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ABSTRACT The hydrogen economy is a clean, efficient, and
sustainable energy system that delivers energy using hydrogen.
Electrolyzers are used to generate hydrogen, and fuel cells con-
sume hydrogen as a fuel. These devices rely on hydrogen evolu-
tion and oxidation reactions. Catalysts are required to acceler-
ate the reactions. Pt is the best hydrogen oxidation/evolution re-
action (HOR/HER) catalyst to date. However, the scarcity of Pt
hinders its applications. Various processes have been developed
to increase the catalyst activity in order to reduce the amount of
Pt, or to develop non-precious metal catalysts to replace Pt. In
this review, we focus on electrocatalysts for the hydrogen oxida-
tion and evolution reactions. The reaction mechanism, factors
influencing the catalyst activity, and the influence of the electro-
lyte (acid vs. base) are discussed. The recent advances in catalyst
development, especially of non-precious metal catalysts, are
also summarized. Due to the different reaction conditions and
catalytic activities associated with the different electrolytes, the
catalysts are classified into two categories: active in acid or in
base.

Keywords: electrocatalyst, hydrogen, nanomaterials, fuel cell,
electrolyzer

INTRODUCTION

Energy problems have become more and more prevalent in
recent decades. The progressive development of modern
society continues to require more and more energy. How-
ever, fossil fuels still represent the major energy source.
Many environmental problems, such as air pollution, are
associated with the combustion of fossil fuels. Thus, clean
and sustainable fuels are desired. In the 1970s, Bockris
[1-3] presented a futuristic picture of the use of hydrogen
as a fuel (Fig. 1). Hydrogen is a clean fuel and only wa-
ter is generated by its combustion. The prospective use of
hydrogen in motor vehicles would preclude CO, emission
from the tail pipe. Hydrogen can be obtained from the ole-
fin industry or water-gas shift reaction. However, a cleaner

and more sustainable way to obtain hydrogen is by split-
ting water electrochemically or photoelectrochemically.
An electrolyzer or a photoelectrolyzer is used to split wa-
ter. The half reaction for the generation of hydrogen from
water is the hydrogen evolution reaction (HER), in which
water is reduced and hydrogen is generated. Hydrogen is
the carrier of energy, and it can be delivered to the loca-
tion where energy is required. Hydrogen can be used as a
normal fuel in the internal combustion engine, similar to
fossil fuels. More importantly, hydrogen can be used in fuel
cells that directly convert chemical energy to electricity.
The efficiency of the internal combustion engine is limited
by the Carnot cycle, and is generally 30%. The efficiency
of fuel cells is not limited by the Carnot cycle, and often as
high as 60%. In fuel cells, hydrogen undergoes an oxidation
process and generates protons; this reaction is called the
hydrogen oxidation reaction (HOR). Fuel cells can be used
on various scales, from power stations to automobiles, and
even in portable devices. In 2015, Toyota introduced a line
of commercial fuel cell cars called Mirai, portending the
introduction of the fuel cell into our daily life. Based on
electrolyzers and fuel cells, the hydrogen economy can be
realized. This is a future energy system that is clean and
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Figure 1 Schematic of hydrogen cycle in the hydrogen economy.
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sustainable, and is anticipated to enhance further devolve-
ment of the human society.

A key component of fuel cells and electrolyzers is the
catalyst. The HOR/HER is kinetically impossible without
a catalyst. The other half reaction in fuel cells or electro-
lyzers is the oxygen oxidation reaction (ORR) or oxygen
evolution reaction (OER). There are several excellent re-
views that discuss ORR and OER catalysts [4-9]. Thus, this
review focuses on the hydrogen electrode. In a modern fuel
cell or electrolyzer, an ion conductive membrane is often
required to separate the anode and cathode. Based on the
conductive species, the membranes can be classified into
two types, proton exchange membranes (PEMs) that con-
duct protons [10] and anion exchange membranes (AEMs)
that conduct hydroxides [11]. This allows the fuel cells or
electrolyzers to work under either acidic or basic environ-
ment. Thus, the HOR/HER can occur in acid (Equation
(1)) or base (Equation (2)):

2H" +2¢” «<>H,> (1)

2H,0+2e <>H, +20H" - )

Both forward reactions correspond to the hydrogen evo-
lution reaction and the backward reactions correspond to
the hydrogen oxidation reaction. The standard equilibrium
potential is 0 V in acid by definition. Platinum is the most
active HOR/HER catalyst to date. However, the scarcity of
Pt has hindered realistic application of fuel cells and elec-
trolyzers. Thus, it is highly desirable to reduce the amount
of Pt by increasing the catalyst activity or to develop plat-
inum group metal (PGM)-free catalysts to replace Pt. To
improve the activity of the catalyst, an understanding of
the reaction mechanism is indispensable. Heterogeneous
catalysts are commonly used for the HOR/HER. The active
species adsorb/desorb at the catalyst surface and also ex-
change electrons. However, it is difficult to investigate the
surface condition of the catalyst in situ due to the presence
of the electrolyte. The HOR/HER is the simplest electro-
chemical reaction, and is also a good model for evaluating
the electrochemical behavior of the active species on the
surface of the catalysts. This system can also help us under-
stand other complex electrochemical reactions. Moreover,
it has been found that the activity of the catalyst is also in-
fluenced by the electrolyte. For the same catalyst, the activi-
ty varies in acid and base. As a benefit of the recent advanc-
es, the parameters influencing the activity of HOR/HER
catalysts have been defined, and catalysts with enhanced
activity have been reported. Modified Pt species, such as
Pt alloys, have shown superior activity relative to the pris-
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tine Pt. Several PGM-free catalysts have been developed as
prospective Pt replacements. There are not many choices
of catalysts for use under harsh acidic conditions. Most
metals and compounds are dissolved in acid. However,
recent studies show that some metal dichalcogenides and
phosphides are stable in acid and exhibit impressive HER
activity. In contrast, the basic environment is less harsh and
there are some non-precious metals that are functional un-
der basic conditions. Several non-precious metal catalysts
for both the HOR and HER have been reported.

In this review, we focus on the HOR/HER reactions, and
discuss measurements of the activity of HOR/HER cata-
lysts, the catalytic mechanism, the parameters for describ-
ing the activity, and the influence of the electrolyte (acid
vs. base). Finally, we summarize the recent advances in cat-
alyst development, mainly for PGM-free catalysts, in acid
and base, respectively.

MEASUREMENT OF THE HOR/HER
ACTIVITIES

The HOR/HER activity of the catalysts can generally be
measured in an electrochemical cell using the standard
three-electrode system. H,SO, or HCIO, is used as the elec-
trolyte to mimic the acidic condition, and KOH or NaOH
is used to mimic the basic condition. The exchange cur-
rent density (i,), the kinetic current density () at a fixed
overpotential, or the overpotential required to achieve a
certain current density is generally used as a parameter to
judge the activity of different catalysts. Cyclic voltammetry
(CV) or the linear sweep voltammetry (LSV) is employed
to record the electrochemical behavior of the catalysts. In
general, the rotating disk electrode (RDE) technique is re-
quired for HOR measurement due to the low solubility of
H, in the electrolyte. The mass transport can be improved
by the RDE technique, and the kinetics of the catalysts can
be obtained from the mixed kinetic-diffusion control re-
gion. The measured overall current (i) is a combination of
the kinetic (i,) and diffusional (i;) components, and can be
described by the Koutecky-Levich equation (Equation (3)):

1 1 1
—=—t (3)
iod i,

Under infinitely fast reaction kinetics, the overpoten-

tial is completely under diffusional control; the diffusion-
al-controlled overpotential (#40,) can be described by

Equation (4):
=R, (@
2F i
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Here, R is the universal gas constant, T is the tempera-
ture, F is Faraday’s constant, and j is the H,-limiting cur-
rent density. In the RDE measurement, i, is proportional to
the square root of the rotating speed (w in rpm), as indicat-
ed by the Levich equation (Equation (5)):

iy =0.2nFC, Dj*v " @"* = BC, 0" . (5)

Here, n is the number of electrons transferred (n = 2 for
HOR); Cy, and Dy, are the solubility and diffusivity of H,in
the electrolyte, respectively, and v is the kinetic viscosity of
the electrolyte. B is the Levich constant, which is a function
of n, F, Dy, and v. For the HOR in aqueous electrolyte, BCy,
is roughly 0.0687 mA rpm'? cm™(w in rpm) or 0.205 mA
s"2ecm™ (w in rds s7') [12,13]. Thus, the kinetic component
(i), which corresponds to the activity of the catalyst, can be
extracted from the polarization curve.

For the measurement of the kinetic current in the HER
component, the influence of the diffusional component
is negligible because water is the most abundant reactant.
Thus, the measured current can be directly used as i,. It
should be noted that it is necessary to remove the bubbles
generated at the surface of the catalysts during the HER
test.

Based on the kinetic current, the activity of the cata-
lyst can be determined. The mass activity or area specific
activity at a certain potential can be directly obtained by
dividing i by the catalyst mass or the electrochemical sur-
face area (ECSA). The exchange current density (i,) is the
forward or backward reaction rate at the equilibrium po-
tential. It can be obtained by fitting i, vs. the overpotential
(1) using the Butler-Volmer equation, which is described
by Equation (6):

a —(l-a)F

ol ). ©

Here, « is the charge transfer coefficient. The value of i,
can also be obtained from the micro-polarization region,
which is the region where only several millivolts deviate
from the equilibrium potential. In this narrow region, the
diffusional component is negligible and the kinetic cur-
rent can be represented by the measured current. The But-
ler-Volmer equation can be expanded by Taylor’s formula,
and can be simplified to Equation (7):

iz 1E 7)

Thus, i, can also be obtained from the slope of linear
fitting in the micro-polarization region.
For catalysts with low activity, a measurable current
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can only be obtained at high overpotential. At such high
overpotentials, the current from the backward reaction
(negative part in Equation (6)) is negligible, and the But-
ler-Volmer equation can be simplified to the Tafel equation
(Equation (8)):

n=Alog [%J . (8)

0

Here, A is the Tafel slope. Thus, the exchange current
density can be obtained from the intercept of the Tafel plot,
which is a plot of the overpotential as a function of log(i,).

However, for some catalysts with ultra-high activity
(e.g., Pt in acid environment), mass transport remains a
problem, even when the RDE technique is used [14,15].
The polarization curve approaches the diffusional overpo-
tential curve (described by Equation (4)); thus, the error in
the calculation of i, becomes non-negligible, and i, is of-
ten underestimated. In this case, further improvement of
the mass transport is required for correct kinetic measure-
ment. Fig. 2 summarizes the HOR/HER i, for Pt in acid ob-
tained by different techniques. The i, obtained by the RDE
method is around 1 mA cm,, 2, which is significantly un-
derestimated. Other techniques, such as scanning electro-
chemical microscopy (SECM), floating electrodes, and the
hydrogen pump in a fuel cell setup, have been used for the
measurement of ultra-fast kinetics. With these techniques,
the mass transport of H, is improved and much higher i,
values (20-80 mA cm,,? at room temperature) have been
obtained. For example, in the hydrogen pump setup with
a fuel cell configuration, the liquid electrolyte is absent so
that the hydrogen gas diffuses directly to the catalyst sur-
face. Thus, the issue of low hydrogen solubility in the liquid
electrolyte is precluded.

MECHANISM OF THE CATALYTIC PROCESS

A catalyst is always needed to accelerate the reaction. For
real application, heterogeneous catalysts are generally em-
ployed for the HOR/HER. The adsorption and desorp-
tion of the reactants and products are associated with the
heterogeneous catalytic process. There are three generally
accepted elementary steps: Tafel, Heyrovsky, and Volmer
(Equations (9-11)).

Tafel:
H, +2*<2H > 9)
Heyrovsky:
H,+*oH +H +e > (10)
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Figure 2 HOR/HER i, values measured using Pt electrodes with various techniques: RDE, H, pump [15-17], channel flow electrode [18], SECM [19,
20], ultramicroelectrode [21,22], solid state cell [23], floating vaccum filtered catalyst electrode [24], low loading RDE [25]. Reprinted with permission

from Ref. [15] (Copyright 2015, the Electrochemical Society).

Volmer:

H,oH +e +*- (11)
Here, * denotes the hydrogen adsorption sites of the
catalysts, and H,, is the adsorbed hydrogen. The Tafel
reaction (Equation (9)) is the adsorption of H, without
electron transfer. The Heyrovsky reaction (Equation (10))
is the adsorption of H, with simultaneous transfer of one
proton and one electron, and generation of one adsorbed
hydrogen unit. The Volmer reaction (Equation (11)) is the
discharge of the adsorbed hydrogen unit and release of a
proton. Therefore, the reaction may proceed by either the
Tafel-Volmer or the Heyrovsky-Volmer mechanism.

The electrochemical rate equations for each step are
shown in Table 1. The current density depends on the
overpotential. The Tafel slope is used to describe the po-
tential required to increase the current density ten-fold.
For the reaction in which the Heyrovsky or Volmer step is
the reaction step, the Tafel slope is 2F/RT (120 mV dec™).
When the Tafel reaction is the rate determining step, the
Tafel slope is F/2RT (30 mV dec™) [26]. Thus, it is possible
to identify the reaction mechanism of the Tafel step from
the Tafel slope. However, the Tafel slopes for the Heyrovsky
and Volmer steps are the same, so it is impossible to differ-
entiate them from the electrochemical polarization curve
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and another technique is required.
In base, the Heyrovsky and Volmer steps are revised to:
Heyrovsky:

H,+OH +*—>H_ +H,O+e , (12)

Volmer:

H,+OH —»>H,O+e +*. (13)

Mathematically, this can be understood as simply add-

Table 1 Rate equations for each HOR/HER elemental step as the rate
determining step

Rate determine step Rate equation*

1-0 Y[R, | (6Y
= kl 0 el | po

1-6 P 0

1-0\( Py, | “n () e
Heyrovsky r, =k, [1 7 ] P};: et —[Eje T
i aFy -8 —(1-a)Fn
Volmer r, =k, [[eoje T —[1790 Je T

* Py, is the concentration of the H, at the electrode surface; P§; is the

concentration of the H, in the electrolyte; 6° is the surface coverage at the
equilibrium potential.

Tafel
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ing OH" to both sides of the equations. Durst et al. [16]
suggested that the same processes occur on the surface of
the catalyst in base as in acid, followed by rapid combina-
tion of H* and OH" given that OH™ is abundant in alka-
line electrolyte. Strmcnik et al. [27] proposed that OH" is
first adsorbed on the catalyst surface to generate adsorbed
OH (OH,,). Subsequently, H,, and OH,, combine on the
surface of the catalyst. According to Markovic’s theory, en-
hancing OH™ adsorption would be beneficial for the HOR/
HER kinetics. It is still challenging to perform in situ inves-
tigation of the reaction process at the molecular level. The
details of adsorption and desorption at the catalyst surface
are still not clear.

ACTIVITY DESCRIPTORS

Several descriptors have been proposed for estimation of
the catalyst activity. The HOR/HER occurs on the surface
of the heterogeneous catalysts. The binding energy of hy-
drogen on the surface of catalysts, which can also be ex-
pressed as the energy of formation of the metal hydride, has

been used as a descriptor of the catalyst activity. The typical
volcano curve for the HER was first drawn by Trasatti (Fig.
3a) [28]. The measured exchange currents were plotted as a
function of the metal-hydride bond strength on a series of
metals. The exchange current of the optimal metal catalyst
for the HER was located near the peak of the volcano curve.
This can be explained by the Sabatier principle which states
that a splendid catalyst should have moderate binding abil-
ity. Therefore, this curve is also called Sabatier volcano.
With the development of density functional theory (DFT)
calculations, the HER exchange current density has been
correlated with the calculated hydrogen binding energy
(HBE) on the metal surface. Norskov and co-authors [29]
plotted the measured HER activity in acid vs. the calculated
binding energies, and a good volcano shape was demon-
strated (Fig. 3b). The PGMs (Pt, Pd, Ir, Rh) correspond to
the peak of the plots, where these metals exhibit the highest
HOR/HER activity. Ni, Co, Mo, etc., correspond to the left
branch of the plot, where these metals have a stronger hy-
drogen binding energy than the optimal value. Cu, Ag, and
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Figure 3 (a) Exchange current density for HER in acid, plotted as a function of the strength of intermediate metal-hydrogen bond formed during elec-
trochemical reaction itself. (b) Exchange current density for HER in acid, plotted as a function of the calculated hydrogen chemisorption energy per
atom. (c) Exchange current density for HER in base, plotted as a function of the calculated hydrogen binding energy. Reprinted with permission from
Ref. [28-30] (Copyright 1972, Elsevier; 2005, the Electrochemical Society; and 2013, the Royal Society of Chemistry, respectively).
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Au correspond to the right branch, where the interaction
with these metals is too weak for adsorption of the reac-
tants. Yan and co-authors [30] demonstrated that the hy-
drogen binding energy can also be used as a descriptor for
the HER activity measured in base, where a similar volcano
shaped plot was also obtained (Fig. 3¢). By using the calcu-
lated hydrogen binding energy, the plot allows prediction
of the HOR/HER activity for efficient screening of highly
active HOR/HER catalysts.

Some other descriptors have also been proposed for the
HOR/HER. Bard and co-authors [31] used a pattern rec-
ognition method to determine the best correlation to the
HOR/HER activity. The HER exchange current density was
plotted based on 50 materials properties for 38 elements. It
was found that the melting points and bulk modulus exhib-
ited a meaningful correlation to the HER exchange current
density. The exchange current density followed a mono-
tonic trend with increasing bulk modulus. Surprisingly,
the relationship between the exchange current density and
the melting point was also volcano-type, and the melting
points of the elements with the highest reaction activity
were located within the optimum range of 1800-2750 K.
This melting point correlation is even better than the
d-band centers, which is another parameter representing
the hydrogen binding energy. These attempts provide addi-
tional avenues to predict highly active HOR/HER catalysts.
However, the understanding of the relationship between
the activity and the properties is still insufficient.

ACTIVITY IN ACID VS. BASE

It was found that the pH of the electrolyte is also an import-
ant factor that influences the activity of the catalyst. The
HOR/HER activities for the same catalyst are different in
acid and base. Sheng and co-authors [14] found that the
HOR/HER activity is more than two orders of magnitude
lower for the reaction catalyzed by Pt in base than in acid
(Fig. 4). Durst and co-authors [32] further confirmed a dif-
ference in the catalyst activity in acid and base for other
PGMs, such as Ir and Pd. The HOR/HER activity of Pt is
very high in acid; thus, a very small amount of Pt is suf-
ficient to accelerate the reaction and achieve an adequate
current density. However, due to its low activity in base,
much more Pt is required under basic conditions, such as
in alkaline fuel cells or anion exchange membrane fuel cells.
The reason for the lower activity in base is still not clear, but
certain reports have provided some insight into this matter.
The hydrogen binding energy is conventionally measured
by the vacuum technique or calculated by the DFT meth-
od. However, the influences of the electrolyte are excluded
by these approaches. Yan and co-authors [33] deduced that
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Figure 4 Polarization curve for HOR/HER on polycrystalline Pt disk in
(a) 0.1 mol L™ HCIO, and (b) 0.1 mol L™ KOH at 1600 rpm. The sol-
id black lines are the measured curves, and the dotted red lines are the
curves after iR correction. The dashed black lines are the Nernstian dif-
fusion overpotential calculated according to Equation (4). Reprinted with
permission from Ref. [14] (Copyright 2010, the Electrochemical Society).

the underpotentially deposited hydrogen (H,,4) peaks for
Pt were related to the hydrogen binding energy; thus, the
true hydrogen binding energy for Pt at a particular pH can
be measured from the H,,,. The hydrogen binding energy
was found to be pH dependent, and the hydrogen binding
energy of Pt became stronger at higher pH. The HOR ac-
tivity of Pt over a wide pH range of the electrolyte (from 0
to 13) was also measured in buffer solution, demonstrating
that the activity decreased with increasing pH. A linear re-
lationship between the binding energy and the HOR ac-
tivity was found. In other words, as the pH increases, the
binding energy of Pt increases; thus, the HOR activity de-
creases. DFT calculations show that the hydrogen binding
energy of Pt is still slightly higher than the ideal value; thus,
a further increase of the hydrogen binding energy results
in lower HOR/HER activity. This is consistent with the in-
creased measured hydrogen binding energy of Pt at high
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pH. Such pH dependence of the relationship between the
binding energy and the HOR activity is universal. In a later
study, Yan and co-authors [34] showed that this relation-
ship also holds for Ir, Pd, and Rh, and a universal slope is
also found. However, the detailed mechanism of how the
electrolyte changes the binding energy of the catalyst is still
unknown.

RECENT ADVANCES IN HOR/HER CATALYSTS
In the volcano-shaped plot of the HOR/HER activity, the
PGMs (Pt, Ir, Pd, etc.,) correspond to the optimal hydro-
gen binding energy region, and exhibit the highest activity.
However, the high price of these PGMs hinders their appli-
cation. As a benefit of the recent advancement in nanotech-
nology, certain catalysts with higher activities or low price
(i.e., non-precious metals) have been developed to lower
the amount of PGMs used in electrolyzers and fuel cells.
The newly developed HOR/HER catalysts are discussed
below.

PGM-free HER catalysts active in acid

Due to the ultra-high activity of PGM:s in acid, a very small
amount of the catalyst is adequate for use. Therefore, re-
searchers are not interested in modifying these PGM cat-
alysts to further reduce the catalyst loading. A more at-
tractive field is to develop non-precious metal catalysts to
avoid the use of any costly PGMs. Unfortunately, very few
PGM-free HOR catalysts that are functional in acid have
been reported. However, several PGM-free HER catalysts
have been reported with impressive activities [35]. Table 2
summarizes the recently published PGM-free HER cata-
lysts, including metal chalcogenides, phosphides, nitrides,
brides, carbides, and hybrid materials. The HER perfor-
mance of Pt is also listed in Table 2 for comparison. Note
that due to the ultrafast HOR/HER Kkinetics of Pt in acid,
the overpotential at 10 mA cm™ only comes from mass
transport (Equation (4)) and is not related to the kinetics
of the catalyst [36].

MoS,

One very important factor for catalysts to serve as PGM-
free HER catalysts in acidic environment is the stability.
Most PGM-free compounds are unstable in acid; thus, it
is impossible to use them as catalysts under acidic condi-
tions. Unlike most of the non-precious metals, Mo is stable
under acidic conditions. Mo itself is not active for the HER.
A NiMo alloy was found to be highly active in acid, but was
not stable [84]. Recent research has focused on molybde-
num compounds that are stable in acid. These have been
found to be good candidates for the HER.

March 2016 | Vol.59 No.3

In 2005, Norskov and co-authors [85] predicted that
MoS, would be a good HER catalyst based on DFT calcu-
lations. Although the MoS, basal sites are inert to the HER,
the MoS, edge sites are active. Fig. 5 shows the structure
of the MoS, edge, which is similar to the active sites in the
highly HER active enzyme, nitrogenase, which contains Fe
and Mo. At the MoS, edge, the sulfur atom, which binds
to hydrogen, is 2-fold coordinated to Mo. The calculation
results show that the first H bonds strongly to the edge, but
when the H coverage is greater than 0.25, the additional H
atoms should be able to undergo adsorption on the edge
with a lower barrier (a low overpotential of ~0.1 V), which
is in favor of the HER. This suggests that nanometer-scale
MoS,, which has more exposed edge sizes, would be a good
HER catalyst. Nanosized MoS, clusters on a graphite sup-
port were used to prepare a membrane electrode assembly
that exhibits good HER performance.

Chorkendorff and co-authors [86] further experimen-
tally confirmed that the edge sites of MoS, are the active
sites for HER rather than the basal sites. Triangular S-Mo-S
trilayers were grown on an Au (111) substrate. For single
trilayers, terrace sites on the basal plane and the edge sites
at the particle edge were exposed. Two types of MoS, were
obtained under different annealing temperatures, resulting
in different particle sizes (Figs 6a and b). The exchange cur-
rent densities for the HER were plotted vs. the MoS, area
coverage and MoS, edge length, respectively (Figs 6¢ and
d). It was found that the rate of reaction is directly propor-
tional to the number of edge sites for all samples, regardless
of the particle size. Thus, the edge sites were confirmed as
the active sites.

To improve the HER performance of MoS,, Cui and
co-authors [37] synthesized MoS, films with vertically
aligned layers, resulting in maximal exposure of the edges.
The film was prepared by converting the Mo thin film into
MoS, through a rapid sulfurization process, which can also
be adopted to prepare MoSe, thin films. A high exchange
current density (2.2x10° A cm™) was obtained given that
all the surface sites were edge sites.

Although the edge sites were maximally exposed in the
vertically aligned MoS, layers, these were only 2D planes
full of active sites. Some effort has been expended to make
catalyst powders that can be used to make 3D catalyst layers
with a larger number of exposed active sites. By increasing
the surface area with a high distribution of MoS, edge sites,
the HER mass activity could be further improved. Jaramillo
and co-authors [44] grew MoS, shells with dimensions of
~2-5 nm on vertically oriented substoichiometric MoO,
cores (~20-50 nm in diameter). The substoichiometric
MoOQ; core has good conductivity, and the ultra-thin and
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Table 2 Summary of the PGM-free HER catalysts active in acid

Loading Current density Overpotential

Catalyst (mg cm) (mA cm?) (mV) Electrolyte Tafel slope (mV dec™) Ref.
Pt 10 ~18* 0.1 mol L' HCIO, 30 [36]
MoS, 0.0085 8 ~400 0.5 mol L' H,SO, ~110 [37]
MoS, 10 ~280 0.5 mol L' H,SO, 50 [38]
MoS, 10 187 0.5 mol L' H,S0, 43 [39]
MosS, 0.285 10 ~180 0.5 mol L™ H,80, 55 [40]
MosS, 10 ~200 0.5 mol L' H,SO, 40 [41]
MosS, 0.06 10 ~220 0.5 mol L' H,S0, 50 [42]
MoS, 0.28 10 ~150 0.5 mol L' H,S0, 41 [43]
MosS, 10 ~250 0.5 mol L™ H,80, 50 [44]
MoS, 0.285 10 ~190 0.5 mol L' H,SO, 50 [45]
MosS, 0.12 10 ~225 0.5 mol L' H,S0, 51 [46]
MosS, 0.28 10 149 0.5 mol L' H,S0, 49 [47]
MosS, 0.19 10 ~160 0.5 mol L™ H,80, 50 [48]

MoS,,@NPG® ~0.1 10 ~215 0.5 mol L™ H,80, 41 [49]

MosS,-Au 0.00103 10 ~220 0.5 mol L' H,S0, 69 [50]
WS, 0.35 10 ~170 0.5 mol L' H,S0, 48 [51]
ws, 0.4 10 ~270 0.5 mol L™ H,80, 58 [52]
WS, 0.0001-0.0002 10 ~210 0.5mol L' H,SO, 55 [53]

WS,@P, N, O-graphene 0.113 10 125 0.5 mol L' H,SO, 52.7 [54]
FeS, 4 ~245 0.5 mol L' H,S0, 62.5 [55]
NiS, 4 ~235 0.5 mol L™ H,80, 416
CoS, 4 ~220 0.5 mol L™ H,80, 44.6

Fe,,5Coy5,S, 4 ~195 0.5 mol L' H,SO, 55.9

Niy :C0,5, 4 ~275 0.5 mol L' H,S0, 66.9
FeSe, 4 ~270 0.5 mol L' H,SO, 65.3
NiSe, 4 ~217 0.5 mol L™ H,80, 56.9
CoSe, 4 ~200 0.5 mol L' H,SO, 42.4

Co, 5¢Niy 4,Se, 4 ~233 0.5 mol L' H,SO, 49.7
CoSe, 10 137 0.5 mol L' H,SO, 40 [56]
CoS, 10 147 0.5 mol L™ H,80, 51.6 [57]
Iron-nickel sulfide (INS) 0.254 10 105 0.5 mol L' H,SO, 40 [58]

Fe,,C0,,S, 7 10 ~100 0.5 mol L' H,S0, 46 [59]
Ni,P 1 10 ~120 0.5 mol L' H,80, ~46 [60]
NiP, 10 135 0.5 mol L' H,SO, 48 [61]

NiP, ,,Se, 7 10 102 0.5 mol L' H,S0, 4
CoP 2 10 ~70 0.5 mol L' H,S0, 50 [62]
CoP 0.28 10 ~105 0.5 mol L' H,SO, 46 [63]
CoP 0.92 10 67 0.5 mol L' H,SO, 51 [64]

CoP/CNT 0.285 10 122 0.5 mol L' H,SO, 54 [65]

Co phosphide/phosphate 0.1 10 150 0.5 mol L' H,SO, ~53 [66]
FeP 32 10 55 0.5 mol L™ H,80, 38 [67]

FeP 10 88 0.5mol L' H,SO, 355 [68]

MoP 0.86 10 140 0.5 mol L' H,SO, 54 [69]

MoP 0.36 10 125 0.5 mol L' H,SO, 54 [70]

MoP|S 1 10 86 0.5 mol L™ H,80, 50 [71]

Cu,P 15.2 10 143 0.5 mol L' H,SO, 67 [72]

NiMoN, 0.25 5 ~225 0.1 mol L' HCIO, 35.9 [73]

Co, Mo, N, 0.24 10 200 0.1 mol L' HCIO, [74]
MoB 25 10 ~210 1.0 mol L' H,S0, 55 [75]
Mo,C 1.4 10 ~210 1.0 mol L' H,S0, 56
Mo,C 021 10 ~130 0.5 mol L' H,S0, ~53 [76]

Mo,C/CNT 2 10 152 0.1 mol L' HCIO, 55.2 [77]

W4MoC¢ 1.28 10 ~130 0.5mol L' H,SO, 52 [78]

MoO,-C 0.35 10 58 0.5mol L' H,SO, 46 [79]
C,N,@NG! 0.1 10 240 0.5 mol L' H,S0, 515 [80]
Ni/NiO/CoSe, 0.28 10 ~87 0.5 mol L' H,S0, 39 [81]
C0,8,@MoS,/CNFs¢ ~0.212 10 190 0.5 mol L' H,S0, 110 [82]
Co-C-N complex 10 138 0.5 mol L' H,SO, 55 [83]

a) Tested in a RDE set-up with a rotation speed of 2500 rpm; b) NPG, nanoporous gold; ¢) W4MoC, molybdenum carbide-tungsten carbide with a
molar ratio of 4:1 (W:Mo); d) NG, N-graphene; e) CNFs, carbon nanofibers.

224 March 2016 | Vol.59 No.3
© Science China Press and Springer-Verlag Berlin Heidelberg 2016



SCIENCE CHINA Materials

REVIEWS

a
b 0.6
04
MosS,
. Hydrogenase
3 0.2} model
3 H +e 112 H,
8 00
[0}
@
o
i -0.2} Nitrogenase
model
-04 L
-0.6

Reaction coordinate

Figure 5 (a) Structural illustration of the MoS, edge with H coverage of
50%. Blue, yellow, and black spheres represent Mo, S, and H, respectively.
(b) Calculated free energy diagram for hydrogen evolution at a poten-
tial of U = 0 V relative to the standard hydrogen electrode at pH = 0.
Reprinted with permission from Ref. [85] (Copyright 2005, American
Chemical Society).
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conformal MoS, shell serves as both an HER catalyst and
a protective layer. The 3D hierarchical structure results in
high HER activity. Later, they used mesoporous silica as
a template to tailor the surface structure of MoS, to pref-
erentially expose the edge sites [42]. The double-gyroid
mesoporous silica template was prepared using EO,,-PO,;-
EO,, surfactant, and the double-gyroid MoS, structure was
prepared by electrodeposition of Mo on the template fol-
lowed by sulfidization with H,S. The obtained MoS, has a
highly ordered double-gyroid bicontinuous network with
nanoscaled pores. The porous structure results in greater
exposure of the MoS, catalytically active edge sites, and
an overpotential of ~220 mV is required to achieve a cur-
rent density of 10 mA cm™ with a catalyst loading of 0.06
mg cm2,

Dai and co-authors [43] grew MoS, nanoparticles on
reduced graphene oxide (MoS,/RGO). The graphene sheet
serves as a novel substrate for the nucleation and growth
of MoS, (Fig. 7a). Thus, the MoS, nanoparticles selectively
grew on graphene (Fig. 7b), with little free particle growth
in the solution. The MoS, nanoparticles are dimensional-
ly small and lay flat on the graphene, with abundant open
edges. Figs 7c and d summarize the electrochemical anal-

Q
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Exch. curr. density (WA cm

0.0

0.05 0.10 0.15 0.20
MoS, edge length (nm,, . /nm?2 )

Mos?' geometric:

Figure 6 STM images of MoS, nanoparticles on Au(111) with (a) low coverage and (b) high coverage. Exchange current density vs. MoS, area coverage
(c) and MoS, edge length (d). Open circles are the samples with low MoS, coverage and filled circles are the samples with high MoS, coverage. Reprinted
with permission from Ref. [86] (Copyright 2007, the American Association for the Advancement of Science).
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Figure 7 (a) Schematic solvothermal synthesis of MoS,/RGO hybrid with GO sheets. (b) SEM and (inset) TEM images of the MoS,/RGO hybrid. (c)
Polarization curves obtained with several catalysts with a catalyst loading of 0.28 mg cm™. (d) Corresponding Tafel plots. Reprinted with permission

from Ref. [43] (Copyright 2011, American Chemical Society).

ysis of the MoS,/RGO. High HER activity is achieved with
this hybrid catalyst, and an overpotential of ~150 mV is
required to achieve a current density of 10 mA cm™ with a
catalyst loading of 0.28 mg cm™.

Edge sites can also be obtained by introducing defects.
Xie and co-authors [45] prepared defect-rich MoS, ul-
tra-thin nanosheets by using excessive thiourea in the syn-
thesis. Thiourea can be adsorbed on the surface of nuclei,
prohibiting the growth of large crystalline particles. There-
fore, defect-rich MoS, could be obtained, and the defects
could serve as the HER active sites. This catalyst was found
to be about 3 times as active as the defect-free congener.

Further efforts to improve the HER activity have in-
volved modifying the structure of MoS,. Xie and co-au-
thors [40] incorporated oxygen into MoS,. The oxygen-in-
corporated MoS, has an enlarged interlayer spacing of 9.5
A, which is larger than that of the pristine 2H-MoS, (6.15
A). Oxygen-incorporated Mo$, also has a disordered struc-
ture, which can offer more unsaturated sulfur atoms as the
active sites for HER, as well as improve the conductivity.
A large HER current density of 126.5 mA cm™ could be
obtained at an overpotential of 300 mV for this catalyst.
Sun and co-authors [47] also produced MoS, with an en-
larged interlayer spacing of 9.4 A through a microwave-as-
sisted strategy. An overpotential of 150 mV is required to
achieve an HER current density of 10 mA cm™ with this
catalyst at a loading of 0.28 mg cm™. The electrical trans-
port property is also an important factor that controls the
catalyst performance. Jin and co-authors [39] prepared
metallic nanosheets of 1T-MoS, that exhibits significantly
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improved electrical conductivity. The 1T-MoS, is chemi-
cally exfoliated from semiconducting 2H-MoS§, via lithium
intercalation. The 1T-MoS, exhibits significantly improved
HER performance relative to 2H-MoS, because 1T-MoS,
has metallic conductivity. A similar observation has also
been reported by Chhowalla and co-authors [41].

Small molecules that mimic the active MoS, edge sites
also show HER activity. Chorkendorff and co-authors [87]
showed that supported, incomplete cubane-type [Mo,S,]*
clusters have very high per-molecule catalytic efficiency
in the electrochemical HER. The cluster mimics the en-
zymatic active center of the MoS, edge, which is the un-
der-coordinated sulfur. However, this system is still limited
by stability issues. Chang and co-authors [88] developed a
Mo'"-disulfide complex to mimic the MoS, edge sites. The
Mo atom is coordinated to a robust pentapyridyl ligand,
as well as a S, ligand. The S,* ligand structure provides a
site similar to the disulfur-terminated MoS, edge site. This
catalyst can be used in acidic water, as well as in organic
media.

In recent years, MoS, has attracted much attention in
the field of HER catalysts for use in acidic media. Since the
edge sites are the active sites, intensive efforts have been fo-
cused on exposing more edge sites and avoiding exposure
of the basal sites. By introducing nanostructures, the HER
activity of MoS, has been greatly improved compared with
that of bulk MoS,. Further modification of the catalysts,
such as incorporation of oxygen, can further improve the
activity of MoS,. All of these features make MoS, a good
candidate for the fabrication of a low-cost electrolyzer.
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MS, and MSe, (M = Fe, Co, Ni)

In addition to MoS,, other transition metal disulfides have
also been found to be HER active. The activity of MoS,
arises mainly from edge sulfur atoms that are 2-fold coor-
dinated to Mo. In other transition metal dichalgogenides,
similar under-coordinated sulfur atoms also exist. Thus,
such compounds may also be HER active. Cui and co-au-
thors [55] prepared first-row group VIII metal dichalco-
genide (MS, and MSe,, M = Fe, Co, Ni) films through a
facile process. A metal thin film was firstly prepared by
e-beam evaporation, and was then converted to the cor-
responding metal dichalgogenides through a sulfurization/
selenization reaction. Fig. 8 summarizes the electrochemi-
cal analysis of the metal dichalcogenide films. All the metal
dichalgogenides exhibit some HER activity, among which,
CoSe, exhibits the highest performance in the pristine di-
chalgogenides. They further fabricated C/CoSe, core/shell
nanoparticles to get larger surface areas. At a loading of
~37 ug cm?, a very low overpotential (90 mV) is required
to achieve a current density of 4 mA cm™ due to the high
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activity of CoSe, and the enlarged surface areas. Later
they grew CoSe, nanoparticles on the carbon fiber paper
through a two-step reaction: the growth of cobalt oxide
nanoparticles on the carbon fiber paper followed by sele-
nization [56]. Compared with the previously used e-beam
method, this chemical method is more convenient and low
cost. Due to the 3D structure of the carbon fiber paper, the
catalyst has a very large roughness factor of about 640 and
exhibits excellent HER activity. The overpotential required
to achieve a current density of 10 mA cm™ is only 147 mV.
Similar to CoSe,, CoS, is also a good HER catalyst. Jin and
co-authors [57] prepared micro- and nano-structured me-
tallic cobalt pyrite films. The surface area increases, and the
microwire film has an enhanced bubble release rate, result-
ing in the highest HER performance.

Compared with single metal dichalgogenides, mixed-
metal dichalgogenides with optimized compositions gen-
erally show better performance. Cui and co-authors [55]
showed that Fe, ,;Co, ;,S, exhibited the best activity among
first-row pristine and mixed dichalgogenides (Figs 8a and
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Figure 8 Electrochemical measurements of MX, (M = Fe, Co, Ni; X = S and Se). (a) Polarization curves of MS,, in which the current density is normal-
ized relative to the surface area. (b) Corresponding Tafel plots. (c) Polarization curves of MSe,, in which the current density is normalized relative to the
surface area. (d) Corresponding Tafel plots. Reprinted with permission from Ref. [55] (Copyright 2013, the Royal Society of Chemistry).

March 2016 | Vol.59 No.3

227

© Science China Press and Springer-Verlag Berlin Heidelberg 2016



REVIEWS

SCIENCE CHINA Materials

b). Dai and co-authors [59] studied a series of cobalt-doped
FeS, nanosheet-carbon nanotubes for the HER. Carbon
nanotubes are introduced to enhance the electrical con-
ductivity. Fe,,Co,,S, is found to have the highest HER ac-
tivity with a low overpotential of 120 mV (20 mA cm™ at
a loading of 7 mg cm™). DFT calculation showes that the
energy barrier of Transition State 1 for hydrogen atom ad-
sorption is lowered by doping FeS, with cobalt. Yang and
co-authors [58] synthesized ultra-thin nanosheets of me-
tallic iron-nickel sulfide (INS) that had an even lower over-
potential of 105 mV at 10 mA cm™ at a loading of 0.254
mg cm 2. a-INS, which exhibits intrinsic metallic character,
was synthesized by annealing f-INS. a-INS exhibits higher
activity due to the improved electrical conductivity.

Phosphides

Phosphides can also be used as HER catalysts in acidic en-
vironment. In 2005, Rodriguez and co-authors [89] pro-
jected that Ni,P (001) should have high activity as an HER
catalyst due to the similarity of its structure to the [NiFe]
hydrogenase based on DFT calculation (Fig. 9a). The Ni
sites strongly adsorb hydrogen. When Ni is incorporated
with P, although the concentration of the Ni sites decrease,
the P-Ni bridge sites bond to the reaction intermediates
with moderate strength, facilitating the HER. Fig. 9b shows
the optimized structures for each step in the HER catalyt-
ic cycle. In 2013, Schaak and co-authors [60] synthesized
Ni,P nanoparticles and experimentally confirmed their
HER activity in acid. However, Ni,P is found to be unstable
in alkaline solution. Ni,P nanoparticles were synthesized
by a solution-based method with the assistance of trioc-
tylphosphine (TOP) at 320°C. The resulting particles are
about 21 nm in size. At an overpotential of 130 mV, the
Ni,P nanoparticles can catalyze the HER to produce a cur-
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rent density of 20 mA cm™ at a loading of 1 mg cm™ Jin
and co-authors [61] also reported that another nickel phos-
phide phase, NiP,, is also HER active in acid. The activi-
ty could be further improved by selenium doping, and an
HER current density of 10 mA cm2 could be achieved with
NiP, ,;Se,,, at an overpotential of only 102 mV.

Several transition metal phosphides have also been re-
ported as HER catalysts in acid. Schaak and co-authors
[62] later synthesized CoP nanoparticles with a diameter
of about 13 nm by a similar procedure used for Ni,P and
found that these species exhibit even better HER perfor-
mance. The overpotential required to achieve a current
density of 20 mA cm™ is reduced to 85 mV at a catalyst
loading of 3 mg cm™. Sun and co-authors [65] decorated
carbon nanotubes with CoP nanoparticles via low-tem-
perature phosphidation of Co,0O,/CNT. The particle size
is about 2-3 nm. A current density of 10 mA cm™ could
be achieved with these nanoparticles at an overpotential of
122 mV using a catalyst loading of 0.285 mg cm™. They fur-
ther synthesized nanoporous CoP nanowire arrays through
phosphidation of the corresponding Co(OH)F precursor
[64]. Higher HER performance was achieved due to the 3D
structure. A similar 3D CoP nanostructure was also syn-
thesized by Wang and co-authors [63]. The 3D urchin-like
CoP nanoparticles with a diameter of 5 pm were successful-
ly prepared by phosphidation of Co(CO,),;(OH)-0.11H,0,
which was obtained by a hydrothermal reaction. Tour and
co-authors [66] also reported that the porous Co phos-
phide/phosphate thin film (PCPTF) exhibits good HER
activity in acid.

Inspired by the [FeFe] hydrogenases, Sun and co-au-
thors [67] prepared FeP to serve as HER catalysts. The FeP
nanowires were formed by conversion of FFOOH nanow-
ires (Figs 10a and b). An overpotential of only 55 mV is

Figure 9 (a) Calculated energy changes for the HER. (b) Optimized structures for each step in the HER catalytic cycle on Ni,P(001) surface. Blue, purple,
and white spheres represent Ni, P, and H, respectively. Reprinted with permission from Ref. [89] (Copyright 2005, American Chemical Society).
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Figure 10 (a and b) SEM images of the FeP nanowires. (c) Polarization curves of the FeP nanowires. (d) Durability test of the FeP nanowires. Reprinted
with permission from Ref. [67] (Copyright 2014, WILEY-VCH Publisher, Inc.).

required to achieve a current density of 10 mA cm™ at a
loading of 3.2 mg cm 2 (Fig. 10c). However, this catalyst is
not very stable in the durability test. In the test, a 45 mV
increase of the overpotential is observed after 15 h at a cur-
rent density of 90 mA cm? (Fig. 10d). Wang and co-authors
[68] synthesized FeP nanotube-based flexible electrodes by
treating iron hydroxide nanotubes with phosphorus vapor.
A current density of 10 mA cm™ could be achieved at an
overpotential of 88 mV and the catalyst is stable during a
14 h test.

MoP is also an HER catalyst. Wang and co-authors [69]
synthesized MoP and Mo,P. Compared with Mo and Mo,P,
MoP exhibits higher HER performance. DFT calculation
indicates that the P atoms are the active sites, which is
different from the case of Ni,P (Ni-P bridge sites are pre-
dicted to be the active sites). This result shows that P at-
oms play a role analogous to that of the S atoms in MoS,.
MoP has the highest population of P sites, thus resulting
in the highest HER performance. Sun and co-authors [70]
also synthesized a closely interconnected network of MoP
nanoparticles that display high HER activity. Jaramillo and
co-authors [71] also prepared a MoP film (SEM analysis

March 2016 | Vol.59 No.3

presented in Figs 11a and b) that exhibits high HER perfor-
mance. They further doped MoP with sulfur (MoP|S) and
obtained ultra-high HER activity. Figs 11c and d summa-
rize the electrochemical analysis of the catalysts. An over-
potential of only 64 mV is required to achieve a current
density of 10 mA cm™ at a catalyst loading of 3 mg cm™.
The authors proposed that the HER performance of MoP|S
can be further improved by introducing a high surface area
catalyst structure.

Other phosphides, such as Cu,P [72], have also been
found to be HER active. Based on the achievements in
the recent three years, phosphides have become one of the
most promising PGM-free HER catalysts for use in acid-
ic conditions. An overpotential of less than 100 mV is re-
quired to achieve a current density of 10 mA cm2. This is
close to the requirement for real applications.

Other HER catalysts

Certain other compounds, mainly associated with Mo,
have been found to be HER active in acid. NiMoN, [73],
MoB [75], and Mo,C [76,77,90] have also been reported,
where a current density of 10 mV cm™ is achieved with
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Figure 11 (a and b) SEM images a MoP thin film on Ti foil. (c) Linear sweep voltammograms of MoP and MoP|S. The solid and dotted lines represent
samples with a catalyst loading of approximately 1 and 3 mg cm™, respectively. (d) TOF values of MoP and MoP|S together. Reprinted with permission

from Ref. [71] (Copyright 2014, WILEY-VCH Publishier, Inc.).

an overpotential of around 200 mV. Hybrid catalysts, such
as Ni/NiO/CoSe [81] and MoS,/CoSe [91], have also been
found to exhibit superior HER activity relative to the single
component catalysts.

Other than the inorganic catalysts, certain complexes
obtained from high temperature pyrolysis also exhibit HER
activity. Zhang and co-authors [83] obtained a Co-C-N
complex via in situ carbonization of a cobalt ion-absorbed
polyaniline (PANI) precursor. An overpotential of 138 mV
is required to achieve a current density of 10 mA cm™. The
active center is considered to be the C and N coordinated
Co. A composite of the conducting polymer, poly(3,4-eth-
ylenedioxythiophene) (PEDOT), and a non-conducting
polymer, polyethylene glycol (PEG), is also found to be
HER active in acid [92]. However, another group argued
that the activity was derived from the substrate [93].

PGM-free catalysts that are functional in acid have
attracted significant attention in recent years. Molybde-
num compounds, including sulfides, nitrides, phosphides,
borides, and carbides, have shown high activity in catalyz-
ing the HER. Other transition metal sulfides and phosphi-
des, such as CoSe, and FeP, are also good HER catalysts in
acid. To date, the PGM-free HER catalysts are still less ac-
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tive than Pt. To achieve a current density of 10 mA cm™, an
overpotential of more than 55 mV is still needed for PGM-
free catalysts. However, the low cost makes these catalysts
competitive in real applications.

HOR/HER catalysts in base

In alkaline electrolyte, the HOR/HER activities of PGMs
are generally lower than that in acidic electrolyte. Thus,
there is still room to improve the HOR/HER activity of
PGM catalysts in base. On the other hand, because of the
lower activity of PGM catalysts in base, a larger amount of
the catalysts is required to achieve the same performance as
in acid. Therefore, it is more desirable to develop PGM-free
catalysts as alternatives to PGM catalysts for use in base.
Due to the less harsh conditions in base than in acid, more
PGM-free catalysts can survive under basic environment.
Certain nickel-based catalysts with impressive activity
have been developed. More importantly, in contrast with
the PGM-free catalysts in acidic conditions, under basic
conditions, the PGM-free catalysts also demonstrate im-
pressive HOR activity, which allows the fabrication of low
cost PGM-free fuel cells. Table 3 summarizes recently de-
veloped catalysts for the HOR/HER in base.

March 2016 | Vol.59 No.3

© Science China Press and Springer-Verlag Berlin Heidelberg 2016



SCIENCE CHINA Materials

REVIEWS

Table 3 Summary of the HOR/HER exchange current densities for the catalysts in base

Catalyst Electrolyte Temperature (°C) Exchange current density (mA cm,, . 2) Ref.
Pt(pc)? 0.1 mol L' KOH 21 0.69 [14]
Pt/C 0.1 mol L' KOH 21 0.57
Pt/C 0.1 mol L™ NaOH 40 1.0 [16]
Pd/C 0.1 mol L' NaOH 40 0.06
Ir/C 0.1 mol L' NaOH 40 0.37
Pt/Cu NW® 0.1 mol L' KOH r.te 2.0 [94]
PtRu/C 0.1 mol L' KOH r.t. 0.7 [95]
Pt/C 0.1 mol L' KOH r.t. 0.3
Ni 6 mol L' KOH 22 0.0004 [96]
Ni-Ti 6 mol L' KOH 22 0.003
Ni 30 wt.% KOH 25 0.0021 [97]
Ni-Mo 30 wt.% KOH 25 0.026
Ni-W 30 wt.% KOH 25 0.0065
Co 30 wt.% KOH 25 0.00094
Co-Mo 30 wt.% KOH 25 0.023
Co-W 30 wt.% KOH 25 0.0012
NiCoMo 0.1 mol L' KOH r.t. 0.015 [98]
Ni/N-CNT 0.1 mol L' KOH r.t. 0.028 [99]
Ni 0.1 mol L' KOH r.t. 0.0013

a) pc, polycrystalline disk; b) NW, nanowire; ¢) r.t., room temperature.

PGM-based HOR/HER catalysts active in base
Improvement of the HOR/HER of Pt in base has been
achieved with certain approaches. A common method to
improve the catalytic activity of Pt involves fabrication of
Pt alloys or core/shell structures. When a foreign atom is
introduced, the electronic state of Pt can be adjusted, and
better adsorption of hydrogen can be achieved. The Pt al-
loys and core/shell structures have been studied intensive-
ly for the ORR and have been proved to exhibit enhanced
catalytic performance [5]. It has been confirmed that this
method can also be applied for enhancement of the HOR/
HER activity.

Yan and co-authors [94] synthesized Pt-coated Cu
nanowires by partial galvanic displacement of Cu nanow-
ires. Tuning by the Cu substrate results in the Pt/Cu NWs
having an exchange current density 3.5 times as high as
that of pure Pt. Zhuang and co-authors [95] used PtRu al-
loys as HOR catalysts for the alkaline polymer electrolyte
fuel cells. A peak power density of 1.0 W cm™ is obtained,
in comparison to 0.6 W cm™ that is obtained when Pt/C is
used as the anode catalyst (Fig. 12a). The exchange current
density on PtRu/C is twice as high as that of Pt/C in the
RDE measurement (Fig. 12b). The enhanced HOR activity
is attributed to the electronic effect of Ru on weakening the
Pt-H,, interaction, as revealed by the voltammetric behav-
ior (Fig. 12c) and DFT calculations. Wang and co-authors
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[100] also synthesized Pt/Ru core/shell nanoparticles to ob-
tain enhanced HOR/HER activity. A 4-fold enhancement of
the Pt mass activity is achieved by using single-crystalline
Ru@Pt core—shell nanoparticles with two-monolayer-thick
Pt shells. The authors believed that the improvement was
derived from the lower optimal hydrogen binding energy
of Ru@Pt.

Markovic and co-authors [101] believed that the ad-
sorption of OH on the catalyst surface is also an important
factor influencing the rate of the HOR/HER in base. They
controllably arranged nanometer-scale Ni(OH), clusters
on a platinum electrode surface. The HER activity is in-
creased by a factor of 8 compared with that on the flat Pt
(111) surface. The author attributed this increase to the bi-
functional effect. The Ni(OH), edge promotes the dissocia-
tion of water. The released OH is adsorbed on the Ni(OH),,
and the released H is adsorbed on Pt. Subsequently, two
H,, combine to release H,. The activity could be further
improved by introducing Li*. A total increase in activity of
ten-fold is obtained via Li*-induced destabilization of the
HO-H bonds. Subsequently, this OH enhancement behav-
ior is further investigated for several catalysts [27].

PGM-free HOR/HER catalysts active in base
Due to the relatively mild conditions of the basic electrolyte,
non-precious metals may exist stably under these condi-
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Figure 12 (a) Cell performance of the anion exchange membrane fuel cell using the PtRu anode or Pt anode. Metal loading in both the anode and the
cathode is 0.4 mg cm™. (b) RDE measurements in H,-saturated 0.1 mol L' KOH. (c) Cyclic voltammograms of Pt/C and PtRu/C in 0.1 mol L' KOH
solution. Reprinted with permission from Ref. [95] (Copyright 2015, the Royal Society of Chemistry).

tions, which provides the possibility of using non-precious
metals as HOR/HER catalysts. In commercial alkaline fuel
cells, Raney Ni has been used as the anode catalyst [102].
Raney Ni is functional under highly alkaline conditions
(e.g., 6 mol L' KOH), and the HOR activity can be fur-
ther improved by fabrication of Ni alloys, such as NiMo
[97,103] and NiCr [104]. Fuel cells of this type have been
successfully used in space. However, they are not stable
on earth due to CO, contamination. The CO,-contamina-
tion problem may potentially be resolved with the recently
developed anion exchange membrane fuel cells that have
been found application in daily life [11]. However, the
Raney Ni-type catalysts are non-functional in the polymer
electrolyte fuel cells due to the low activity [105]. A few
attempts have been made to improve the HOR/HER activ-
ity of the Ni-based catalysts. Zhuang and co-authors [105]
decorated Ni nanoparticles with CrO, for application as the
anode catalyst in an anion exchange membrane fuel cell to
catalyze hydrogen oxidation. CrO, is considered to weaken
the binding of oxygen to the Ni nanoparticles, preventing
the deactivation of Ni via oxidation. A fuel cell with a peak
power density of 50 mW cm™ is prepared without any no-
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ble metal catalysts (Fig. 13). Although the peak power den-
sity is still inadequate, this system illustrates the possibility
of using a PGM-free catalyst as the anode in the polymer
electrolyte fuel cell.

To further improve the catalytic activity, Yan and co-au-
thors [98] electrochemically deposited NiCoMo on Au
substrates. They showed that the optimal composition of
Co,,Ni; ;Mo produced a high exchange current density of
0.015 mA cm™ The high HOR/HER activity is attributed
to the optimized hydrogen binding energy of the CoNi/
Mo surface, which is also confirmed by DFT calculation.
To overcome the small-scale limitation of electrochemi-
cal deposition, Yan and co-authors [99] further developed
non-precious metal HOR/HER catalysts through a wet
chemistry method. Ni/C-CNT was synthesized through
a two-step method: depositing Ni on the mildly oxidized
CNT in solution followed by hydrothermal treatment. Figs
14a and b show the SEM and TEM images of the Ni/C-
CNTs. This catalyst exhibits enhanced HOR/HER activity
relative to the pristine Ni nanoparticles or Ni supported
on undoped CNTs (Figs 14c and d). The exchange current
density of the Ni/N-CNT composite for the HOR is 0.028
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mA cm, which is similar to that of Pd. This enhanced
HOR activity is attributed to the synergistic effect from
the N-CNT support. Based on DFT calculations, the Ni
nanoparticle is locally activated due to modulation of the
Ni d orbitals when nitrogen dopants are present at the edge
of the nanoparticle. Although, the activity of this catalyst is
still one order of magnitude lower than that of the state-of-
the-art Pt catalyst, the lower cost makes it competitive in
real applications.

Some reports have focused on the HER activity of the
PGM-free catalyst in base. Ni alloys exhibit high HER ac-
tivity in concentrated KOH electrolyte. An overpotential of
only 70 mV is required to achieve a current density of 20
mA cm™* when NiMo nanopowder is utilized in 2 mol L™
KOH [84]. Several HER catalysts have been reported to
be active under lower alkalinity. Dai and co-authors [106]
synthesized NiO/Ni heterostructures on CNT for the HER
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Figure 14 (a) SEM image of Ni/N-CNTs. Scale bar: 100 nm. (b) TEM image of Ni/N-CNTs. Scale bar: 100 nm. Inset shows selected area electron dif-
fraction pattern. (c) Polarization curves of Ni/N-CNT, Ni/CNT, and Ni (all at a loading of 0.25 mg,; cm™) and N-CNT (0.1 mg. cm™) catalysts in H,-
saturated 0.1 mol L' KOH at a scan rate of 1 mV s™ using rotating speed of 2500 rpm. (d) Mass activity at 50 mV (unpatterned) and exchange current
density (patterned) of the Ni/N-CNT, Ni/CNT, and Ni catalysts, respectively [99].
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in base. The Ni cores are partially covered with small NiO
nanoparticles. This heterojunction-like catalyst exhibits
higher activity than the pristine Ni supported on CNT.
Other than Ni, Wand and co-authors [107] reported that
cobalt-cobalt oxide/N-doped carbon hybrids (CoO,@CN)
has an HER onset potential of 85 mV in 1 mol L' KOH.
However, this performance is still lower than that of the
nickel-based catalysts.

Due to the stronger binding to hydrogen in base than
in acid, PGMs exhibit lower HOR/HER activity in base.
Alloys, core-shell structures, and hybrid hetero-structures
have been developed to improve the activity of Pt in base.
Significant enhancement has been achieved; however,
the performance in base remains inferior to that in acid.
The milder environment in base makes it possible to use
non-precious metals as catalysts under basic conditions.
Ni-based alloys or hybrid catalysts show acceptable HOR/
HER activity in base, comparable to that of the PGM cata-
lysts. Anion exchange membrane fuel cells completely free
from noble metal catalysts have been developed. Although
the power density is still low, these systems show signifi-
cant potential for the future.

CONCLUSIONS AND OUTLOOK

Though the hydrogen oxidation/evolution reaction is the
simplest electrochemical reaction, it is essential to the hy-
drogen economy. The detailed mechanism of the HOR/
HER is still not clear; nevertheless, the hydrogen binding
energy has generally been accepted as the descriptor of the
HOR/HER activity in both acidic and basic electrolytes.
Only catalysts with a hydrogen binding energy within an
optimal zone exhibit high catalytic activity for the HOR/
HER. The binding energy of PGMs is influenced by the
electrolyte. Increasing the basicity of the electrolyte results
in stronger binding of hydrogen to Pt. The change in the
hydrogen binding energy results in a slower HOR/HER
rate in basic conditions than in acidic conditions. The de-
velopment of high performance catalysts is desirable, and
significant progress has been made in this area. Pt alloys
and hybrid structures have been employed as HOR/HER
catalysts for use under basic conditions, and several-fold
enhancement of the activity has been achieved, although
the activity of these species remains inferior to that of
PGMs under acidic conditions. The development of PGM-
free catalysts may largely reduce the cost of electrolyzers
and fuel cells. Metal dichalcogenides and phosphides are
good candidates to replace the costly Pt catalyst for the
HER under acidic conditions. An overpotential of only 55
mV is required to achieve an HER current density of 10
mA cm ™ with FeP nanowires. However, there are no PGM-
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free HOR catalysts that are reported to be active in acid. In
contrast, Ni-based PGM-free catalysts show both HOR and
HER activity in base. PGM-free anion exchange membrane
fuel cells have been reported, demonstrating that the PGM-
free HOR catalysts do work in real applications. However,
the activity is still over one order of magnitude lower than
that of the state-of-the-art Pt catalyst.

There are several challenges for further developing
HOR/HER catalysts. For real applications, highly active,
cheap, and year-long stable catalysts are desired. Further
development of HOR/HER catalysts may focus on, but not
be limited to the following:

(i) In situ observation of the reaction processes. It is
highly desirable to understand the reaction processes to
provide guidance for the development of new catalysts.
The HOR/HER is a good model to observe the electro-
chemical processes due to its simplicity. Because the reac-
tion occurs on the surface of the catalysts, it is more de-
sirable to observe the surface conditions. However, some
powerful surface observation techniques, such as XPS,
cannot be adapted to electrochemical reactions because of
the presence of the electrolytes. A few spectroscopic tech-
niques, such as infrared spectroscopy (IR) [108], Raman
spectroscopy [109,110], and extened X-ray absorption fine
structure spectroscopy (EXAFS) [111] have been used to
evaluate electrochemical reactions. Recently, in situ grazing
incident X ray diffraction (GIXRD) has also been utilized
to monitor phase transitions during electrochemical pro-
cesses [112]. Based on these in situ observation techniques,
the reaction mechanism of the HOR/HER may be under-
stood in detail in the future, thereby providing guidance
for the design of catalysts that can efficiently accelerate the
rate-determining steps.

(ii) Identifying the active sites of the catalysts. Due to the
complexity of the solid state catalysts, several types of sites
(e.g., terraces, steps, edges, and defects) are simultaneously
exposed. Thus, identifying the active sites is critical for un-
derstanding the reaction mechanism, and is also import-
ant for the design of new catalysts with more active sites.
Model catalysts with specified exposed sites are beneficial
for identification the active catalyst sites. Understanding of
the active sites should make it possible to design and syn-
thesize nanostructured particles with more active sites ex-
posed to achieve higher activity.

(iii) Screening highly active non-precious metal cata-
lysts. Low cost is a critical factor for practical application
of catalysts. PGM-free catalysts are desired due to their
low cost. However, to date, there is no PGM-free catalyst
as active as Pt. As a futuristic approach, it may be possible
to derive inspiration for catalyst design from enzymes, giv-
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en that a lot of enzymes have an active non-precious metal
center. If these structures can be mimicked using nanopar-
ticles, high HOR/HER activity might be obtained. Theo-
retical calculations have become a convenient and accurate
tool in chemistry. By calculating the binding energy and
the dynamics of the process, the HOR/HER activity can be
predicted. There are several examples of new HOR/HER
catalysts that are firstly predicted by DFT calculation and
then confirmed by experiments [85,89]. It would be more
efficient to screen catalysts assisted by theoretical calcula-
tions.

(iv) Developing nanostructured hybrid catalysts. Hybrid
catalysts may have superior catalytic properties due to their
synergistic effects [113,114]. The electronic and geomet-
rical effects derived from the additional components may
lead to optimal binding between the catalyst nanoparticles
and the reactant, resulting in higher activity. However,
controlled synthesis of the desired nanostructure is still
challenging. As a benefit of the recent advances in nano-
structure synthesis methodology, a series of hybrid nano-
structures, such as core-shell, dimer, and heterostructures,
can be controllably synthesized [113,115]. Therefore, novel
high performance hybrid catalysts may potentially be real-
ized in the future.
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