tafel slope is compared with the theoretically derived slope, and
we can predict the reaction mechanism. For example, Hydrogen evolution reaction
consists of three steps as follows:

Volmer step : H3O
+ + e− + M → M−H + H2O

Heyrovsky step: M−H + H3Q
+ + e− → H2 + H2O + M

Tafel step: 2M−H → H2 + 2M

where M is the catalytic surface empty site, each step influences the overall reaction
rate, and if the rate determining steps are Volmer, Heyrovsky, and Tafel, then the
observedTafel slopes (as shown in Fig. 13) are 120, 40 and 30mVdec−1, respectively
[36].
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Fig. 13 Stimulated behavior of Tafel relation for hydrogen evolution reaction assuming Volmer,
Heyrovsky, and Tafel as the rate determining steps. Reproduced from Shinagawa et al., Copyright
© 2015, Nature

Nevertheless, potential dependent Tafel analyses often lead to misrepresentation
of data if very small overpotential region is considered. This analysis is also viable
only without mass transport and ohmic resistance losses.

10 Cyclic Voltammetry

Cyclic Voltammetry (CV) gives an ‘electrochemical spectrum’ of a catalyst. It indi-
cates the potential at which catalytic reactions occur, and the resultant current pre-
dicts the reactivity of the catalyst. Integrating the acquired current with time under
the entire anodic (or cathodic) peak area pertain the total charge of the oxidation (or
reduction) process. From this charge, the total amount of the electrochemically active
species which contribute towards catalysis reaction can be evaluated using Faraday’s
law. Hence, the efficiency of the catalyst is analyzed from the CV peak area. Besides,
CV also plays an active role in understanding the reactivity of the catalyst. If the cat-
alyst possesses reversible catalytic activity (both oxidation and a reduction reaction
occurs), then its anodic and cathodic peak position does not change with scan rate
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(υ) and their peak height is proportional to the square root of the scan rate based on
the Cottrell equation:

Ip = 2.69 × 105 AD1/2 v1/2 c

where Ip is the peak current (A), n is the number of electrons involved in the electro-
chemical process per reactant molecule, and A is the electrode area (cm2), υ is the
potential scan rate V s−1, D is diffusion coefficient (cm2 s−1), C is concentration of
reaction species (mol cm−3). If the catalyst is not efficient to do both oxidation and
reduction, the separation of the two peaks becomes larger than in the reversible case.

Also, the relationship between anodic/cathodic peak current and scan rate helps to
identifywhether the catalytic reaction is diffusion controlled or kinetically controlled.
If the scan rate is directly proportional toυ1/2, then the reaction is diffusion controlled.
If it linearly fits υ, then the reaction is kinetically controlled. Thus, the scan rate
dependent CV response suggests the electron transfer step of the catalyst is diffusion
controlled or kinetically controlled.

11 Electrochemical Active Surface Area (ECSA) from CV

As CV describes the whole electrochemical spectrum, it outlines both non-faradaic
(charge storage) and Faradaic (charge transfer) behavior of the catalyst. Thus, mea-
suring the double-layer charging capacitance (CDL) from non-faradaic region helps
us to calculate ECSA using the equation [28, 35]:

ECSA = CDI/CS

where Cs is the specific capacitance (capacitance of an atomically smooth planar
catalyst surface) per unit area under identical electrolyte conditions. Typically, CDL

is measured in which no apparent Faradaic processes occur (~0.1 V potential window
centered at the open-circuit potential (OCP) of the system). To measure CDL, ic is
measured at multiple scan rates under a static CV as double-layer charging current
is equal to the product of the scan rate (v) and the electrochemical double-layer
capacitance (ic = v. CDL). A plot of ic as a function of v yields a straight line with a
slope equal to CDL, which is used to calculate ECSA. For example, McCrory et al.
[28] have calculated the electrochemically active surface area of NiOx catalyst from
CV based on the double-layer capacitance measurements in 1 M NaOH, as shown in
Fig. 14. It was calculated to be 0.091 mF from the average of the absolute value of
the slope of the linear fits to the data (Fig. 14b). Measuring the ECSA from CV and
comparing it with the total surface area from BET discloses the actual active sites of
the catalyst.

The CV is also used tomeasure the optical bandgap of the catalyst. As the removal
of an electron from HOMO is an oxidation process and energy necessary to inject
an electron to LUMO is the reduction process, the energy difference between the
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Fig. 14 a CV of NiOx at the
scan rate: (purple line) 0.005,
(orange line) 0.01, (dark
redline) 0.025, (cyan line)
0.05, (brown line) 0.1, (blue
line) 0.2, (green line) 0.4,
and (red line) 0.8 V/s.
bMeasured cathodic (red
open circle) and anodic (blue
open square) charging
currents at −0.05 V versus
SCE as a function of scan
rate. Reproduced from
McCrory et al., Copyright ©
2013, American Chemical
Society

onset of oxidation and reduction reaction gives the quasi-particle bandgap. Haram
et al. [17] calculated the quasi-particle gap (ε

qp
gap) of Q-CdTe, as a function of size

from CV and compared with optical band gap (ε
qp
gap) from DFT calculations and

UV-visible spectra (Fig. 15). Based on Fig. 15b and Table 3, we can infer that the
optical bandgap obtained from CV is in good agreement with DFT calculations and
UV-vis spectra.

However, this method of measuring band structure parameters is limited to
semiconductors like CdS, CdSe [16, 24].
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Fig. 15 a CV recorded on varied sizes of Q-CdTe (sample-A to sample-F). Scan rates were
100 mV s-1 for all the cases. b Comparing HOMO and LUMO positions obtained from DFT
and CV. Reproduced from Haram et al., Copyright © 2011, American Chemical Society

Table 3 Band structure parameters of oleic acid cappedQ-CdTeobtained fromUV-vis spectroscopy
and cyclic voltammetry

Sample ID From UV-vis spectroscopy From cyclic voltammetry

Average
Q-dot size
(nm)

Optical

bandgap—ε
op
gap

(eV)

Conduction
band edge (e1)
versus vacuum

Valence
band edge
(h1) versus
vacuum

Quasi particle

gap—ε
qp
gap (eV)

A 4.7 1.88 −3.54 −5.4 1.86

B 4.2 1.94 −3.56 −5.49 1.93

C 3.5 2.09 −3.65 −5.73 2.08

D 3.1 2.19 −3.57 −5.76 2.19

E 2.8 2.33 −3.53 −5.88 2.34

F 2.4 2.40 −3.61 −6.02 2.41

Reproduced from Haram et al., Copyright © 2011, American Chemical Society

12 Chronoamperometry/Chronopotentiometry

Excellent durability is a crucial requirement for the catalyst. Hence, the long term
performance of the catalyst is studied by measuring the current at a constant voltage.
This method is called Chronoamperometry while measuring the voltage at con-
stant current is chronopotentiometry. It is better to fix a current density larger than
10 mA cm2 (higher overpotential than onset potential) to avoid bubbling effect and
study the catalytic stability for a more extended period (>400 h) [55].

In the case of photo-electrocatalysis, chronoamperometry is also used to separate
the hole current (due to minority carriers) and steady state current. As light shines on
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Fig. 16 Transient photocurrent response of a photoelectrode on illumination. Reproduced from
Klotz et al., Copyright © 2017, Royal Society of Chemistry

the photo electrocatalyst, the electron-hole pair is generated, and holes move to the
liquid junction (electrolyte). It accumulates there until a steady-state concentration
is achieved at which point the rate of arrival of holes is exactly counterbalanced
by interfacial charge-carrier transfer and recombination. This can be well seen in
transient photocurrent response (CA) of a photo-electrode by a spike current followed
by a steady state current on illumination (Fig. 16) [22].

Thus, integrating the area under the photocurrent spikes helps to estimate the
extent of hole trapping at the semiconductor liquid junction. Hence, charge-transfer
efficiency and recombination rate of photo-electro catalyst are evaluated. The charge
transfer efficiency ηt is given by

ηt = J

Jh
= Jh + Jr

Jh
= J

J − Jr

where Jh, Jr and J denote the current density of holes, electrons and steady state
photocurrent, respectively.

Overall, this CA technique delivers integral response of the catalyst. It could
not distinguishes different faradaic processes, which co-occur. It does not predict
whether the performance is due to corrosion (degradation) or catalytic activity of the
material. Convection (buildup of density gradients and environmental vibration) at
a longer time will also affect the results.

13 Electrochemical Impedance Spectroscopy (EIS)

EIS uses alternating current (AC) signal (~10 mV) with a frequency vary from 1 to
1 MHz and offers a possibility to understand the separate role of ions and electrons
in catalyst conductivity. As electrons move faster than ions, electronic transportation
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is studied at lower frequency region while ionic transportation is studied at higher
frequency region. Besides the applied small amplitude AC voltage does not perturb
its equilibrium, and hence steady state of the system is studied.

There are many ways to plot the impedance data such as Nyquist plot (Z′ vs.
Z′′), Bode plot (phase angle vs. frequency, |Z | vs. frequency). All plots represent the
same data in different forms, and the obtained plot is fitted with an equivalent circuit
model based on the physicochemical properties of the catalyst [6]. Typical Nyquist
plot of catalyst is shown in Fig. 17.

The solution resistance (RS) and charge transfer resistance (Rct) of the catalyst are
obtained from the high and low-frequency intercept of the real axis in the Nyquist
plot, respectively. If the distance between working and counter electrode is L (cm)
and A (cm2) is the cross-sectional area of the catalyst, then conductivity (σ) of the
catalyst is determined by:

σ = L

Rct A

The Warburg Impedance at the low-frequency region is associated with mass–
transport resistance. If the catalyst exhibits only Warburg, then the conduction of
catalyst occurs only by diffusion of ions. Relaxation time (τ) is estimated from the
frequency (f) corresponding to −Z ′′

max in the semicircle of the Nyquist plot using
the equation (τ = 1/2pf). Low τ represents the fast charge transfer characteristics.
Besides, the Capacitance C at space charge layer is computed using Brugg’s equation
[C = (R.Q)1/α/R, where 1

R = 1
Rs

+ 1
Rct

] [32].
AC conductivity (σ) is obtained using the relation [18]:

σ = Z ′

Z ′2 + Z ′′2

Fig. 17 Typical Nyquist plot of catalyst
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where Z′ and Z′′ represent the real and imaginary parts of Z, respectively. If it obeys
universal power law [σ(ω) = σ(0) + Bωp, where ω is the angular frequency (2πf),
σ(0) is the conductivity at low frequency, p is a constant between 0 and 1], the
conductivity at plateau region (low frequency) is taken as a purely resistive DC
conductivity (σDC) [12, 19].

Even though EIS supplies a wide variety of data, the major shortcoming of this
spectroscopy is ambiguity in the selection of the equivalent circuit model. More than
one equivalent circuit can be fitted easily, and so one should have prior knowledge or
additional information from other techniques to model the right equivalent circuit.

14 Mott–Schottky Analysis

The Mott–Schottky technique is a powerful tool to understand the changes that
occur in an electrochemical interface of the catalyst. The small-signal AC potential
excitation is applied at fixed-frequency to an electrochemical cell as a function of
DC bias and capacitance of the working electrode is measured using the relation C
= 1/ωZim. Then the plot of capacitance versus voltage gives Mott–Schottky Plot.
The carrier density (ND) and flat-band potential (EFB) are measured using the Mott–
Schottky equation:

ND = 2C2

eεε0A2

[(
E

EFB

)
− KBT

e

]

where e is the elementary electron charge (1.6 × 10−19 C); E0 is the permittivity
of vacuum (8.86 × 10−12 F m−1); ε is the dielectric constant of sample EFB is the
built-in voltage (flat band potential); KB is the Boltzmann constant (1.38 × 10−23

J K−1); A is the surface area of the electrode and T is the temperature (298 K).
The flat band potential (equivalent to Fermi level of the electrode before reaching
equilibrium) is obtained from the extension of the linear part of Mott–Schottky plot
and donor density are measured by frequency–dependent slope. If the slope of the
M-S plot is positive, then the material is n-type or vice versa [32]. Lin et al. [25] have
constructed the energy diagram and band alignment of p-InP and TiO2 in solution
(Fig. 18) with the measured EFB and ND (from M.S plot) and the optical band gap
(from UV-vis absorption spectra).

15 Conclusion

As seen, characterization techniques are an invaluable tool to understand the elec-
trocatalyst and contributed significantly to new insights in catalysis. It is also clear
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Fig. 18 Mott–Schottky plot of InP (a) TiO2 (b) and its energy band diagram (c). Reproduced from
Lin et al., Copyright © 2015, American Chemical Society

that no characterization technique is effortless and straightforward. Extensive expe-
rience and sound theoretical background in spectroscopy, material science, physical
chemistry, and solid-state physics are inevitable for the conventional and meaningful
interpretation of spectra of catalysts. Besides, interconnecting all characterization
data is mandatory for a complete understanding of the behavior and property of a
catalyst.
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Interface Chemistry of Platinum-Based
Materials for Electrocatalytic Hydrogen
Evolution in Alkaline Conditions

Yuhang Wu, Juming Yao and Junkuo Gao

Abstract Alkaline electrolyzed water hydrogen production technology is of great
significance to the development of sustainable alternative energy. Although pre-
cious metal Pt is the best electrocatalyst for hydrogen evolution reaction (HER),
its alkaline HER involves the two-step reaction of water dissociation and hydrogen
recombination, which limits its development in alkaline electrolyzed water technol-
ogy. Therefore, amount of interface chemistry of materials has been investigated to
design catalysts with a large number of active sites and stability to improve the per-
formance of alkaline HER. In this chapter, we summarize the interfacial chemical
specificity of the Pt and Pt-based catalysts for controlling alkaline HER kinetics to
boost the water dissociation step and hydrogen evolution efficiency. This is a guiding
significance for the future of building renewable and sustainable energy systems.

Keywords HER · Alkaline · Interface · Water dissociation · Pt-based catalyst

1 Background and Brief Introduction

The consumption of non-renewable energy and the global environmental pollution
are two major social and economic challenges in human society[1–7]. Therefore,
the development of sustainable new clean energy is essential to solving increasingly
serious energy crises and environmental problems [8–12]. As an efficient, renewable,
pollution-free new energy source, hydrogen is considered to be the most potential
energy in this century. Since H2 is regarded as “Ultimate Energy” of human beings,
which represents the strategic direction of energy [13–20]. Therefore, the large-scale
preparation of hydrogen is a prerequisite for the successful application of hydrogen
energy. Among them, electrocatalytic water splitting has become the most promising
hydrogen production route thanks to the advantages of high efficiency, simple process
and mature technology [21–26]. However, high-performance and high-yield acidic
HER hydrogen production is limited due to its high requirements for equipment and
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catalyst durability [27, 28]. Therefore, alkaline HER has been extensively studied
due to its low requirements for equipment and high durability for catalysts [29–
31]. Since alkaline HER requires a high overpotential, the development of superior
electrocatalysts for alkaline HER is essential to significantly reduce the energy loss
of the electrochemical devices [32–34]. Thus, the mechanism of alkaline HER was
deeply studied to develop advanced catalysts. Alkaline HER is a multi-progress
reaction which is divided into three elementary processes: Volmer step (H2O + e−
= Had + OH−), followed by the Heyrovsky step (H2O + Had + e− → H2 + OH−)
or the Tafel step (2Had → H2) [35–38]. Among the HER electrocatalysts, Platinum
exhibits excellent catalytic performance with ultra-low overpotential, resulting from
the optimal platinum hydrogen adsorbates (Pt–Had) on the surface of Pt during water
dissociation process [39, 40]. Nevertheless, the kinetics of alkaline HER are still
hindered by the insufficient oxyphilic surfaces for the cleavage of O–H bonds in
H2O [41–43]. Therefore, HER electrocatalysts in alkaline environment must feature
both optimalHad adsorption and strong dissociationwater adsorption to overcome the
additional energy and recombine hydrogen. At present, single-component catalysts
are difficult to satisfy the above requirements simultaneously [44]. Thus, the design
of high efficiency alkaline HER catalysts have recently turned to Pt-based (Pt–M,
Pt–MO and Pt–M(OH), M = Ni, Co and Cu) materials. Among the afore-mentioned
various combination methods, Pt–Ni(OH)2 has emerged to be a prominent HER
catalysts [45, 46]. Ni hydroxyl shows a higher affinity for water, while platinum has
a higher theoretical activity for efficient hydrogen recombination. Hence, researches
have paid much attention in Pt–Ni(OH)2 bimetallic heterostructure, including crystal
facet [47], nanostructure [48], defect [49] and so on.

In this chapter we summarize the mechanism of HER in alkaline environment,
especially the catalytic mechanism on the interface of platinum and platinum-based
materials in recent literature. Subsequently, we further explain the synergistic effect
between platinum and the catalytic components that promote water dissociation.
Furthermore, some recent progress Pt-based heterostructure in alkaline environment
are discussed, and some valuable opinions and prospects of this attractive field are
concluded in the end.

2 HER Mechanism in Alkaline Condition

Themechanism of HER in electrolyzed water has been widely investigated in the last
century. A standard potential of 1.23 V is required for electrolyzed water [50–52].
Yet, in order to overcome the extra resistance (such as contact resistance between
catalysts and electrode, solution resistance) in the electrolyzer and the kinetic barrier
inherent in the two half reactions, a higher potential must be applied to initiate
the reaction in practical operation [53–56]. Recently, the working potential can be
effectively reduced through designing the battery to minimize the resistance loss
and the advanced electrocatalysts to reduce the kinetic barrier [57]. Thus, the design
of advanced anode electrocatalysts to enhance HER performance will expand the
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industrial field of electrolyzers [46, 58–61]. The electrocatalytic hydrogen evolution
process is combinedwith two reaction processes, Volmer-Tafel orVolmer-Heyrovsky
mechanisms, and it can be applied in both acidic and alkaline conditions. However,
the instability of the catalysts and the high requirements of acidic media for industrial
equipment limit the development of acidic HER [62, 63]. Therefore, it is crucial to
develop excellent HER catalysts under alkaline conditions. In the process of water
electrolysis, water adsorption on the surface of the catalyst is necessary and there
is a net charge transfer at the interface when water is adsorbed on the metal surface
[57]. As shown in Fig. 1, the process of reducing water molecules adsorbed on the
interface of the metal catalyst to Had and OH− species is carried out in the Volmer
step. Subsequently, hydrogen will be produced though the Volmer-Tafel or Volmer-
Heyrovsky mechanisms [64, 65]. In Volmer-Tafel mechanism, hydrogen molecule
formed by the combination of two hydrolyzed adsorbed hydrogen atoms. In addition,
the Volmer-Heyrovsky mechanism generates hydrogen by reacting between Had and
additional water molecules [66].

Heterogeneous catalysts (such as platinum) have been observed to exhibit poor
catalytic activity and lower exchange current density in alkaline condition compared
to that in acidic condition [67], which indicates that the catalytic activity can be
greatly influenced indifferent reactionpathways [68].Meanwhile,HERalways forms
the intermediateHad in different reactionpathways. In acidic environment, theVolmer
step only involves the reduction of protons to Had, thus indicating that the catalytic
activity is closely related to the free energy (�GH) of Had [39]. Whether the value
of �GH is positive or negative is not conducive to the catalytic release of H2, and
Pt owns the best HER performance according to the optimal �GH (�GH ≈ 0) [64,
69]. However, under alkaline conditions, the adsorption energy of the active water
molecules and the desorption of the hydroxide are also critical in the Volmer step. If
the adsorption energy of activewater is low,Had maynot be activatedwell. In contrast,
if the desorption energy of hydroxide ions is too high, it will cause the loss of active
sites and lead to poisoning effects [68]. In addition, the hydroxyl species (OHad) is

Fig. 1 The scheme of Volmer-Heyrovsky and Volmer-Tafel mechanisms on the Pt surface.
Reproduced with permission from Wiley, Copyright, 2018 [57]
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also adsorbed on the active site of the Pt interface, hindering the formation of Had, so
as to reduce the efficiency of H2 generation. Therefore, the design of heterogeneous
alkaline HER catalysts with excellent activities should take into account the above
parameters.

3 HER Electrocatalysis on Interface of Pt

In order to explore the slow kinetics of Pt in alkaline HER, lots of studies are focused
on the interface of Pt.Markovic’s grouphavedemonstrated that the activity of alkaline
HER on the Pt interface is closely related to the facet of Pt, and the adsorption
strengths of Had and OHad depend on different Pt surfaces [64]. Meanwhile, the
binding site of the adsorbed species determines the kinetics of alkaline HER as
evidenced by the potentiodynamic and spectral experiments [70–72]. Two different
Had binding conditions can be found on the Pt surface in the Had adsorption process:
the underpotential deposition of H (Hupd) is generated at a positive potential relative
to the hydrogen electrode, while the overpotential deposition of H (Hopd) takes place
relatively reversible hydrogen electrode at a negative potential [57, 73]. Therefore,
in order to maintain the physicochemical properties, above two species must bind at
different sites of Pt surfaces.

The HER activity of Pt has been confirmed to increase in 0.1 M KOH solution
as follows: Pt (111) < Pt (100) < Pt (110), which mainly due to structural sensitivity
blockade of OHad and Hupd species on different faces of Pt [64]. Figure 2a is the
cyclic voltammograms (CV) on different Pt surfaces which associated with OHad

and Hupd. The charge value of Hupd is about 150 μC cm−2, which is lower than that
of OHad (about 220 μC cm−2), and the separation occurs between the adsorption
peak of OHad and the desorption peak of Hupd in the CV curve of Pt (111) surface.
On the other hand, in the case of the CV for the Pt (100) and Pt (110) surfaces, the
reversible OHad were generated in potential regions of 0.45 < V < 0.7 and 0.35 < V <
0.65 on the surfaces of Pt (100) and (110), respectively, so that the desorption peak of
Hupd overlaps with the adsorption peak of OHad. All surfaces of Pt form irreversible
OHad when the potential region of V > 0.7. It is supposed that the reversible OHad

adsorbed on the surface of Pt during the forward sweep can be easily removed during
the backward scans. The total charge value of Hupd is about 147 and 208 μC cm−2

for Pt (100) and (110), respectively, higher than that of OHad. Thus, the increase in
charge ratio for Hupd/OHad is consistent with the ordering of HER activity, which is
Pt (111) < Pt (100) < Pt (110). To summarize, HER activity was significantly reduced
due to more OHad attached to the interface of Pt (111) compared to the other two
interfaces [57, 74]. Figure 2b shows that the top sites of Pt (110) is used for Had

adsorption, causing H2 recombination when Hupd is adsorbed on its surface grooves.
As shown in Fig. 2c, the top sites of Pt (100) surface are easily occupied by the
Hupd. However, when the potential is negative, some Hupd can be transferred to the
groove sites, thus generating the adsorption sites of Had. On the interface of Pt (111),
the Pt sites are highly occupied by Hupd due to the tightly packed alignment surface



Interface Chemistry of Platinum-Based Materials … 457

Fig. 2 a The cyclic voltammograms of Pt (hkl) in 0.1 M KOH at 1600 rpm with scan rate of
50 mV s−1 and the scheme of structure-dependent adsorption of different intermediates on the
interface of Pt (hkl), b Pt (110), c Pt (100), and d Pt (111). Reproduced with permission from
Wiley, Copyright, 2018 [57]

(Fig. 2d). Therefore, the HER mechanism on the interface of Pt is mainly depend on
the competition between Had and two species (Hupd and OHad) for the Pt site.

4 HER Activity on the Interface of Pt-Based Materials

Metal Pt is considered to be one of the HER catalysts with the best performance in
acidic conditions [75–77]. However, compared to acidic electrolytes, the HER kinet-
ics of Pt under alkaline conditions is much slow, so that the electrocatalytic activity is
reduced approximately two to three orders of magnitude. This is due to the different
formation rates of Had on Pt interface in acid and alkaline environment, Pt is more
favorable for the adsorption of hydronium ions in acidic media, but slower in alkaline
solution due to water dissociation [70, 78]. Thus, many attempts have demonstrated
that efficient H2 production in alkaline electrolytes requires bifunctional active sites,
including the improvement of water dissociation efficiency and the ability to adsorb
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OHad. Thus, the introduction of water dissociation promoters further enhance the
performance of alkaline HER to provide new opportunities [79–81].

4.1 Pt–M Nanocomposite for Alkaline HER

Lately, alloying non-precious transition metals (M = Ni, Co and Cu) with Pt has
attracted extensive research interest owing to the electronic effects and chemical
activity between Pt and transition metals [82, 83] (Table 1). The formation of Pt–M
catalysts has triggered significant enhancement in HER activity and greatly reduced
the usage of Pt under alkaline condition [84, 85].

Recently, Zhang and co-workers reported a carbon nano-flake arrays embedded
with hollowCo-Pt bimetallic nanocluster, which grown on the carbon cloth [95]. Syn-
ergistic interaction between Co and Pt, open hollow structure provide large specific
surface areas and abundant active sites, which significantly enhance HER perfor-
mance. The DFT calculation results indicate the synergistic effect of excellent HER
performance on Co-Pt, as shown in Fig. 3. When the active water molecules are
adsorbed to the interface of Co-Pt, Had is more easily bound to the platinum atom
while the OH− group is bonded to the cobalt atom, Co promotes water dissociation
to accelerate the formation of Had and produce H2 on the Pt surface. Thus, the mate-
rial exhibits excellent HER performance and extremely long durability of hydrogen
release in alkaline condition. In addition, the amount of Pt is only controlled at 2.5
wt% and the overpotential reached 50 mV@10 mA cm−2.

Table 1 Summary of HER activity of Pt–M alloy catalysts in alkaline environment

Electro-catalyst Overpotential (mV
vs. RHE)

Current density
(mA cm−2)

Electrolyte Refs.

Pt3Ni3 NWs/C-air 70 23 0.1 M KOH [81]

PtCo–Co/TiM 70 46.5 1 M KOH [86]

Pt–Ni nanocrystals 48 10 0.1 M KOH [87]

PtNi–Ni NA/CC 38 10 0.1 M KOH [88]

Pt–Ni(N) NWs 13 10 1 M KOH [89]

PtNiCo
nanohexapods

22 5 0.1 M KOH [90]

hcp Pt–Ni excavated
nano-multipods

65 10 0.1 M KOH [91]

Pt26Cu74 NFs 18 10 0.5 M KOH [92]

Pt–Cu DNFs 36 10 0.5 M KOH [93]

Pt–Ni ASs 70 13.7 1 M KOH [94]

Pt–Ni core-shell
branched nanocages

104 10 0.1 M KOH [59]
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Fig. 3 The DFT calculation of the free energy for the adsorption of OH− and H+ on the surface
of Co and Pt and the scheme of water dissociation on the interface of Pt–Co. Reproduced with
permission from RSC, Copyright, 2018 [95]

Recently, Pt-based nanoframeworks (NFs) structures have been extensively stud-
ied thanks to their large surface area, 3D structure, and superior physical and chemi-
cal stability. Zhang and coworkers developed a simple solvothermal strategy for the
preparation of monodisperse Pt–Cu dodecahedral nanoframes (Pt–Cu DNFs) [93].
The obtained Pt–Cu DNFs required an overpotential of just 36 mV@10 mA cm−2,
which was much smaller than that of Pt/C, Pt–Cu NPHs, and Pt black catalysts. It
can be seen that doping an appropriate amount of Cu atoms can change the electronic
structure, affecting the free energy of the adsorption for H* and OH intermediates.
The introduction of Cu atoms also improves the efficiency of Pt significantly. Since
the activity of Cu is so strong that it is more easily eroded in the electrolyte, Pt is
prevented from being oxidized and exposed more active sites, thereby improving the
durability of Pt–Cu DNFs.

Zhang et al. synthesized Pt–Ni bimetallic truncated octahedral nanocrystals
through one-step solvothermal strategy [87]. The Pt–Ni nanocrystal structure had
changed after introducingOH−, which transformed into heterostructures with atomic
segregation. As shown in Fig. 4a, Pt atoms are formed at lower oxidation-reduction
potentials, and then promote the reduction of Ni2+. After the introduction of OH−, the
Pt atoms are formed and migrated from surface to edge of the crystal and then accel-
erate the reduction of Ni(OH)2. Meanwhile, the added OH− can affect the reduction
and migration of atoms, which can grow crystals by separating atoms. Figure 4b
exhibits the catalytic mechanism of Pt–Ni electrocatalysts. Ni and Pt of heterostruc-
tures are two independent faces, which can effectively optimize the bond energy
of H and OH, promoting water dissociation and hydrogen generation. Thus, tuning
atomic distribution is beneficial to the adsorption of H and OH and enhance the HER
catalytic activity under alkaline condition.

Furthermore, in order to understand the cause of the speed limit of HER on the
atomic scale, Xie and coworkers adjusted the unfavorable orbital direction by N-
induced orbital tuning to solve the problem of slow water dissociation [89]. N can
effectively bind the active Ni sites and adjust its orbital orientation to enhance the
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Fig. 4 a The growth process of Pt–Ni alloy and Pt–Ni heterostructure and their effect on atomic
separation. b The alkaline HERmechanism scheme of the Pt–Ni electrocatalyst and the free energy
of absorption on Pt–Ni alloy and Pt–Ni heterostructure. Reproduced with permission from RSC,
Copyright, 2019 [87]

hydrolysis kinetics. Impressively, the overpotential of N modified Pt–Ni nanowires
is clearly superior than commercial Pt/C, which is only 13 mV@10 mA cm−2. The
theoretical analysis proves thatNdoping canmodulate the electronic structure around
the Ni sites, so that the Ni sites in Pt–Ni generate the empty d2z orbitals to adsorb
water molecules as shown in Fig. 5. Meanwhile, the strategy can also be applied
to improve HER performance of Pt-based alloys (such as Pt–Cu, Pt–Co and Pt–Ni)
under alkaline condition.

4.2 Pt–MO Nanocomposite for Alkaline HER

It is well known that sluggish alkaline HER reaction kinetics result from the cleavage
of H-OH chemical bonds and the desorption of hydrogen molecules [96]. One of the
strategies to avoid the problem is to decorate Pt with metal oxides that enhance water
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Fig. 5 a Electron density difference sections of Pt–Ni and Pt–Ni(N). b, c Top view and side view
orbit above the Fermi level of Pt–Ni and Pt–Ni(N). d Surface electrostatic potential images for water
adsorption on Pt–Ni and Pt–Ni(N). Reproduced with permission fromWiley, Copyright, 2019 [89]

dissociation, and nearby Pt can promote the recombination of H and the desorption
of generated molecular H2 [97]. Thus, various metal oxide decorative Pt composite
materials have been extensively studied. Recently, Chen and co-workers reported
a honeycomb-like Pt–NiO by nanoengineering strategy [98]. The porous NiO was
supported on nickel foam as shell-core nanostructure by electrodeposition method,
then decorated with fine Pt nanoparticles. The obtained Pt–NiO catalyst required an
overpotential of only 34 mV@10 mA cm−2 and the calculated turnover frequency
(TOF) was up to 532 A g−1

pt with an ultra-low Pt content (0.1 mg cm−2) at -0.05 V,
which is higher than that of Pt/C. From the calculated free energy diagram (Fig. 6),
it can be concluded that the water dissociation on the Pt interface requires a larger
energy barrier. In contrary, the energy barrier requires for the hydrolysis of NiO/Pt
surface is reduced more than 40%, which highlights the effect of NiO on promoting
hydrolysis and is more favorable to produce hydrogen.

Fig. 6 DFT calculated the
free energy of H2O
dissociation and H2
desorption on the interface of
Pt and NiO/Pt and the
optimized structure of
different reaction stages.
Reproduced with permission
from [98], Copyright, 2018,
American Chemical Society
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Fig. 7 Schematic diagram of calcination of PtNi/C to PtNi–O/C in air. Reproducedwith permission
from [99], Copyright, 2018, American Chemical Society

Zhao et al. presented a surface engineering strategy to develop a PtNi-O octahe-
dron electrocatalyst, where the (111) facets are enriched with NiO [99]. The trans-
formation process is showed in Fig. 7. Impressively, when the overpotential reaches
70 mV, the mass activity of Pt–NiO reaches up to 7.23 mA μg−1 and the alkaline
overpotential is 39.8mV@10mA cm−2 with the Pt loading content of 5.1μgpt cm−2.
During the electrochemical reaction, the NiO at (111) facets transformed to Ni(OH)2
and formed a Ni(OH)2/Pt-like interfaces.

Except from the typical Pt–NiO system, the synergetic effects between Pt and
other metal oxides were studied very recently. A versatile deposition strategy was
developed to prepare Pt–Cu@CuxO nanowires by Tran and co-workers [100]. The
ultra-fine Pt nanodots with a size of 2 nm completely cover Cu@CuxO nanowires,
resulting in significant structural modulation. Meanwhile, the interaction between
two metals can promote the charge transfer, leading to well-performance HER activ-
ity. The nanocatalyst showed the overpotential of 72 mV@10 mA cm−2 and a mass
activity three times higher than that of Pt/C.

4.3 Pt–M(OH) Nanocomposite for Alkaline HER

Recently, M(OH)2 modified Pt electrocatalysts are widely reported as high perfor-
mance HER electrocatalysts. The enhanced catalytic performance can be attributed
to the synergetic effect between H2 combination on the interface of Pt atomic and
water dissociation on M–OH interface. Among all the transition metals, Ni has the
closest binding energy value on the interface of Pt, thus Ni(OH)2 has been widely
investigated while being modified with Pt and the advanced Pt-based Ni(OH)2 are
showed in Table 2.
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Table 2 Summary of HER activity of Pt–M(OH)2 catalysts in alkaline electrolytes

Electro-catalyst Overpotential
(mV vs. RHE)

Current
density
(mA cm−2)

Electrolyte Refs.

Pt
nanocrystals@2D-Ni(OH)2
nanosheets

123 4.2 0.1 M KOH [41]

PtO2-Co(OH)F NA/TM 39 4 0.1 M KOH [101]

Pt nanoparticle on Ni(OH)2
nanospine

32 1.25 1.0 M NaOH [58]

PtO2–Co(OH)2 65 10 1 M KOH [102]

Pt nanowires on
2D-Ni(OH)2 nanosheets

57.8 6.31 0.1 M KOH [80]

β-Ni(OH)2/Pt 92 10 0.1 M KOH [103]

Pt–Co(OH)2 32 10 1 M KOH [104]

Pt/C with 10% Ni(OH)2
nanoparticles

50 2.44 ± 0.7 0.1 M KOH [46]

Ptc/Ni(OH)2 porous
nanowires

32 10 0.1 M KOH [105]

Ni(OH)2–PtO2 hybrid
nanosheet array

31.4 4 0.1 M KOH [106]

Pt-doped Ni(OH)2 38 10 1 M KOH [107]

Xie and co-workers reported a direct growth of Ni(OH)2-PtO2 nanosheet array
on Ti mesh with an ultralow-Pt content (5.1 wt%) [106]. The obtained Ni(OH)2-
PtO2 NS/Ti had a zero onset potential and only needed an small overpotential of
31.4 mV@4 mA cm−2. Further research showed that the uniform dispersion and the
small size of PtO2 exposed more active sites, and the interfaces extremely promoted
the water dissociation. The DFT suggested that the hybrid electrocatalyst had amuch
lower energy barrier, thus facilitate H2O dissociation. Moreover, the optimal �GH

is close to zero (as shown in Fig. 8).
Records et al. developed a fascinating route to synthesize Pt–Ni(OH)2 nanonet-

works by using filamentous M13 bacteriophage as templates [108]. The virus has
combined the advantages of nanoscopic proportions and the binding of cations by
genetic engineering method. A facile synthesis technique like electroless deposi-
tion for the phage-templated bimetallic Pt–Ni(OH)2 nanonetworks was presented
to obtain bio-templated electrocatalysts for enhanced HER in alkaline environment.
Through accurately optimize Pt loading, when the overpotential reached −70 mV
versus RHE in 1 MKOH, the Pt–Ni(OH)2 electrocatalyst exhibited the highest mass
activity of−4.9 Amg−1

Pt reported up to date. Such a bio-templated nanostructure with
virus may offer a novel route for high-performance HER and other electrocatalytic
energy conversion.

Jung et al. reported a simple and reliable strategy to synthesize crystalline hydrox-
ide which was supported by Pt nanoparticles and harsh conditions like high pressure,
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Fig. 8 The structure of PtO2 (a), Ni(OH)2 (b) and Ni(OH)2–PtO2 (c). d DFT calculated the free
energy of water dissociation on the interface of Ni(OH)2–PtO2 and PtO2. e DFT calculated �GH*
for PtO2, Ni(OH)2 and Ni(OH)2–PtO2. Reproduced with permission from RSC, Copyright, 2018
[106]

long time and toxic solvent were prevented [79]. In the article, the Ni(OH)2 nanoplate
had a shape of hexagonal and good crystallinity. The size of Pt nanoparticles is about
3 nmandPt nanoparticleswere uniformly dispersed on the nanoplatewithout overlap.

The defective in nickel hydroxide also critical in the design of Pt–Ni(OH)2 HER
electrocatalysts. For instance, Wang and co-workers recently reported a electrocat-
alyst which was consisted with undercoordinated Pt and defective nickel hydrox-
ide [49]. Surface uncoordinated Pt atoms can significantly reduce the potential of
the critical step, thereby increasing the catalytic activity. Moreover, High indexed
facets have high atomic steps density and ledges/kinks on catalysts surface. The
DFT models suggested that the energy barrier required for hydrolysis can be largely
reduced due to the synergy between uncoordinated Pt and defective in Ni(OH)2 as
shown in Fig. 9. The optimized catalysts showed 11 more times specific current
density (0.51 mA cm−2) and 7 more times (0.1 mA μgPt) mass current density than
commercial Pt/C.

Moreover, the low coverage of Pt on the interface of Ni(OH) is the key to devel-
oping Pt–M(OH)2 electrocatalysts for alkaline HER. Very recently, Sarabia et al.
introduced Ni(OH)2 on the surface of Pt (111) and thoroughly characterized the
interface of Ni(OH)2-Pt (111) in NaOH (0.1 M) [109]. The CO displacement exper-
iment together with laser-induce temperature jump equipment help reveal the effect
of Ni(OH)2 on the interfacial region. The results illustrated that Ni(OH)2 reduced
the initial potential of hydroxide adsorption to a value lower than pure Pt (111).
Furthermore, researchers found evidence for the shift of zero total charge potential
shift and zero free charge potential/maximum entropy potential, which resulted in a
less positive potential (as shown in Fig. 10).
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Fig. 9 The reaction energy diagram and corresponding structure for the Pt–Ni(OH)2 HER
electrocatalyst. Reproduced with permission from Elsevier, Copyright, 2018 [49]

4.4 Other Pt-Based Nanocomposites for Alkaline HER

In addition to the above alloying metals, metal oxides and hydroxides, there are
other promoters that are combined with Pt for water dissociation, which are also
being developed to promote alkaline HER (Table 3).



466 Y. Wu et al.

Fig. 10 Schematic illustration of the water dipoles on Pt(111)–Ni(OH)2. Reproduced with
permission from [109], Copyright, 2019, American Chemical Society

Table 3 Summary of HER activity of Pt-based other catalysts in alkaline electrolytes

Electro-catalyst Overpotential (mV vs.
RHE)

Current density
(mA cm−2)

Electrolyte Refs.

DR-MoS2-Pt 200 169.8 1 M KOH [110]

20 %Pt/Ni(HCO3)2 27 10 1 M KOH [111]

Pt-CoS2/CC hybrid 24 10 1 M KOH [112]

Ni3N/Pt 83 50 1 M KOH [113]

Pt–TiN NAs 139 10 1 M KOH [114]

Recently, Wang and co-workers synthesized Ni3N nanosheets electrocatalyst
loaded with platinum nanoparticles [113]. Due to the excellent metal conductiv-
ity and hydrogenated semiconductor surface of Ni3N nanosheets, it not only facili-
tated electron transfer to promote reaction kinetics, but also possessed rich reactive
sites to accelerate water dissociation and Had formation to recombine to produce
H2 on the surface of Pt. This strategy provides a good idea to maximize electro-
chemical performance by minimizing Pt in an alkaline environment. Meanwhile, the
Ni3N/Pt nanosheets exhibit excellent alkaline HER performance, the overpotential
is 160 mV@200 mA cm−2.

Recently, Lao and co-workers fabricated a unique hetero-structured nanomaterial
whichwas constructed by platinumandnickel bicarbonate for acceleratedHERunder
alkaline environment [111]. In this article, Ni(HCO3)2 was proved to have efficient
water adsorption/dissociation ability for the first time. On the other hand, Ni(HCO3)2
can effectively prevent platinum nanoparticles from growing and agglomeration,
thereby ensuring the utmost exposure of platinum. Figure 11 displayed a possible
mechanism for advanced alkaline HER property of Pt/Ni(HCO3)2, where nickel
bicarbonate served for water adsorption/dissociation while Pt atoms acted as HER
active sites for Had adsorption and recombination during the Heyrovsky step or
Tafel step. Owing to the strong interaction between two components, the specific
heterostructure exhibited excellent HER catalytic activity.
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Fig. 11 An illustration for
possible mechanism for
advanced alkaline HER
property of Pt/Ni(HCO3)2.
Reproduced with permission
from Wiley, Copyright, 2019
[111]

5 Conclusion and Perspective

Scientists have made many important advances and breakthroughs in the study of
HER in Pt-based materials in alkaline environments. As promising strategies for
designing alkaline HER catalysts to minimize the amount of Pt used, the mechanism
in alkaline HER and the reaction kinetics on the Pt interface have been discussed
in this chapter. In order to increase the alkaline HER activity, different amounts of
catalysts are used to promote water adsorption. In addition, the authors also briefly
summarize the recent research progress of Pt-based materials in alkaline HER. The
adsorption behavior of the H2O and OH− on the interface of catalysts is improved
by adjusting the electron catalytic structure of the metal, oxide, hydroxide and Pt
interface, so that the alkaline HER activity is greatly improved.

In the future development of electrochemistry, in order to optimize the conversion
of free energy into potential active materials and deepen the basic understanding of
the interfacial chemistry between the catalyst and the Pt component, simple synthesis
strategies shouldbe exploited tominimize the content ofPt to reach industry standards
and greatly reduce the energy consumption of hydrogen production.
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