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Electrocatalytic Seawater Splitting 

Jie Ying, Jiang-Bo Chen, Yuan Dong, and Xiao-Yu Yang 

Abstract Seawater electrolysis opens a new opportunity to lower the cost of 
hydrogen production from current water electrolysis technologies. However, due 
to the different characters such as the existence of chloride ions and insoluble solids 
in seawater, the electrocatalysts are suffering from severely degraded activity and 
stability. This chapter focuses on recent developments made in the field of electrocat-
alytic seawater splitting. Firstly, the basic principles and features of electrocatalytic 
seawater splitting are discussed. Secondly, recently reported materials used for the 
both hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) for 
electrocatalytic seawater splitting are described. Then, the current industrialization 
development of seawater electrolysis is introduced. Finally, several challenges and 
future perspectives in this field are summarized. 

1 Preface  

The energy crisis has become a critical issue worldwide. Fossil fuels, which comprise 
over 80% of the energy consumed by humans, are the cause of both the environ-
mental crisis and climate alterations that significantly endanger the World. These 
problems in conjunction with non-renewability have urged mankind to seek alter-
native energy sources. One possible substitute for fossil materials is hydrogen (H2), 
a clean and renewable energy source. This gas has a notably high energy density 
(for H2 120 MJ kg−1 and for gasoline 44 MJ kg−1) and when combusted it only 
produces water [1–8]. Thus, H2 has been considered an excellent alternative energy
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source to solve energy problems and mitigate the environmental crisis, which has 
aroused wide-spread attentions. Unfortunately, in the current industrial environment, 
H2 is primarily generated from fossil fuels by reforming and cracking under critical 
conditions, but more advanced processes to produce this gas starting with nonhy-
drocarbon feedstocks are under current scrutiny. One approach, which has become 
“hot” research topic, is to produce H2 through electrolytic water splitting [9–13]. 

A variety of technologies have been pursued to discover efficient large-scale and 
cost affective routes for electrolytic production of H2, such as those employing mature 
liquid-electrolyte alkaline, high-temperature solid oxide, emerging proton exchange 
membrane (PEM), and anion exchange membrane (AEM) processes [14–16]. The 
two common components of all these electrolysis systems are a cathode where the 
H2 evolution reaction (HER) occurs and an anode where the O2 evolution reaction 
(OER) takes place [17]. 

Another much less-discussed requirement of water electrolysis is the availability 
of water sources. While readily used in laboratory studies, freshwater becomes a 
limiting issue when water splitting systems are deployed on a large scale in hot arid 
areas around the World. Because seawater (SW) in oceans represents 96.5% of the 
water reserves on the planet, it is an almost unlimited source [17, 18]. In addition 
to having direct access to SW, coastal arid zones of the Earth possess the prime 
ingredient needed for the electrolytic splitting process in the form of an ample supply 
of solar energy for photovoltaic electricity and the potential for generating electricity 
by using wind power. Therefore, the preferred locations for electrolytic production 
of H2 are either those that receive high levels of solar irradiation like desert regions 
in the Middle East, South Africa, and the west coasts of the Americas, Australia, 
and China, or areas that have access to coastal wind power like the north coast of 
Europe, south coast of Alaska, southern tips of South America and Greenland, and 
small coastal areas of Australia and Asia. Deep-red areas in the World map shown 
in Fig. 1 are hyper-arid or arid coastal zones where direct SW electrolysis would be 
ideal for solar H2 production [9].

While available in large quantities, SW is not suitable for use in current electrolysis 
systems because it contains electrochemically active anions that could interfere with 
the water splitting processes. Table 1 shows typical components of ocean SW, along 
with their redox reactions and corresponding electrochemical standard potentials (E0) 
under alkaline and acidic conditions. Although the composition of SW throughout the 
world varies, the average concentrations of all ions present are ca. 3.5 wt% and SW has 
a pH in the 8.9–12 range. The dominant ions in SW are Na+ and Cl−, which is why an 
aqueous 0.5 M NaCl solution can be employed as a surrogate. In contrast to other ions, 
bromide and chloride are the most likely to undergo anodic oxidation that competes 
with the anodic oxidation of water. The presence of low concentrations of Br− is the 
reason why its oxidation is typically neglected in SW electrolysis studies [19].
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Fig. 1 Dry areas of the earth with coastal arid zones highlighted in red

2 Principles of Electrocatalytic SW Splitting 

2.1 The Basic Principles for Electrocatalytic SW Splitting 

Water splitting consists of two half-reactions, including HER, which occurs at the 
cathode, and OER, which occurs at the anode. Cathodic water splitting is a two-
electron proton transfer process. In contrast, OER is a multi-electron transfer process, 
involving the loss of four protons per evolved oxygen molecule, which proceeds 
via several intermediates [17, 20, 21]. Depending on the nature of the electrolyte 
used, electrocatalytic water splitting follows different redox pathways that lead to 
O2 evolution at the anode and H2 evolution at the cathode [18]. In acidic electrolytes, 
the overall redox reactions taking place are those shown in Eqs. (1) and (2), while 
the redox reactions given in Eqs. (3) and (4) occur in alkaline electrolytes. In neutral 
electrolytes, the redox reactions involved are considered to be the same as those in 
basic electrolytes [22–24]. However, in SW the anodic process generating O2 takes 
place in the competition with Cl− oxidation (see below) [9]. 

Cathode: 2H+(aq) + 2e− → H2(g) (1) 

Anode: H2O(l) → 2H+(aq) + O2(g) (2) 

Cathode: 2H2O(l) + 2e− → 2OH−(aq) + H2(g) (3)
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Anode: 2OH−(aq) → H2O(1) + 2e− + 1/2O2(g) (4) 

Under standard conditions, the n Gibbs free energy value (ΔG) of water elec-
trolysis is 237.2 kJ mol−1, which corresponds to an equilibrium potential of 1.23 V. 
However, in practice, water electrolysis is carried out at voltages greater than 1.23 V 
due to kinetic barriers and poor energy utilization at both cathodes and anodes. 
Although water electrolysis occurs readily on catalytic electrode materials, it is 
hindered by several factors such as high activation energies, low ion and gas diffusion 
rates, and issues of particular relevance to electrolytic systems, including electrolyte 
concentrations, resistances of conducting wires and electrodes, and blockage of elec-
trolyte diffusion. All of these problems lead to either large overpotentials or poor 
durability. Therefore, one of the main challenges facing the design of water elec-
trolysis systems is the availability of scalable electrocatalysts that have excellent 
efficiencies and durability. 

With respect to the HER, critical problems affecting the efficiency of direct 
SW splitting are the presence of various dissolved cations (Mg2+, Na+, Ca2+, etc.), 
bacteria/microbes, and small particles, all of which can poison or accelerate the degra-
dation of the electrode/catalyst of the cathode. Specifically, as the current for elec-
trolysis increases, the pH near the electrode surface dramatically increases, resulting 
in precipitation of Mg(OH)2 and Ca(OH)2 that obstruct the cathode active sites. 
Mayrhofer et al. demonstrated that even at medium current densities, the pH values 
near the electrode surface increased by 5–9 pH units compared to 4–10 pH values for 
lightly buffered media (Fig. 2). To overcome these dramatic pH fluctuations, buffers 
or additives are typically used to control pH. In addition, other strategies can be 
employed to overcome this problem like those that involve the use of suitable elec-
trolysis cells and membranes that separate precipitated Mg(OH)2 and Ca(OH)2 [17]. 

Competing cathodic reactions of dissolved metal ions (such as Cu2+, Na+, and 
Pb2+) can also take place at characteristic electrolysis potentials (Fig. 3a). Therefore, 
to obtain long-time stability of HER electrocatalysts in SW, these undesired electro-
chemical processes need to be suppressed by using suitable membranes to separate

Fig. 2 The diagram of I-pH 
relationships 
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Fig. 3 Schematic diagram of electrocatalysts in SW 

electrocatalysts from SW (Fig. 3b), catalysts with intrinsic corrosion resistance or 
selected surface chemistry (Fig. 3c), and perm-selective barrier layers to block access 
to the catalysts (Fig. 3d) [17]. 

SW contains a large amount of electrochemically active like Cl− whose oxidation 
can be competitive with anodic OER. A consideration of standard redox potentials 
of possible anions in SW, chloride oxidation should be most competitive with the 
OER at the anode. This key issue was addressed in studies by Bennett in 1980, 
which showed that even though the electrolytic direct method of SW results in the 
evolution of hydrogen at the cathode with a high current efficiency, large amounts 
of hypochlorite are simultaneously generated at the anode. The chloride chemistry 
that occurs during electrolysis in aqueous solutions depends on the pH, applicable 
potential, and chloride ion concentration. Strasser et al. carried on a thorough analysis 
of the anodic OER in SW electrolysis, which resulted in the calculated Pourbaix 
diagram displayed in Fig. 4 that shows pH dependences of the OER and chloride 
oxidation [18, 25].

The main processes competing with OER formation are the chlorination reaction 
(ClER) at pH < 3 and hypochlorite formation at pH > 7.5. Hypochlorite formation 
is the main process that occurs at high anodic potentials of pH 3–7.5. Under acidic 
conditions, the ClER can occur by the process shown in Eq. (5), while under alkaline 
conditions hypochlorite is formed by the reaction given in Eq. (6). 

2Cl−(aq) → Cl2O(g) + 2e−(E0 = 1.36 V vs. SHE) (5) 

Cl−(aq) + 2OH−(aq) → 2ClO−(aq) + H2O(l) + 2e−(E0 = 0.89 V vs. SHE) 
(6)
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Fig. 4 a Pourbaix diagram for a simulated SW model. b Maximum permitted η for OER 
electrolyzer to ensure 100% selective OER

By observing Eqs. (5) and (6), it can be seen that the formation of ClER and 
hypochlorite is a two-electron process, which is kinetically more favorable than the 
four-electron OER. Therefore, ClER and hypochlorite formation occur more rapidly 
than the OER, whereas the OER is thermodynamically favored over hypochlorite 
formation. In contrast to the standard electrode potential of the ClER, that for 
hypochlorite formation is pH dependent as is shown in the Pourbaix diagram in 
Fig. 4a. Therefore, the OER occurs preferentially using an electrocatalyst operating 
at an η less than ca. 480 mV, whereas hypochlorite formation dominates when an 
electrocatalyst operating at an η greater than ca. 480 mV and an alkaline medium is 
used (Fig. 4b). 

2.2 Features of Electrocatalytic SW Splitting 

As mentioned above, 97% of water in the world is SW. However, the presence of up 
to 3.5% of various salts in SW (Fig. 5) and their propensity to undergo competitive 
electrochemical reactions limits the use of this abundant water source for hydrogen 
production by electrolytic water splitting. To overcome this limitation, an under-
standing of electrochemical reactions that can possibly take place in SW must first 
be gained. Needless to say, it is difficult and challenging to accomplish this task, as is 
reflected by the fact that very few studies addressing this issue have been conducted 
since the pioneering effort by Trasatti in 1984 [18, 26].

In an effort to understand the selectivity of electrocatalysts for OER and ClER, 
several key thermodynamic and kinetic parameters need to be evaluated. Using 
single-crystal RuO2(110) and Pt(111) as model electrodes for the respective OER 
and HER, Over and his group determined the free energies, transition states (TS), 
and reaction intermediates (RI) in the OER or ClER and HER in both acidic and 
alkaline media. Single crystalline RuO2(110) is composed of uncoordinated Ru sites 
(Rucus) containing an on-top (Oot) and bridging oxygen Obr, which are saturated with
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Fig. 5 Elementary distribution of SW

hydrogen in the form of OHbr depending on the overpotential utilized (see Fig. 6a). 
The Pourbaix diagram displayed in Fig. 6a, showing the OER and ClER over a pH 
range, shows that the O-caped RuO2 surface is stable over pH values and a wide range 
of potential. Specifically, both the OER and ClER take place preferentially at poten-
tials over 1.36 V, while at potentials above 1.49 V at pH values <4 where chlorine 
adsorption on Oot dominates, the ClER process is more favored. The RuO2 surface 
having the 1Obr1OHbr + 2Oot composition is thermodynamically most favorable 
for the ClER reaction. The Volmer–Tafel, Volmer–Heyrovsky, or Krishtalik mecha-
nisms are likely followed in the ClER. As depicted in Eqs. (7) and (8), this mechanism 
involves adsorption and discharge of the chloride ion in the Volmer step forming the 
intermediate Ru–OotCl, then re-combination of adsorbed chlorine with free-chloride 
occurs in the Heyrovsky step, which is followed by release of Cl2 [27].

Ru − Oot + 2Cl− → Ru-OotCl + e− + Cl−(Volmer step) (7) 

Ru − OotCl + Cl− → Ru − Oot + Cl2 + e−(Heyrovsky step) (8) 

Informed by the Tafel plot at acidic pHs shown in Fig. 6a, b more detailed under-
standing of the mechanism arises from studies in which varying overpotential values 
ηCER > 0 V are used. The free energy diagram indicates that Ru–OotCl is the single 
intermediate, and the high TS free energy of the Heyrovsky step makes it rate deter-
mining. The energy of the TS for the Heyrovsky step (#2) is lowered by increasing 
the overpotential to a greater extent than is that of the Volmer step (#1) at ηCER > 
0.20 V. 

The four-electron transfer OER takes place more slowly than the CER on the 
completely O-capped RuO2(110) surface created by the coordination of uncoordi-
nated RuCUS with Oot at acidic pHs. The mechanism for this process is described by 
the four-step sequence shown in Eqs. (9)–(12). 

2Oot + H2O → 1Oot1OOHot + H+ + e− (9)
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1Oot1OOHot → 1O ∗ot + O2 + H+ + e− (10) 

1O ∗ot + H2O → 1Oot1OHot + H+ + e− (11) 

1Oot1OHot → 2Oot + H+ + e− (12) 

As Over et al. suggested, water splitting leads to the adsorption of OH at the 
active Oot site, H+ on Obr to form OHbr or be released into the electrolyte. The 
diagram for the OER in Fig. 6c includes free energy changes for the competing 
chemical and electrochemical reactions leading to the formation of the corresponding 
intermediates. The diagram illustrates changes in the pathways occurring at different 
overpotentials and the reversible electrode potentials (i.e., hOER 1/4 0 V and at 
hOER > 0.3 V). Inspection of the diagram shows that at low overpotentials (ηOER 
< 0.3 V), the OER pathway is initiated combination of OHbr with Ru–Oot at the 
surface, and proceeds through the pathway shown by the blue line (Fig. 6c). Yet, at 
hOER > 0.3 V, the initial active surface combination becomes Obr with Ru–Oot), and 
the process proceeds through the electrochemical pathway represented by the violet 
line in Fig. 6c. 

The results of the research show that thermodynamic barriers for the ClER and 
OER are not zero, suggesting that the O-capped RuO2 surface might be manipulated 
to promote selective catalytic reactions. This hypothesis can be understood using 
the volcano diagram given in Fig. 6d. In this diagram, a larger ΔG0(Oot) indicates 
limited Cl− desorption, and a smaller value corresponds to limiting Cl− adsorption. 
In contrast, for the OER, higherΔG0(Oot) values indicate OOHot decomposition, and 
smaller values lead to the restricted formation of OHot. It is important to note that both 
cases proceed with maximum activity at the middle of the higher and lower values. 
It is obvious to see that the volcano plot for CER is quite flat compared to OER, and 
the difference in the slopes reflects the different numbers of reaction intermediates. 
The difference in ΔGloss values at a certain ΔG0(Oot) defines the selectivity, and 
is quantified byΔGsel. The ΔGsel value can be manipulated by weakening the Ru–O 
bond, i.e., which lowering the OER catalytic activity, and in another way, allowing 
for substantial selectivity, as exampled by the TiO2(110) monolayer on RuO2(110). 

The cathodic reaction on the surface of the model single-crystal Pt(111) can 
be understood in terms of the Volmer–Tafel mechanism or the Volmer–Heyrovsky 
mechanism, the latter being preferred. The Volmer–Heyrovsky mechanism involves 
two steps, including proton adsorption on Pt surface (Volmer step) followed by a 
restructuring of adsorbed hydrogen with an H+ ion (Heyrovsky step). 

Pt − H Pt  + 2H+ + 2e− → Pt-H Pt-H + H + +e−(Volmer step) (13) 

Pt − H Pt  − H + H+ + e− → Pt − H · Pt + H2(Heyrovsky step) (14)
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As with RuO2 in the OER or ClER, the fcc hollow sites on Pt(111) surface 
contain hydrogen atoms, while Pt atom sites remain unoccupied. As indicated by 
Eqs. (13) and (14), Pt atom sites are mainly involved in the reaction pathway. The 
free energy diagram for the HER (Fig. 6e) occurring via Volmer–Heyrovsky mech-
anism shows that the rate-limiting step of the two in the pathway depends on the 
applied overpotentials. 

In SW electrolysis, the OER and HER vary with local pH changes at the elec-
trodes with increases in pH occurring at the cathode and decreases in pH at the 
anode. The pH fluctuations are on the order of 5–9, which causes severe damage to 
the electrocatalysts even when a low current density of <10 mA cm−2 is utilized. 
Inspection of Pourbaix diagrams (Fig. 2b) shows that OER becomes less favorable 
and chlorate formation becomes more favorable as the pH at the anode decreases at a 
constant current density. However, hypochlorite formation is pH-independent in the 
6.5–10.5 range, but it is dependent on the convective diffusion of ions. As shown in 
the Pourbaix diagram (blue dotted line in Fig. 2b), to carry out selective OER while 
avoiding CER at the anode, the pH of the medium should be >7.5. Control of pH at 
the electrode surface, required for carrying out a selective electrolytic process, can 
be achieved by using buffers to consume generated protons. While an electrolyte 
composed of 1 M KOH and 0.5 M NaCl is generally employed as a simulated SW 
(SSW) electrolyte in evaluations of electrocatalytic performances, borate (pH 9.2), 
carbonate (pH 8.6), or phosphate (pH 7) buffer have also been utilized. Notably, the 
amounts of borate and carbonate indigenously present in SW are too small to affect 
pH [18, 28, 29]. 

3 Materials Used for the HER in SW 

3.1 Noble Metal-Based Materials 

Catalysis of water splitting to form H2 and O2 is feasible only if hydrogen is absorbed 
in the form of metal(M)–H bonds. Thus, catalytic efficiency is optimal when the M-
H adsorption energy is large, and the metal has a proper electronic configuration. 
Owing to these factors, noble metal-based nanomaterials like those containing Pt, Ru, 
Rh, and Ir are state-of-the-art catalysts for electrocatalytic water splitting. Guided 
by these considerations, studies aimed at designing ideal electrocatalysts for water 
splitting have focused mostly on noble metal-based nanomaterials [30]. 

3.1.1 Pt-Based Electrocatalysts 

Pt-based alloys are benchmark electrocatalysts for the HER, owing to the fact that 
they exhibit the highest performances under acidic, alkaline, and neutral conditions 
[31–35]. However, the HER performance of these materials in SW is far less than
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it is in freshwater-based electrolytic systems. With commercial Pt/C (20 wt%) in 
SSW, the overpotential of HER is in the range of 120–300 mV at a current density 
of 10 mA cm−2, depending on the conditions employed. In addition to having large 
overpotentials, a current density loss of ca. 50% has been observed for Pt after 100 h 
continuous operation under alkaline conditions. Furthermore, investigations suggest 
that the reduction of current density is a result of the deterioration of the conductivity 
of the alkaline membrane rather than that of the Pt electrode. Scarcity and high costs 
greatly limit the use of Pt-based alloys in large-scale commercial applications [36]. 
To address these issues, strategies in which earth-abundant metals are incorporated 
into Pt are promising strategies. 

Alloying with Mo, Ni, Co, Fe, or Cr modifies the electronic structure of Pt and 
enhances its charge transfer properties. Moreover, incorporating the alloy in a nanos-
tructure form should lead to an expanded number of active sites that would enhance 
performance in the HER. Information about these issues was gained in a study by 
Zheng’s group, which compared the HER performances in SW of Pt alloys including 
PtMo, PtNi, PtCo, PtFe, and PtCr that were fabricated on a Ti mesh using a cyclic 
voltammetric deposition. PtMo exists as nanoparticles (<10 nm) (Fig. 7a, b), in 
which Pt in a face-centered-cubic manner (Fig. 7c). Thus, incorporating alloying 
guest atoms into the host lattice alters the crystal size of Pt without changing its 
crystal structure and it introduces lattice distortions and defects. The Pt4f band in the 
XPS spectrum of PtMo alloy is shifted downfield in comparison to that in pristine 
Pt. This change can be ascribed to the lowering of binding energies of Pt4f core 
electrons by interactions of atomic orbitals of Pt and those of alloying guest atoms. 
The Mo 3d band in the XPS spectra of PtMo alloy also exhibits a downfield shift, 
showing that alloying causes induces a modification of the electronic structure of Mo. 
Charge transfer resistance measurements were carried out to explore if the interaction 
induces partial electron transfer from the Mo guest to Pt. The results show a clear 
order of charge transfer resistance. These effects are consistent with the observed 
HER activities of the Pt alloys (Fig. 7d). Notably, PtMo retains the high activity of 
the −800 mV overpotential during operation for 173 h, trends that are mimicked in 
the other Pt alloys (Fig. 7e, f). [37]

Jieshan Qiu et al. developed a template-engaged ultrafast aerosol drying strategy 
for generating multilevel hollow MXene that has a large surface area, high mass 
accessibility, excellent conductivity, and good aggregation resistance. Multilevel 
hollow MXene architectures are fabricated by using ultrafast drying of MXene 
aerosols on hard templates with desirable structures, dimensions, and chemical reac-
tivities (Fig. 8a). Multilevel hollow MXene tailoring of ultra-fine Pt yields a multi-
functional electrocatalytic interface that has high atomic utilization efficiency, good 
conductivity, efficient H+/water adsorption, and large ionic/mass accessibility. Linear 
scan voltammetry (LSV) shows that 2.4% Pt@ mh-3D MXene with a mass loading 
of 0.2 mg cm−2 has a superior ηj = 10 of 280 mV compared to 20% Pt/C (308 mV) at 
a scan rate of 10 mV s−1. After 50 sweeps, the 2.4% Pt@mh-3D MXene the ηj = 10 
undergoes only a negligible increase indicating that it is highly stable during the HER 
in SW (Fig. 8b). In contrast, Pt/C is rapidly deactivated in SW where a 30% decrease 
of ηj = 10 occurs after 50 sweeps. The excellent durability of 2.4% Pt@mh-3D
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MXene toward HER in SW was validated by using time-dependent current density 
measurements, which demonstrate that the potential of this catalyst remains stable 
for 250 h at a current density of 10 mA cm−2 (Fig. 8c). Figure 8d shows comparisons 
of the activity and durability for HER in SW of non-noble metal catalysts and 2.4% 
Pt@mh-3D MXene [38].

3.1.2 Ru-Based Materials 

The use of Pt in large-scale applications is hindered by its high price and low avail-
ability. As a result, relatively inexpensive Ru has attracted increasing attention, espe-
cially because the Ru–H and Pt–H bond strengths are similar [39]. Pan’s group 
devised the electrocatalyst Ru1+NPs/N–C which is comprised of single-atom Ru sites 
and Ru nanoparticles deposited on mesoporous nitrogen-doped carbon (Fig. 9a, c) 
by using pyrolysis of RuCl3-coordinated melamine formaldehyde resin (MF). The 
EDS-mapping image in Fig. 9b demonstrates that C, N, and Ru are evenly distributed 
on the surface of this material. The overpotential of Ru1+NPs/N–C in SW is 375 mV 
when the current density is 10 mA cm−2, and only 50 mV in SSW (Fig. 9d), which is 
comparable to that of the commercial Pt/C catalyst. Analysis of the i-t curve shows 
that Ru1+NPs/N–C catalyst is stable for 24 h in both SSW and SW. The theoretical and 
experimental amounts of hydrogen generated in the HER promoted by Ru1+NPs/N–C 
and Pt/C in SW and SSW were determined by using the drainage method. The faradic 
efficiency (FE) of the Ru1+NPs/N–C catalyst for HER is 85.7% in SW and 98.2% in 
SSW, while the FE of the Pt/C catalyst is 76.3% in SW and 93.7% in SSW (Fig. 9e). 
The results indicate that Ru1+NPs/N–C is highly selective for hydrogen production 
in SW electrolysis, but that the presence of higher levels of ionic impurities in SW 
compared to SSW causes lower faradic efficiency. Also, chronoamperometric curves 
show that the Ru-based catalyst has excellent stability under a variety of conditions 
(Fig. 9f).

Ru nanoparticles in Ru1+NPs/N–C, which cause a decrease in an energy barrier, and 
the active site, where absorbed H+ forms H2, synergistically promote the production 
of H2. This catalyst has a low overpotential over a wide pH range and a large rate. 
Due to the structural characteristics of both the single-atom Ru-N4 site, Ru1+NPs/N–C 
has high stability in alkaline/acidic SW [40]. 

Inspection of the top-view SEM images displayed in Fig. 10a, b shows that Ti mesh 
has a coarse surface comprised of bulky aggregates. After the deposition of Pt on the 
mesh, the surface is coated with a compact Pt film (Fig. 10c). High-resolution SEM 
(Fig. 10d) indicates that the Pt film consists of ~200 nm nanoparticles. When a mixture 
of Pt and Ru was used for electrodeposition, the Ti mesh becomes coated with a 
compact Pt–Ru alloy film containing cracks that includes homogenous nanoparticles 
with an approximate size of 100 nm (Fig. 10e, f). Interestingly, a ternary Pt–Ru– 
Mo alloy film on the Ti mesh created in the same manner has a porous topology 
with nanoparticles having an average diameter of around 30 nm (Fig. 10g, h). The 
increased in porosity and reduced nanoparticle size of the Pt–Ru–Mo alloy compared 
to that of Pt are beneficial for increasing the catalytically active area for hydrogen
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Fig. 8 a Schematic illustration of template-engaged ultrafast aerosol drying strategy. b LSV of 
samples and commercial Pt/C. c Long-time stability of samples. d Comparison of the activity and 
durability for HER in SW of samples and reported SW-workable electrocatalysts
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adsorption. The respective current densities at −0.8 V of alloys including Pt–Ru, 
Pt–Ru–Fe, Pt–Ru–Co, Pt–Ru–Cr, Pt–Ru–Ni, and Pt–Ru–Mo are −45.04, −50.48, − 
55.02, −60.77, −65.00 and −69.54 mA cm−2 (Fig. 10i), which are markedly lower 
than that of for pure Pt (−39.61 mA cm−2). The higher exchange current density 
and lower hydrogen evolution overpotential indicate that the alloys have increased 
catalytic activity. 

Among those coated with the other alloys, the Pt–Ru–Mo-coated Ti mesh elec-
trode has the highest SW splitting performance. The increase in electrocatalytic

Fig. 10 SEM images of a, b Ti mesh, c, d pure Pt, e, f PtRu alloy, and g, h decorated Ti mesh. i 
Hydrogen evolution curves in SW. j EIS plots. k I-t curves. l U-t curves 



18 J. Ying et al.

activity is the result of synergistic alloying effects such as increased catalytically 
active area caused by increased nano-porosity, and the presence of electron-enriched 
Pt surface sites. Accordingly, the Brewer–Engel theory suggests that electrons are 
readily transferred to water molecules through Pt d orbitals, leading to O–H bond 
cleavage. The Pt–Ru–Mo-decorated Ti mesh electrode shows Rct value (Fig. 10j). 
The observation described above is which is consistent with the results of the 
Tafel analysis in showing that the Pt–Ru–Mo-coated electrode has superior catalytic 
activity for HER. 

The stabilities of Pt–, Pt–Ru–, and decorated Ti mesh electrodes for HER in SW 
were researched by analyzing chronoamperometric curves recited at −0.8 V for 
50,000 s (−13.9 h). The results show that only a 2.1% decrease for the Pt–Ru–Mo-
decorated Ti mesh electrode occurs over 172 h (Fig. 10k and l), demonstrating its 
promise in systems that produce hydrogen from SW. The improved anticorrosion 
properties of the Pt–Ru–M alloys are a consequence of competitive dissolution reac-
tions between the M species and Cl– in SW. The metal species (Ru, Pt, Fe, Cr, Co, 
Mo, and Ni) in the catalysts react with dissolved Cl2 to form corresponding metal 
chlorides. Along with its improved current density for HER, the long-term stability 
gives it a high potential for practical SW splitting application [41]. 

Tang et al. described the process for one-step electrode deposition of RuCo and 
RuCoMox alloys on Ti foil. The detailed observations summarized in Fig. 11a, 
b reveal that the RuCoMo7 coated foil produced in this manner is composed of 
nanoparticles with a compact structure containing cracks. The loose structure for 
RuCo and the cracks for RuCoMo7 are expected to provide a large active surface for 
SW diffusion and adsorption. The onset potential of Ti foil supported RuCo electrode 
toward the HER is −0.25 V vs. RHE, and the Ti foil supported RuCoMox electrode 
exhibits a more negative onset potential for this process in the −0.35 to −0.37 V 
versus RHE range. At a potential of −1.4 V (vs. RHE), the current density of the 
Ti foil supported RuCo electrode is 210 mA cm−2, which is larger than that of a Ti 
foil supported RuCoMox electrode. Moreover, the current density is reduced from 
130 mA cm−2 for Ti foil supported RuCoMo1 to 110 mA cm−2 for Ti foil supported 
RuCoMo7 (Fig. 11c). The results suggest that the Ti foil supported RuCo electrode is 
more catalytically active for the HER than the Ti foil supported RuCoMox electrode.

Operational stability of an electrode for HER is more important than catalytic 
efficiency in practical applications. Thus, the long-term stabilities of these electrodes 
in SW over 12 h at a constant potential of −1.2 V versus RHE were evaluated. As 
shown in Fig. 11d, the current density of the Ti foil supported RuCo electrode is 
reduced from 185 to 128 mA cm−2 over 12 h, reaching 70% of the original current 
density. Although the initial current density is only −85 mA cm−2 for the Ti foil 
supported RuCoMox electrode, no obvious reduction occurs over 12 h, suggesting 
that it is relatively stable in SW. A possible reason for the excellent stability of the Ti 
foil supported RuCoMox electrode is that the Ru-3d core level peaks of RuO2 do not 
change during HER and therefore protect against chemical dissolution or corrosion 
of Ru [42].
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Fig. 11 a, b Ti foil supported RuCoMo7 alloy electrode. c Polarization curves of all samples. d 
Chronoamperometric curves on Ti foil supported RuCo and RuCoMox electrodes

3.2 Non-noble Metal-Based Materials 

Despite the high activity of noble metal-based nanocatalysts for natural SW hydrogen 
production, their cost-effectiveness and absence of durability have largely hindered 
their use in industrial applications. As a result, exploration has been conducted to 
uncover non-noble-metal-based electrocatalysts that have high activities and stabil-
ities. In the most recent years, transition metal-based electrocatalysts have been 
investigated because they possess different electronic configurations, high electrical 
conductivities, and optimized adsorption energies of intermediates [43–47]. 

3.2.1 Single-Atom Materials 

Single-atom catalysts (SACs) containing uniformly distributed metal atoms (such 
as Co, Ni, Mo, and W) on a conductive substrate have been developed for the 
HER in alkaline freshwater. Differing from traditional nanoparticle/nanosheet cata-
lysts, in which metal atoms are catalytically inactive owing to their inaccessibility to
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substrates, SACs have higher atom utilization efficiencies and active site exposures 
that are desirable for efficient HER [40, 45, 48–50]. 

Wang’s group described Ni single-atom electrocatalysts (Ni-SA/NC) containing 
Ni–N3–O2 and Ni–N4 coordination, which they fabricated using a facile surfactant-
assisted method (Fig. 12a). Also, these workers systematically investigated the 
catalytic performance of this material toward H2 evolution in both alkaline freshwater 
and SW. Aberration-corrected high-angle annular dark-field scanning transmission 
electron microscope and annular bright-field images (Fig. 12b, c) show that Ni– 
SA/NC has a highly porous structure, consisting of twisted N-doped carbonaceous 
layers. Single Ni atoms are dispersed uniformly over the surfaces of the carbona-
ceous layers (Fig. 12d). The results of elemental concentration analysis (Fig. 12k) 
show that an increase of K and a decrease of Mg and Ca occur upon the addition of 
KOH to SW as a result of precipitation of Mg(OH)2 and Ca(OH)2. The LSV curve 
shows that Ni–SA/NC with a mass loading of 0.5 mg cm–2 (Fig. 12e) requires a very 
low overpotential of 139 mV to reach the current density of 10 mA cm–2, a value  
that is much lower than those of Ni–NP/NC (151 mV) and NC (220 mV). The Tafel 
slope of the Ni–SA/NC was found to be 123 mV dec–1, which differs only slightly 
from that in alkaline freshwater (Fig. 12f). Furthermore, Ni–SA/NC has high oper-
ational stability over 5000 operation cycles and it does not undergo activity decay 
during continuous electrolysis for 14 h (Fig. 12g). No changes in the distribution of 
Ni single atoms occur for Ni–SA/NC, indicating that it has high durability for the 
HER in SW (Fig. 12h, i). A chronoamperometry test for 14 h shows that the Na and 
K concentrations and the pH value of SW remain constant, and that concentration 
of dissolved Ni concentration is <0.1 ppm (Fig. 12k). A small reduction of the Ca 
concentration undergoes a small decrease during the electrolysis process, which is 
attributed to the formation of Ca(OH)2 precipitates on the electrode surface. 

DFT calculations were carried out using a computed hydrogen electrode model to 
gain insight into the reasons for the high HER performance of Ni–SA/NC (Fig. 12j). 
By viewing the diagram in Fig. 12j one can see Ni–N3 stabilizes adsorbed hydrogen 
(ΔG = 0.69 eV) whereas Ni–N4 only weakly interacts with adsorbate (ΔG = 
2.55 eV). The finding that weak hydrogen adsorption occurs on Ni–N4 (~2.43 eV) 
was described previously. In summary, a well-isolated dispersion of single Ni atoms 
anchored on porous N-doped carbon results in a large population of active sites with 
tunable coordination environments. The observations show that the development of 
low cost and highly efficient SACs for SW splitting is promising [45]. 

3.2.2 Metal Nitrides 

Recently, transition metal nitrides (TMNs) have gained much attention as promising 
electrocatalyst materials for electrocatalytic processes (e.g., the HER and OER, and 
the oxygen reduction reaction). Because of their inherent electronic structure and 
good electrical conductivities, TMNs can potentially serve as replacements for noble 
metal catalysts for water splitting [51–53].
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◄Fig. 12 a Synthesis process and structural visualization. HAADF-STEM and ABF images of: b 
the 3D porous structure, c the plane structure, and d isolated Ni atoms. e LSV curves. f Tafel slopes. 
g LSV cures before and after 5000 CV cycles. h HAADF-STEM image and i STEM-EDS mappings 
of Ni–SA/NC after cycling. j Gibbs free energy diagram on the Ni–N3 and Ni–N4 structure at pH 
= 14, where H* denotes one hydrogen atom adsorbed on an adsorption site (*), and 1/2H2 refers 
to one gas-phase hydrogen molecule. k Concentration of elements after chronoamperometry test

Qiao’s group described the metal-catalyzed phase transformation route (Fig. 13a). 
The formed 2D morphology of transparent and wrinkled Mo5N6 nanosheets can be 
observed using SEM and TEM imaging (Fig. 13b). The scanning TEM image in 
Fig. 13c shows that Mo5N6 has a hexagonal structure with an interplanar distance of 
2.45 Å for MoN (110) facets, which is smaller than the 2.5 Å for the (200) facets. 
The presence of one set of diffraction spots in the SAED image reveals that Mo5N6 

has single crystalline nature (Fig. 13d). Owing to rich metal-nitrogen bonding, the 
2D Mo5N6 nanosheets have a higher HER activity in various electrolytes (pH 0– 
14) than those of conventional nitrogen-deficient TMNs. More significantly, Mo5N6 

exhibits outstanding HER performance in SW and a catalytic current that remains 
stable over 100 h, both properties that are far superior to those of Pt/C benchmark 
and other TMNs (Fig. 13e–h). Specifically, Mo5N6 in the HER in SW requires an 
overpotential of 257 mV to produce 10 mA cm−2 of current density, a value that 
is lower than those of Pt/C and other nitrogen-deficient TMNs. Furthermore, the 
j10 overpotential (overpotential at a current density of 10 mA cm−2) of MoN6 is 
also lower than those of most non-noble metal catalysts reported thus far in the 
literature. More importantly, hydrogen production promoted by Mo5N6 in SW at an 
overpotential of 300 mV is extremely stable over a 100 h period. In comparison, the 
stability of Pt/C is much lower, retaining 5.5% of its catalytic current density after 
only 4 h of  continuous operation. As has been documented in other studies, the poor 
stability of Pt/C is likely a result of poisoning by ions in SW which block active sites 
for hydrogen evolution. In addition, the 99.3% retention of catalytic current over 4 h 
of Mo5N6 is higher than those of MoN (55.0% for 4 h), Ni0.2Mo0.8N (49.1% for 4 h), 
and Ni3N (20.0% for 4 h) [54].

Because of their high corrosion resistance and electrical conductivity, and tunable 
electronic structure, two-dimensional (2D) TMNs such as W–N, Mo–N have shown 
promise as energy-related electrocatalysts. For example, a Ni3N/W5N4 Janus nanos-
tructure was prepared utilizing a three-step sequence involving a hydrothermal 
process, ion exchange, and nitridation (Fig. 14a). As shown in the image in Fig. 14b, 
Ni3N/W5N4 is composed of intertwined nanoparticles and ultra-thin nanosheets. 
The high-resolution TEM (HRTEM) shows that this material has lattice spacings of 
0.51 and 0.243 nm, which are ascribed to the (002) and (101) planes of hexagonal 
W5N4, and 0.218 nm and 0.188 nm interplanar spacings associated with the (002) and 
(102) planes of Ni3N (Fig. 14c). A selected area electron diffraction (SAED) pattern 
of Ni3N/W5N4 shows that the diffraction rings consist of discrete points assigned 
to (111) and (002) planes for Ni3N, and (002) planes for W5N4 (Fig. 14d), indi-
cating that this material has poly-crystalline character. As shown in Fig. 14e–i, the
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Fig. 13 a Synthesis diagram of MoN and Mo5N6 nanosheets. b, c TEM images of Mo5N6. d SAED 
pattern of MoN. e LSV curves of all samples. f Overpotentials of different samples. g I-t curve of 
Mo5N6. h Current retention of different samples
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Ni3N/ W5N4 electrode exhibits a lower overpotential and higher current density than 
those of pure Ni3N and W5N4. The observation shows that the Janus interfaces are 
essential for the enhanced HER performance. Impressively, the Ni3N/W5N4 Janus 
nanostructure has a Pt-like HER performance corresponding to an ultralow overpo-
tential of 31 mV at 10 mA that is much lower than those of NiW–OH (289 mV), 
Ni3N (166 mV), and W5N4 (80 mV). The Tafel slope for the Ni3N/W5N4 hybrid 
electrode is ca. 34 mV dec−1, suggesting that the mechanism for the process has 
the Heyrovsky step being rate determining. In contrast, the Ni3N electrode has a 
Tafel slope of 143 mV dec−1. Meanwhile, W5N4 with Tafel slope of 75 mV dec−1 

has a higher water dissociation capability than Ni3N, but the HER kinetics remain 
inferior to those of Ni3N/W5N4. Together, the results demonstrate that the kinetics 
for the process promoted by Ni3N/W5N4 are remarkably better than those of Ni3N 
and W5N4 as a result of the synergetic effect of the Janus interface.

As can be seen by viewing the Nyquist plots in Fig. 14g, the Ni3N/W5N4 

heterostructure has a lower interface charge transfer resistance and superior electron 
transfer ability than those of Ni3N and W5N4. This finding confirms the suggested 
more favorable kinetics for Ni3N/W5N4. When tested in alkaline SW, Ni3N/W5N4 

has a catalytic activity that is similar to that of commercial Pt/C (Fig. 14k). As shown 
in Fig. 14l, Ni3N/W5N4 also outperforms other TMNs catalysts. The structure and 
composition of the Ni3N/W5N4 hybrid system have numerous advantageous features. 
Firstly, the multilevel nanostructures comprised of 2D W5N4 nanosheets and Ni3N 
NPs expose more active sites and enhance mass transfer. Secondly, the barrier-free 
Janus interface has high electrical conductivity, and it also provides resistance to 
chloride ion-induced corrosion. Thirdly, confinement by the W5N4 nanosheets limits 
the growth and aggregation of Ni3N nanoparticles. Finally, the W5N4 nanosheets 
exhibit super-hydrophilicity and a remarkable water dissociation capability, and the 
Ni3N NPs have an appropriate H* adsorption free energy. These merits enable the 
Ni3N/W5N4 Janus nanostructure to have Pt-like HER performance [52]. 

3.2.3 Metal Phosphides 

In recent years, transition metal phosphides (TMPs) have received a lot of atten-
tion as HER electrocatalysts due to their high catalytic activity, and tunable struc-
ture and composition [55–58]. Cobalt molybdenum phosphide (CoMoP), which 
contains three HER-active elements, is a single crystalline bimetallic substance. 
Usually, the process for preparing stoichiometric CoMoP materials is complicated, 
and fabrication of CoMoP nanocrystals is even more difficult. However, recently 
CoMoP nanocrystals coated with few-layer N-doped carbon shells (CoMoP@C) 
were recently prepared on a large scale by using a simple one-step pyrolysis method 
starting with a mixture of Co16Mo16P24 and dicyandiamide (DCA) (Fig. 15a). 
Figure 15b, c contains TEM images of CoMoP@C which show that it is comprised 
of an assembly of CoMoP@C nanoparticles of 5–20 nm in diameter. High-resolution 
TEM images (Fig. 15d) of a CoMoP@C indicate that the CoMoP core is wrapped 
by 3-layer graphitic carbon shells that effectively prevent CoMoP aggregation or
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Fig. 14 a Schematic diagram of constructing the Ni3N/W5N4 electrode with Janus nanostructures. 
b TEM image of catalysts. c HRTEM of Ni3N/W5N4. d SAED pattern of this region. e LSV curves 
and f Tafel plots of Janus catalysts. g EIS of different catalysts. h Current density calculated. i 
Activation energies of samples. j I-t curves of the main sample. k LSV curves. l Comparison of 
overpotentials and Tafel slopes

oxidation of CoMoP nanocrystals. Also, images explore that the (112) crystal plane 
of orthorhombic CoMoP has a lattice stripe of 0.23 nm. Elemental mapping of 
CoMoP@C shows that the elements Mo,Co, P, C and N are uniformly distributed 
on the surface (Fig. 15e–j). In SSW, the activity of CoMoP@C does not decrease 
over 10 cycles, while the activities of 20% and 40% Pt/C dramatically decline during
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this interval. The stability of the catalysts was evaluated by analyzing the curves of 
time-dependent current density, and 20% and 40% Pt/C were analyzed to evaluate the 
stability of the catalyst. The current density of CoMoP@C is stable for 20 h, while 
those of 20% and 40% Pt/C decrease. Furthermore, the HER activity of CoMoP@C 
is higher than that of 40% Pt/C in SSW after 12 h. However, the HER activity of the 
catalyst is influenced by complex components in SW (Yellow Sea, China). As illus-
trated in Fig. 15n, the activity of CoMoP@C distinctly decreases (<5%) during 20 
cycles in SW, while those of 20% and 40% Pt/C decrease substantially. The Faradaic 
efficiency of CoMoP@C for the HER is 92.5% in SW (Fig. 15m). Time-dependent 
current density curves of CoMoP@C, and 20% and 40% Pt/C (Fig. 15o show that 
the current density of CoMoP@C remains stable for 10 h, while those of 20% and 
40% Pt/C decrease. Also, the HER activity of CoMoP@C is higher than those of 
20% and 40% Pt/C. Moreover, the current density of CoMoP NPs in SW was found 
to decrease by >75% after 3 h, likely a consequence of corrosion and poisoning by 
impurities in SW. In comparison, CoMoP@C has high stability as demonstrated by 
the observation that the current density remains stable for 10 h in SW as a result of 
poisoning protection by the N-doped carbon shell in CoMoP@C. Thus, CoMoP@C 
is an important model for designing promising HER electrocatalysts that can be used 
directly in SW splitting [59].

In a recent study, it was shown that heterostructured cobalt phosphides (CoP/Co2P) 
have high water splitting activity because they contain highly active Co–P and Co–Co 
bonds. For example, Jiang’s group demonstrated that porous CoP/Co2P heterostruc-
tures can be fabricated by calcination at temperatures of 300, 400, and 500 °C, 
and direct phosphorization at 350 °C (Fig. 16a). The high-resolution TEM image 
in Fig. 16b shows that the interplanar spacings in C400P350 are 2.14 and 2.55 Å 
that correspond to the (220) plane of Co2P and (200) plane of CoP. In addition, 
the selected area electron diffraction (SAED) patterns are indexed to the crystal 
planes of Co2P (111), Co2P (201), and CoP (200), which further demonstrate the 
co-existence of CoP and Co2P phases in the CoP/Co2P heterostructure (Fig. 16c). 
Figure 16 d–f displayed a plot of the HER current density versus the electrode poten-
tial. C400P350 exhibits low overpotentials of 87, 133, and 454 mV at the current 
density of 10 mA cm−2 in acidic, alkaline, and SW media, respectively. These values 
are lower than those of C300P350 and C500P350. It’s worth mentioning that the HER 
performance for C400P350 in acid and alkaline media is superior to those of most 
reported co-based phosphide catalysts. The stability of C400P350 was examined 
by using chronopotentiometric analysis. Figure16g–i shows chronopotentiometric 
curves, recorded at a current density of 10 mA cm−2, in alkaline, acidic, and SW 
media. The data demonstrate that only negligible degradation of C400P350 occurs 
during a 24 h electrocatalytic process, indicating the high stability of the porous 
CoP/Co2P heterostructure over a wide pH range. The porous heterostructure endows 
CoP/Co2P with a high specific surface area and abundant active interfaces, which 
when combined with enhanced active sites numbers and expedited charge transfer 
lead to the high HER activity in acidic, alkaline, and SW media [57].
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Fig. 15 a Diagram of the CoMoP@C catalyst. b–d TEM images of CoMoP@C. e–jHAADF-
STEM and EDS mapping of CoMoP@C. k, l LSV curves of all samples. m FEs of CoMoP@C. n 
LSV curves of CoMoP@C. o I-t curve of all samples

3.2.4 Metal Chalcogenides 

The use of metal chalcogenides as HER catalysts has attracted recent interest. Explo-
ration of these materials began with theoretical and experimental studies by Nørskov 
et al. and Chorkendorff et al., which demonstrated that the widely used industrial cata-
lyst for hydrodesulfurization of petroleum, is an efficient electrocatalyst for the HER 
in acidic media. The HER activity of MoS2 is the result of an exposed edge surface 
that optimizes H* adsorption, whereas its (0001) basal planes are nearly inactive. This 
information motivated efforts to prepare MoS2 nanostructures, including amorphous 
MoS2, crystalline MoS2, MoS2-based hybrid materials, interlayer spacing expanded
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Fig. 16 a Diagram for CoP/Co2P heterostructures. b High-magnification TEM images and c SAED 
pattern of C400P350. LSV curves in d 0.5 M H2SO4, e 1.0 M KOH, and f simulated SW. Chronopo-
tentiometry curve with C400P350 as the HER catalyst in g 0.5 M H2SO4, h 1.0 M KOH  and  i 
simulated SW

MoS2 structures, and structural mimics that have a large amount of maximally 
exposed edge sites [60]. 

In one investigation, Sun’s group demonstrated that the core-shell rod-like mate-
rial Cu2S@Ni, having Cu2S as the core and Ni as a shell on copper foam, promotes 
the HER in alkaline SW. The three-step synthesis of Cu2S@Ni nanorod arrays begins 
with coating Cu foam with highly dense Cu(OH)2 nanorods by using a simple strategy 
involving solution immersion (Cu + S2O8 

2− + 4OH− + 2NH4 
+ → Cu(OH)2
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+ 2SO4 
2− + 2NH3 + 2H2O) (Fig. 17a). Next, the Cu(OH)2 nanorod arrays are 

converted to Cu2S by sulfurization using a Na2S solution. Finally, the Ni layer, the 
active component in hydrogen evolution, is electrodeposited on the Cu2S nanorod 
surface. The high-resolution TEM image shown in Fig. 17b, c shows the existence 
of a lattice fringe of 0.203 nm that is indexed to the (111) lattice plane of Ni. As 
shown in Fig. 17d, Cu and S atoms are concentrated in the middle of the nanorod, and 
those of Ni is located at the edge of the nanorod, which is consistent with the results 
of SEM and high-resolution TEM imaging. These features indicate that Cu2S@Ni 
core-shell nanorods exist on the Cu foam surface. The nanorod array structure of 
Cu2S@Ni not only modulates the reactivity of surface nickel through strong Ni–S 
interactions, but also creates active sites for catalytic HER. Density flooding theory 
(DFT) calculations show that the Ni–S interaction reduces the energy of hydrogen 
adsorbed on the nickel surface in Cu2S@Ni, thereby increasing the HER activity. 
Due to their unique structure and interfacial modulation, Cu2S@Ni nanorods have a 
high HER current density of ~500 mAcm−2 [61].

Two-dimensional materials such as transition-metal dichalcogenides have drawn 
significant attention in various areas of materials science, such as energy genera-
tion and storage. Molybdenum disulfide (MoS2) thin sheets have gained interest as 
a nonprecious HER electrocatalyst. However, the basal planes of MoS2 are elec-
trocatalytically inert. Therefore, MoS2 thin sheets with reduced size and few layers 
should have better electrocatalytic performance because of the existence of abun-
dant exposed sulfur edge sites. In this regard, Chen’ group developed an environ-
mentally sustainable method to fabricate a three-dimensional (3D) MoS2 aerogel 
using a one-pot hydrothermal process. Figure18a shows a digital image of the light-
weighted MoS2 aerogel sample. Typical field emission scanning electron microscopy 
images of the MoS2 aerogel show that it contains interconnected 3D porous networks 
with various uniform micropores of several micrometer diameters (Fig. 18b, c). The 
porous networks should enhance mass transfer and reduce the transportation of the 
electrolyte at the cathode. EDS-mapping analysis of the MoS2 aerogel hybrid sample 
shows that it has a homogeneous distribution of C, Mo, and S (Fig. 18d–f), further 
confirming that agar is evenly anchored on the surface of MoS2 thin sheets. As shown 
in Fig. 18g–n, the MoS2 aerogel has an ultralow overpotential of 53 mV at a current 
density of 7 mA/g, a Tafel slope of 41 mV/dec, and stability for over 100 h in 0.5 M 
H2SO4. Moreover, the hydrothermal 3D MoS2 aerogel has a HER performance that 
is superior to that of commercial Pt under neutral and alkaline conditions at a high 
overpotential. In SW, the hydrothermal 3D MoS2 aerogel has an HER performance 
that is stable during 150 cycles, while the HER activity of commercial Pt dramati-
cally decreases after 50 cycles. This effort has led to a significant breakthrough in 
developing nonprecious metal electrocatalyst systems for the HER [60].

3.2.5 Other Compounds 

Over the past decade, various non-noble transition metal phosphides, nitrides, 
carbides, borides, and chalcogenides have been developed as electrocatalysts for the
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Fig. 17 a Synthetic illustration of Cu2S@Ni nanorods. b, c TEM images of Cu2S@Ni. d STEM-
EDS of Cu2S@Ni. e, h LSV curves of all samples. f, i Tafel plots of all samples. g, j EIS of all 
samples
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Fig. 18 a Photograph of the MoS2 aerogel. b, c FESEM images of the MoS2 aerogel. The elemental 
mapping images of d C, e Mo, and f S. g LSV curves and h Tafel slope of the MoS2QD-aerogel-100 
aerogel and Pt in neutral electrolyte. i–m LSV curves of the MoS2QD-aerogel-100 aerogel and Pt 
in real SW. n Potential of the MoS2QD-aerogel-100 aerogel and Pt in real SW at different cycles

HER. Several of these catalyst types have an activity close to or even exceeding that 
of the benchmark platinum. However, most newly developed catalysts only perform 
well in acidic or alkaline electrolytes and not in neutral media. Due to the environ-
mental impact and expense of using acidic or alkaline electrolytes and the fact that 
most natural water sources (e.g., wastewater and SW) are neutral, uncovering elec-
trocatalysts that generate H2 under neutral conditions is an important goal. Thus, a 
large effort has been devoted to designing efficient catalysts for the HER in neutral 
media [48, 51, 62, 63]. 

Ren’s group found that conductive nickel phosphide (NixP) micro sheets coated 
on both sides with NiCoN nanoparticles in the form of sandwich-like nanostruc-
tures (NiCoN|NixP|NiCoN) are electrically conductive and are good HER catalysts. 
Among the features causing enhanced activity is the high conductivity of both the 
NiCoN and NixP. This allows for efficient charge transfer between the catalyst
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surface and SW electrolyte, thereby enhancing HER kinetics. In addition, the three-
dimensional (3D) hierarchical sandwich-like microsheet arrays have a high surface 
area and an abundance of active sites. Finally, the high corrosion-resistant arrays act 
as a stable backbone and the corrosion-resistant NiCoN nanoparticles act as strong 
protectors. The fabrication process of NiCoN|NixP|NiCoN, shown in Fig. 19a, starts 
with the growth of NixP microsheets by direct phosphorylation of commercial nickel 
foam. In this step, not only was a sandwich-like structure of the internal framework 
of the conductive NixP produced, but also the corrosion resistance of the Ni foam was 
improved due to the metal phosphide being more stable in SW. The NixP microsheet 
array covered Ni foam is then soaked in a solution of NiCo, dried under ambient 
conditions, and subjected to thermal nitridation to produce NiCoN nanoparticles. 
The three-dimensional porous skeleton of nickel foam maintains its integrity during 
high-temperature phosphorization, and the surface is evenly distributed and covered 
by perpendicularly aligned microsheet arrays (Fig. 19b, c). The transmission electron 
microscope (TEM) image in Fig. 19d shows that the NixP microsheets have smooth 
surfaces, and the corresponding high-resolution TEM (HRTEM) image in Fig. 19e 
shows the existence of lattice fringes with an interplanar spacing of 0.29 nm, which 
are associated with the (200) plane of Ni5P4. The high magnification SEM image 
shown in Fig. 19g clearly demonstrates that the sides of the microflakes are homo-
geneously coated with a large number of nanoparticles, forming a three-dimensional 
layered sandwich-like nanostructure that exposes the active sites. In addition, the 
microflakes are interconnected to produce microvoids and highly porous structures 
with varying porosity. These properties facilitate SW electrolyte diffusion and bubble 
release. Figure 19h shows a TEM image of a single NiCoN|NixP|NiCoN microsheet. 
This image shows that the material has a dense surface of attached nanoparticles. The 
HRTEM image in Fig. 19i shows the presence of lattice stripes with a planar spacing 
of 0.22 nm in the NiCoN|NixP|NiCoN (002) plane. The scanning TEM (STEM) 
images of Ni, P, Co, and N and corresponding EDX elemental mapping images shown 
in Fig. 19j confirm that the material has a nanoparticle-modified microsheet struc-
ture and contains a homogeneous distribution of the four elements in sandwich-like 
microsheets.

Analysis of the polarization curve for the HER promoted by NiCoN|NixP|NiCoN 
and those of Ni foam, NixP, NiCoN, and Pt/C (Fig. 19k) shows that NixP foam is more 
active than Ni foam, which has only an insignificant activity. NiCoN|NixP|NiCoN 
catalyst has a much higher activity than those of NixP and NiCoN. Pt/C exhibits the 
lowest overpotential of 90 mV (Fig. 19l). The NiCoN|NixP|NiCoN also has the lowest 
Tafel slope of 139.2 mV dec−1 (Fig. 19m). As shown in Fig. 19n, NiCoN|NixP|NiCoN 
also outperforms other TMs catalysts in the HER in natural SW and PBS elec-
trolytes. The time-dependent overpotential curves (Fig. 19o) show that overpotentials 
at 10 mA cm−2 of all three Ni-based catalysts remain essentially stable with little 
increase occurring during long-term HER processes in SW. Compared with those of 
NixP and NiCoN, the stability curve of NiCoN|NixP|NiCoN does not contain any 
fluctuations, which is a result of the 3D hierarchical sandwich-like nanostructure that 
enables the rapid release of gas bubbles. In summary, the large surface area and abun-
dance of active sites in the 3D sandwich-like nanostructures, along with the improved
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Fig. 19 a Diagram of the catalyst. b, c SEM, d TEM, and e HRTEM images of NixP microsheet 
arrays. f, g SEM, h TEM, i HRTEM, and j STEM images and EDS of samples. k LSV curves, 
l overpotential, and m Tafel plots of all samples. n overpotential of the main sample and other 
reported HER catalysts. o I-t curves
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intrinsic activity of active sites and efficient charge transfer ability arising from 
the high conductivities of NixP and NiCoN, combine to give NiCoN|NixP|NiCoN 
enhanced HER activity Also, the stability of this catalyst is a consequence of the 
corrosion resistance of the NixP skeleton and the presence of anticorrosive NiCoN 
nanoparticles [64]. 

4 Materials Used for OER in SW 

The anodic OER is a complex four-electron process that requires a significantly high 
η value of more than 300 mV in alkaline media even when the best electrocatalysts 
are utilized. To understand the nature of OER active sites and, thus, to design more 
active OER catalysts, an enormous effort has been made to correlate OER activity 
with parameters such as metal-OH (M–OH) bond energies, numbers of d-electrons, 
electron occupancies, and adsorption free energies (ΔGO–ΔGOH). These studies have 
resulted in the development of various types of catalysts that promote efficient OERs 
in alkaline electrolytes, including metal oxides/(oxy)hydroxides, metal nitrides, and 
metal chalcogenides. 

4.1 Metal Oxides or (Oxy)hydroxides 

The basic principle guiding the design of electrocatalysts that have enhanced efficien-
cies and selectivities for the OER is maximizing –OOH formation and minimizing 
formation of –OCl on the surface which diminishes the active chlorine species forma-
tion reaction (ACSFR). The generation of –OOH intermediates on surfaces of metal 
oxides can be enhanced by doping with metals having lower numbers of d-electrons 
than the host cation, while the formation of –OCl on the electrocatalyst can be mini-
mized by performing the process in high pH media (pH > 6.0). Oxygen vacancies in 
the electrocatalyst lattice have also been shown to promote OER. 

As early as 1955, Rüetschi and Delahay developed a correlation between the 
OER activity of electrocatalysts with M–OH bond energies. These workers found 
that η decreases in an approximately linear manner with increasing M–OH bond 
energies [65]. Later, Trasatti proposed that the enthalpy change associated with the 
transition of the metal from a lower to a higher oxidation state is a good parameter to 
judge OER efficiencies [66]. Specifically, it was demonstrated that RuO2 and IrO2, 
which have the  lowest  η values, are located at the top of a volcano-type curve. The 
experimentally derived relationship suggests that metal oxides that are difficult or 
readily oxidized are poor catalysts because their affinities for oxygen are either too 
weak or too strong, respectively. 

In one investigation of metal oxide electrocatalysts, Ramani synthesized the 
oxygen vacancy-rich material Pb2Ru2O7–x and compared its performance in the 
OER in neutral and alkaline SW with that of the benchmark catalyst RuO2. The
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study showed that Pb2Ru2O7-x is more highly OER selective, active, and stable in 
alkaline SSW than in neutral SSW, and that RuO2 has much lower OER selectivity, 
activity, and stability under both alkaline and neutral simulated SW conditions. The 
presence of the higher oxidation state Ru(V) at the surface and a large number of 
oxygen vacancies in Pb2Ru2O7-x are responsible for the high OER selectivity and 
activity. Additionally, alkaline conditions suppress chlorine oxidation on the elec-
trocatalyst surface especially when higher pH media (pH > 6.0) are used. No metal 
dissolution occurs with Pb2Ru2O7-x under alkaline conditions (to the limit of ICP-
OES) [67]. More importantly, –OOH intermediates on the surface metal oxides (e.g., 
RuO2) are stabilized by doping with metals that have lower energy d-electrons than 
the host cation. 

Sem images obtained in studies by Parrondo et al. show that pyrochlore struc-
tures of Pb and Ru can be generated using a modification of a wet chemical synthesis 
method under alkaline conditions. The particle sizes of spherically shaped pristine 
Pb2Ru2O7−x produced in this manner are in the range of 70–140 nm (Fig. 20a). The 
X-ray diffraction (XRD) spectrum (Fig. 20b) of synthesized Pb2Ru2O7−x contains 
peaks that match those of the pyrochlore phase (PDF, 00-002-1365; space group, 
Fd3m) of Pb2Ru2O7 and no additional peaks corresponding to segregated Ru- and 
Pb-oxide or their mixed oxides are present. Because a large mismatch exists between 
the ionic sizes of Pb- and Ru-ions (RPb/RRu > 1.5), the probability that solid solu-
tions or doped oxides are formed is low. Rietveld refinement of the XRD peaks 
of Pb2Ru2O7−x shows that the lattice constants are a = b = c = 10.325 Å, which 
is in good agreement with the reported values (Fig. 20c). Pb2Ru2O7−x has struc-
tural oxygen defects originating from a charge imbalance between Pb(II/IV) and 
Ru(IV/V). Because the standard potential difference between the OER and ACSFR 
increases with increasing pH, electrolysis promoted by Pb2Ru2O7−x was performed 
in alkaline SSW (0.6 M NaCl + 0.1 M NaOH). A 60-fold activity increase (1.57 V 
vs. RHE) and a reduction of 0.3 V for ηj = 10 were observed for the OER in alkaline 
simulated SW in comparison to neutral SSW (Fig. 20d). The current density using 
RuO2 for alkaline SSW electrolysis is lower than it is in the process conducted in 
neutral media. A decrease in activity with an increase in pH on RuO2 surface has 
been previously observed. At 10 mA/cm2 for 2 h using a rotating disk electrode 
(RDE), Pb2Ru2O7−x does not undergo a potential drop at pH = 13 as compared to a 
0.12 V change occurring at pH = 7 (Fig. 20e).

Wang devised a quenching method that induces Fe doping and vacancy generation 
on catalyst surfaces and found that doping effectively enhances the OER performance 
of NiCo2O4 nanowires. In the process used to prepare NiCo2O4@CC containing 
different metal ratios, hydrothermally synthesized NiCo–OH@CC is heated and 
then rapidly quenched by adding it to FeSO4 solutions of different concentrations 
(Fig. 21a). The needle-like structures of the NiCo–OH@CC are assembled into nano-
flower clusters that tightly and evenly cover the entire carbon cloth (Fig. 21b, c). 
A comparison of NiCo–OH@CC with 0.5Fe–NiCo2O4@CC formed by Fe doping 
shows that morphology is retained during the quenching process (Fig. 21d, e). 
Detailed structural information was obtained using TEM (Fig. 21f, g). The results 
of SEM imaging show that the surface of 0.5Fe–NiCo2O4@CC is no longer smooth
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Fig. 20 a SEM images of Pb2Ru2O7−x samples. b XRD and c crystal structure of Pb2Ru2O7-x. d 
LSV curves of Pb2Ru2O7−x and RuO2. e U-t curves for Pb2Ru2O7−x

and flat but rather it is porous and composed of numerous nanoparticles. The perfor-
mance of 0.5Fe–NiCo2O4@CC in 1 M KOHis close to that in alkaline SSW, indi-
cating that selective OER occurs in alkaline conditions (Fig. 21 h, i). In contrast, 
0.5Fe–NiCo2O4@CC decays in neutral SW resulting in some active sites becoming 
buried. This observation matches one made in a previous investigation. The corre-
sponding Tafel slope and charge transfer resistance of 0.5Fe–NiCo2O4@CC are 
both smaller than those of unquenched NiCo–OH@CC (Fig. 21k), suggesting that 
doping increases electron transport and conductivity (Fig. 21j). As expected, 0.5Fe– 
NiCo2O4@CC also exhibits a greatly enhanced ECSA (Fig. 21l) compared to that 
of NiCo–OH@CC. In addition, although has lower stability in SW than in alkaline 
freshwater, this catalyst retains a higher current density after long-term (20 h) oper-
ation than does that of the undoped catalyst (Fig. 21m). The combined results show 
that quenching brought about by rapid cooling from high temperature is a unique 
process for performing metal doping and surface vacancy generation. These alter-
ations change the local electronic structure and coordination environment at or near 
the surface of NiCo2O4, which enables it to serve as an efficient OER electrocatalyst 
in both alkaline freshwater and SW [68].

Strasser et al. described the synthesis of NiFe LDH, which has a hexagonal 
nanoplate-like morphology that is typical of highly crystalline LDH materials 
(Fig. 22a, b). Reflections in the XRD spectrum of this material are assigned to a 
hydrotalcite structure (Fig. 22c), which is again typical of crystalline LDHs. The 
solvothermal synthesized NiFe LDH has high crystalline order, with narrow and 
well-defined reflections. The main peak in the spectrum at a 2q angle of 11.38,
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Fig. 21 a Schematic diagram of NiCo2O4@CC. SEM images of b, c NiCo–OH@CC and d, e 
0.5Fe–NiCo2O4@CC. TEM images of f NiCo–OH (powder) and g 0.5Fe–NiCo2O4 (powder). 
h OER LSV curves of NiCo–OH@CC and 0.5Fe–NiCo2O4@CC catalyst. i Comparison of the 
overpotentials. j Tafel plots. k Nyquist plots, l double-layer capacitance (Cdl) plots, and m long-
term stability evaluation of NiCo–OH@CC and 0.5Fe–NiCo2O4@CC over 20 h under a voltage of 
1.55 V using the chronoamperometry method without iR corrections
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labeled using Miller indexes (003), corresponds to diffraction from planes along the 
stacking direction. Therefore, the d-spacing of 7.8 nm, corresponding to the distance 
between the LDH layers, is comparable with that of NiFe LDH containing interca-
lated carbonate anions. The crystallite size obtained from the (003) peak width could 
be used to grossly estimate the nanoplate thickness, under the exclusion of verti-
cally stacked multicrystalline domains. In this case, the Scherrer equation estimates 
a crystalline size of 15 ± 1 nm. Layers of edge sharing [NiO6]/[FeO6] octahedra 
stacks exist along the c-axis in the crystal of NiFe LDH, along with OH groups on 
both sides, water and charge balancing anions (i.e., carbonate anions) intercalated 
between the layers. The pH of the medium has a pronounced effect on the electro-
chemical water splitting performance of these catalysts (Fig. 22d). Both the redox 
wave and OER occur at more positive potentials (vs. RHE) when the pH is lowered, 
and the OER overpotential increases ~110 mV (vs. RHE) at 1 mA cm−2. Also, the 
difference between the potential between the redox peak maximum (for anodic) and 
minimum (for cathodic) increases as the pH is lowered. Specifically, the difference 
for the 50th cycle in the RHE scale is 119 ± 9 mV for pH 13 and 183 ± 10 mV for 
pH 9.2. These observations suggest that the reversibility of the nickel redox couple 
increases at lower pH. Finally, the data show that the area of the peak at pH 13 
is larger than that at pH 9.2, which is consistent with greater accessibility to the 
reduced Ni. The overpotentials at 10 mA cm−2 and the Tafel slopes obtained from 
LSV experiments with chloride-free and chloride-containing electrolytes are given 
in Fig. 22e, f. The experimentally determined TOF in 0.1 M KOH an overpotential 
of 300 mV is ~0.03 s−1 [69]. 

Fig. 22 a, b TEM images of sample. c XRD pattern and d Structure model of NiFe LDH. e LSV 
curves. f Corresponding Tafel plots
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Choi et al. present the description of the development of a nickel-doped FeOOH 
as a highly efficient anion exchange membrane anode for alkaline SW electrolysis. 
(Fig. 23a). The Ni-doped FeOOH OER electrode was synthesized on Ni foam by 
soaking Ni foam in an aqueous Fe(NO3)3 solution. As shown in Fig. 23b, this process 
generates nanosheets that are uniformly distributed on the Ni foam surface which can 
be seen by using TEM (Fig. 23c). Selected area electron diffraction (SAED) patterns 
of the nanosheets contain diffraction bands indexed to the (021) and (002) planes 
(Fig. 23d). The X-ray diffraction (XRD) pattern of the electrode shows diffraction 
peaks (Fig. 23e), which are indexed to (110), (130), (021), (111), (121), and (140), 
respectively. The electrocatalytic OER activities of Ni-doped FeOOH in natural SW 
(Changwon, Republic of Korea) containing different electrolytes were determined. 
OER performances (Fig. 23f) in various media are in the following order: 1.0 M 
KOH > 1.0 M KOH + 0.5 M NaCl > 1.0 M KOH + SW. In contrast, the OER 
activities captured using iR uncorrected LSV follow a different tendency, with the 
highest performance being in 1.0 M KOH + 0.5 M NaCl (Fig. 23g). A compar-
ison of catalytic activities at a current density of 100 mA cm−2 obtained from iR 
uncorrected/corrected LSV curves suggests that the difference may be related to 
the electrolyte conductivity (Fig. 23h). For example, compared to the 1.0 M KOH 
electrolyte, the one comprised of 1.0 M KOH + 0.5 M NaCl has a higher ionic 
conductivity. Thus, the OER performance of the uncorrected LSV curves is reversed 
in electrolytes containing 1.0 M KOH and 1.0 M KOH + 0.5 M NaCl. In addition, 
the pH of the 1.0 M KOH SW electrolyte was adjusted by the addition of 1.0 M 
KOH, resulting in the formation of precipitates such as Ca(OH)2 and Mg(OH)2 as 
by-products. Double layer capacitances (Cdl) in relation to the electrochemically 
active surface area were almost identical (9.4 mF), regardless of the electrolyte used 
(Fig. 23i). Thus, the observations suggest that the consumption of OH anions in 
1.0 M KOH + SW leads to a decrease in OER performance. In addition, Ni-doped 
FeOOH is stable at 100 mA cm−2 for 80 h in all electrolytes (Fig. 23j), as reflected 
in the observation that 93% of the initial performance is maintained after the elec-
trolytic process. Because the super-hydrophilicity of Ni-doped FeOOH leads to the 
efficient removal of generated oxygen, the cell voltage is retained due to the minimal 
mass transfer resistance in the AEM electrolyzer. AEM electrolyzers with nickel-
doped FeOOH anodes in 1.0 M KOH + SW exhibit higher performance compared 
to reported AEM electrolyzers operating in 1.0 M KOH. [70]

4.2 Metal Nitrides 

Practical electrolysis of SW requires the use of robust and efficient electrocatalysts 
that resist chloride corrosion, especially at the anode. The bottleneck that hinders 
the SW splitting process progress is the insoluble precipitate formation on the elec-
trode surface, such as magnesium hydroxide, which is hazardous to the OER and
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Fig. 23 a Diagram of hydrogen production. b SEM, c TEM, d SAED pattern, and e XRD patterns 
of Ni-doped FeOOH. f LSV curves of the samples. g Comparison of overpotential. h Comparison 
of Rs and electrolyte conductivity. i Double layer capacitance and i U-t curves of samples

HER catalysts. Transition metal nitrides (TMN) are highly corrosion-resistant, elec-
trically conductive, and mechanically strong, making them interesting electrocata-
lysts for SW splitting. Recent studies have shown that the trimetallic nitride cata-
lysts Ni3N/Ni, NiMoN, and Ni–Fe–Mo are efficient non-noble metal electrocatalysts 
for splitting alkaline (1 M KOH) fresh water. For example, Ren’s group developed
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the heterostructured material NiMoN@NiFeN and employed it as an electrocat-
alyst for SW splitting. Interestingly, large surface area, high porosity, and strong 
synergistic effect between NiMoN and NiFeN greatly enhance the production and 
release of H2 and O2 in this system. The metal nitride NiMoN was synthesized by 
first generating NiMoO4 nanorods on Ni foam in a tube furnace (Fig. 24a). SEM 
images reveal a large number of smooth surface nanorods uniformly distributed 
vertically on the surface of Ni foam (Fig. 24b). Soaking NiMoO4 in the precursor 
ink containing Fe(NO3)3 and Ni(NO3)2 followed by thermal nitridation produces 
NiMoN@NiFeN nanorod morphology with rough and dense surfaces (Fig. 24c, d). 
The high-magnification SEM image clearly shows that the surfaces of the nanorods 
are uniformly coated with nanoparticles in the form of a unique 3D core-shell nanos-
tructure that has an extremely large surface area and large numbers of active sites. The 
selected area electron diffraction (SAED) pattern of the NiMoN@NiFeN core-shell 
nanorods contains diffraction rings corresponding to NiMoN and NiFeN, confirming 
that a metal nitride phase has been produced (Fig. 24e). Also XRD patterns show 
that the material produced using thermal nitridation contains NiMoN and NiFeN 
(Fig. 24f). XPS survey spectra displayed in Fig. 24g demonstrate the presence of 
Ni, Mo, and N elements in NiMoN nanorods, Ni, Fe, and N in NiFeN nanopar-
ticles, and Ni, Mo, Fe, and N in the core-shell NiMoN@NiFeN nanorods. These 
values are considerably smaller than those of NiFeN (348 and 417 mV), NiMoN 
(350 and 458 mV) and the benchmark IrO2 electrode (430 and 542 mV) (Fig. 24h). 
Furthermore, NiMoN@NiFeN has a Tafel slope of 58.6 mV dec−1 that is lower 
than those of NiFeN (68.9 mV dec−1), NiMoN (82.1 mV dec−1), and IrO2 elec-
trodes (86.7 mV dec−1), (Fig. 24i). The TOF value of 0.09 s−1 at an overpotential 
of 300 mV demonstrates the intrinsically high OER activity of the NiMoN@NiFeN 
catalyst. Impressively, 3D core-shell NiMoN@NiFeN has high durability during the 
OER in 1 M KOH. Specifically, the current densities of 100 and 500 mA cm−2 at 
constant overpotentials experience only slight decreases over 48 h OER, and the CV 
polarization curves remain unchanged (Fig. 24j). The interior NiMoN nanorods in 
this catalyst are highly conductive and have a large surface area, ensuring that effi-
cient charge transfer occurs and the existence of numerous active sites. During the 
OER the outer NiFeN nanoparticles in the material form thin layers of amorphous 
NiFe oxide and NiFe oxy(hydroxide), which are not only responsible for the ORE 
selectivity of this catalyst but also for the corrosion resistance caused by chloride 
anions in SW. Moreover, the 3D core-shell nanostructures possessing multiple levels 
of porosity are favorable for SW diffusion and H2/O2 gas release [43].

Each exposed crystal facet has distinguishable adsorption energy for the OER 
intermediates and, thus, they have different catalytic activities. This is exemplified 
in a study in which Ho and co-workers synthesized α-Fe2O3 nanocrystals that have 
three facets including (012), (104), and (110). The Fe2O3 nanocrystals that contain 
a high indexed (012) facet only require a η10 of 317 mV in 1 M NaOH (Fig. 25), 
a value that is superior to 388 mV and 422 mV needed for the respective Fe2O3 

(104) and the (110) facets. This pattern of facet-dependent electrochemical activities 
is well correlated with the results of DFT theoretical calculations, which show that 
hematite nanocrystals that predominantly contain (110) facets interact strongly with
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Fig. 24 a Synthesis diagram of samples. b–d SEM images. e SAED pattern. f XRD and g XPS 
survey. h LSV curves and i Tafel plots. j I-t curves

intermediates in the OER and the (104) facet interact only weakly with these species, 
which when combined result in unfavorable oxygen evolution. In contrast, Fe2O 
nanocrystals having (012) facets have optimal adsorption/desorption values that lead 
to favorable OER catalysis. We note that, in spite of this finding, it is challenging to 
have precise control in generating nanocrystals with desired facets [71].

4.3 Metal Sulfides 

Transition metal sulfides (TMSs) serve as versatile pre-catalysts on which surface 
reconstruction can be conducted to generate active TMOOH analogs that catalyze the 
OER in freshwater. Moreover, TMOOHs are typically self-doped by sulfur residues, 
which allows the multivalent coordination to sulfur to mediate the absorption of key 
OER intermediates and to increase electronic conductivity and chloride repulsion.
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Fig. 25 Polarization curves 
of Fe2O3 with different 
crystal facets

Among non-PGM bifunctional catalysts, TMSs are prospective HER catalysts and 
pre-catalysts for the formation of oxidized surfaces to catalyze the post-hydrolysis 
dissociation of OER. 

Yin’s group described an outstanding anodic catalyst of this type for alkaline SW 
electrolysis. The catalyst comprises a three-dimensional standing array of hetero-
lateral Ni3S2/Co3S4 (NiCoS) nanosheets grown homogeneously on Ni foam. The 
in situ fabricated Ni/Co (oxy) hydroxide surface layer contained a large number of 
active sites and excellent resistance to chloride corrosion. As illustrated in Fig. 26a–c, 
the commercial nickel foam (NF) has a three-dimensional (3D) macroporous struc-
ture with a smooth and clean surface. After the NiCoS nanosheets are grown, their 
surfaces are uniformly covered with vertically aligned nanosheet arrays forming 
interconnected nanowall structures with cavity sizes of 0.3–0.8 μm. The surface 
mesoporous layer is approximately 1.5 μm thick and is tightly rooted in the NF 
substrate. These vertical arrays of nanosheets expand the surface area for mass 
transfer and gas product release. As a result, the catalyst has a structure that favors 
high electrocatalytic performance. TEM images show that the surfaces of the synthe-
sized NiCoS nanosheets have an ultra-thin texture due to their transparency to the 
electron beam (Fig. 26d). HRTEM images show the presence of two types of lattice 
stripes on the (110) face of Ni3S2 and the (311) face of Co3S4 with a planar spacing 
of 0.28 and 0.30 nm (Fig. 26e). The XRD pattern of the surface NiCoS nanosheets of 
this material contains diffraction peaks that are characteristic of those of Ni3S2 and 
Co3S4 along with signals for NF substrate (Fig. 26f). The NiCoS on Ni foam catalyst 
has overpotentials required to deliver current densities of 10 and 100 mA cm−2 of 
220 and 270 mV, respectively, values that are much smaller than those of bare NF 
(430 and 520 mV), Ni3S2 (340 and 470 mV) and IrO2 (313 and 430 mV) (Fig. 26g). 
Note that the anodic peak near 1.38 V in the CV forward scan of this catalyst is asso-
ciated with the oxidative conversion of (NiCo)II to (NiCo)III/IV. The peak is more 
observable in the CV of the NiCoS catalyst than in CW of pure Ni3S2 or bare NF. 
This observation suggests that Ni–Co electronic interactions in NiCoS nanosheets 
lead to an increase in the number of high-valence metal active sites for the OER. 
NiCoS has a smaller Tafel slope of 42 mV dec−1 in contrast to those of bare NF
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(88 mV dec−1), Ni3S2 (116 mV dec−1), and IrO2 (66 mV dec−1) (Fig. 26h), demon-
strating again that it promotes rapid OERs. Also, Nyquist plots show that the NiCoS 
catalyst has much a smaller charge transfer resistance (Rct) than those of bare NF and 
pure Ni3S2, which demonstrates that it has an excellent charge transfer capability for 
the OER (Fig. 26i). The calculated Cdl values show that the NiCoS catalyst has a 
larger electrochemically active surface area (EASA) than do bare NF and pure Ni3S2 
because of its 3D porous NSA structure containing an abundance of surface active 
sites (Fig. 26j).

The NiCoS catalyst has remarkable OER activity in SSW, as demonstrated by its 
requirement for overpotentials of 270, 360, and 430 mV to deliver respective current 
densities of 100, 500, and 1000 mA cm−2 (Fig. 26k). This OER performance is close 
to that in the 1 M aqueous KOH, suggesting that this catalyst requires an overpotential 
lower than 490 V to promote the CER in alkaline SSW. The NiCoS catalyst has lower 
OER activity in alkaline natural SW coming from the South China Sea, owing to 
the presence of small particulates, bacteria/microbes, and insoluble precipitates that 
block active sites on the electrode surface. This observation is consistent with the 
results of earlier studies of other electrodes in natural SW electrolysis. 

Importantly, the NiCoS catalyst in the alkaline SW has respective current densi-
ties of 10, 100, and 500 mA cm−2 at overpotentials of 280, 360, and 440 mV 
(Fig. 26l). Furthermore, the current density of 100 mA cm−2 at an overpotential 
of 270 mV remains nearly constant over 100 h chronoamperometry in the alkaline 
SSW. Additionally, the overpotential of 360 mV needed to obtain a current density of 
100 mA cm−2 is fairly constant during 100 h chronopotentiometry in SW (Fig. 26m). 

The combined results show that the in situ generated amorphous S-doped 
NiCoOOH coating layer, generated on the surface of NiCoS during oxidative acti-
vation, is responsible for the highly selective OER activity of the electrocatalyst and 
its resistance to corrosion promoted by chloride ion in SW. Furthermore, the under-
lying NiCoS NSAs serve as a large area, conductive skeleton that is favorable for the 
formation and function of the active NiCoOOH species [72]. 

Iron and phosphorous dual-doped nickel selenide nanoporous films (Fe,P–NiSe2 
NFs Fig. 27a) were designed by Yang et al. for use as bifunctional catalysts for 
high efficiency SW electrolysis. Morphological analysis, performed using top-view 
and cross-sectional SEM, demonstrates that the film has a total thickness of 5 μm 
is entirely comprised of a nanoporous structure (Fig. 27b, c). A thin nanoporous 
layer (600 nm) of Fe, P–NiSe2 present on the surface serves as the active site for 
catalytic reactions. An unreacted Fe–Ni alloy matrix remaining underneath the Fe, P– 
NiSe2 layer functions as the conducting support to maintain structural integrity. The 
aberration-corrected annular bright-field scanning TEM image and selected area elec-
tron diffraction pattern show that this material has a well-defined lattice fingerprint 
and high crystallinity, with a slightly larger lattice spacing (0.32 nm) as compared to 
that of NiSe2 (011) plane (0.31 nm). The enhancement is caused by doping (Fig. 27d). 
High-resolution high-angle annular dark-field (HAADF) STEM images of the region 
under the zone axis show the existence of lattice spacing of 0.296 nm corresponding 
to the NiSe2 (101) plane (Fig. 27e). The enlarged HAADF-STEM image confirms the
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Fig. 26 a–c SEM images, d, e TEM images, f XRD pattern of samples. g CV curves, h Tafel plots, 
i EIS, and j Cdl for different catalysts. k CV curves and l comparison of overpotentials. m U-t 
curves
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Fig. 27 a Structure model. b SEM image. c ABF-STEM image. d, e HAADF-STEM image. f 
Enlarged image from (g). g STEM image and h the corresponding EDS mapping. i Comparison of 
overpotentials. j, k Comparison of Tafel slopes and overpotentials 

presence of the crystal structure of NiSe2 (Fig. 27fh). The STEM image and corre-
sponding energy-dispersive X-ray spectroscopy element mapping images prove that 
a homogeneous distribution of Ni, Se, Fe, and P is present throughout the nanoporous 
films. 

Dual-doped Fe, P–NiSe2 NFs have much lower OER overpotentials to reach 
current densities of 100 and 500 mA cm−2 (η of 266 and 317 mV, respectively) than 
do mono-doped Fe–NiSe2 NFs (η of 280 and 370 mV, respectively) and P–NiSe2 NFs 
(η of 299 and 401 mV, respectively) (Fig. 27i). Importantly, all Ni-based catalysts 
have better OER performances than commercial IrO2. Fe, P–NiSe2 NFs is the best 
OER catalyst, demonstrated by it having the smallest η100 compared to those of 
previously reported catalysts (Fig. 27j, k) which need η values of 359 and 505 mV 
to reach current densities of 100 and 500 mA cm−2, respectively. Doping by Fe 
increases the selectivity and Faraday efficiency (FE) of the dual-doped OER catalyst 
and doping with P improves electronic conductivity and prevents the dissolution of 
selenide by forming a passivation layer containing P–O species. The Fe-dopant is 
the primary active site for the HER, and it stimulates adjacent Ni atoms to function 
as active centers for the OER [73].
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4.4 Compounds and Others 

Owing to their low costs and high catalytic activities, transition metal-based mate-
rials are widely used as electrodes in alkaline water electrolysis systems. Besides 
introducing selectivity, Cl– in SW causes corrosion of catalysts, especially when 
they are comprised of transition metal-based materials. Catalysts based on transition 
metal nitrides, phosphates and sulfides, and other substances, show good electrolytic 
performances and resist Cl–-induced corrosion in SW. Converting active metals to 
higher valence states is an effective strategy to inhibit Cl– corrosion. 

Ren et al. developed core-shell-structured material CoPx@FeOOH and demon-
strated that is an efficient OER catalyst in SW. In addition, its high chloride corrosion 
resistance and chemical stability enable CoPx@FeOOH to perform well in alkaline 
SW. Owing to the presence of an HER-active CoPx core, the CoPx||CoPx @FeOOH 
electrode pair requires voltages of 1.710 and 1.867 V to attain respective current 
densities of 100 and 500 mA cm−2 in 1 M KOH SW. Moreover, the catalyst displays 
high Faradaic efficiency and long-term stability. This study led not only to the devel-
opment of a new catalyst for selective SW electrolysis, but it also suggested new 
innovative approaches to design active and corrosion-resistant catalysts. 

Kim and his colleagues observed that NCFPO/C NPs and NCFPO/C@CC 
are excellent electrocatalysts for alkaline SW splitting. The NCFPO/C NPs were 
prepared using a sol-gel method. X-ray diffraction (XRD) analysis was carried out 
on Na2Co1−xFexP2O7/C NPs (x = 0, 0.25, 0.5, 0.75, and 1). The diffraction peaks in 
the pattern of unsubstituted NCPO/C NPs (x = 0) are indexed to NCPO as a triclinic 
polymorph (Fig. 28a), which is isostructural to NFPO. Also, XRDs of NCFPO/C 
NPs (x = 0.25, 0.5, 0.75) contain the same patterns present in XRD of NCPO/C 
NPs, and no secondary peaks are observed. It is known that the difference in the 
cation sizes of Co2+ (0.89 Å) and Fe2+ (0.92 Å) is small. In addition, analysis of the 
FESEM image of NCFPO/C@ CC and its corresponding energy-dispersive X-ray 
spectroscopy (EDS) element map shows that the NCFPO/C NPs were uniformly 
coated in a thin layer on the CC surface (Fig. 28b–f). As can be observed, both 
NCPO/C and NCFPO/C have anodic peaks near 1.2–1.3 V (vs. RHE), corresponding 
to the Co2+ → Co3+ anodic reaction in the alkaline solution. Also, and the current 
density gradually increases over CV cycles, indicating that a surface change possibly 
occurs during the OER. The electrocatalytic OER performances of a freestanding 
NCFPO/C@CC (hereafter Co/Fe = 75:25 in NCFPO) electrode in both alkaline and 
alkaline saline solutions were determined. The information gained from polarization 
curves of NCFPO/C@CC in 0.1 M KOH and 0.5 M NaCl + 0.1 M KOH electrolytes 
and corresponding Tafel plots (Fig. 28 g, h) show that NCFPO/C@CC has a <480 mV 
overpotential at a current density of 100 mA cm−2 in an alkaline saline solution, in 
which only the OER is thermodynamically allowed (Fig. 28i, j). In addition, the 
high stability and durability of NCFPO/C@CC were demonstrated using CV and 
chronopotentiometry tests over a 100 h period (Fig. 28k). (Oxy)hydroxides gener-
ated at the surface of NCFPO/C NPs during the OER act as oxygen generation sites. 
No chlorine-derived species were detected in the alkaline saline solution after the
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OER test, confirming the selectivity of this OER electrocatalyst in alkaline saline 
solution [74].

Mixed-phase metal hydroxide/oxide catalysts have been explored for use in SW 
splitting. Mixed Ni–Co hydroxides were synthetic by hydrothermal method using 
metal chelate complexes to control the growth of metal hydroxides. The SEM images 
of Ni–co hydroxides on nickel foam obtained by hydrothermal heating for 2, 4, 6, 
and 8 h are shown in Fig. 29a. After 2 h, an array of micro-rods formed on the 
surface of the Ni foam, and when the treatment time was increased to 4 h, petal-like 
Ni–Co hydroxides started to grow. The surface rod-like structure consisting of petals 
is the active catalytic region and is essential for generating high current densities 
for OER and HER. However, prolonged Ni–Co hydroxide precipitation hindered the 
three-dimensional network of nickel foam and thus the catalytic activity.

TEM and SEM images of the Ni–Co@NF, Fe@Ni–Co@NF, and GO@Fe@Ni– 
Co@NF catalysts, generated using 4 h hydrothermal treatment, are  displayed in 
Fig. 29b, c. Inspection of the TEM image of Ni–Co@NF shows that ultra-thin sheets 
cover the micro-rods (Fig. 29d, e). A layer of Ni–Co hydroxide with an interlayer 
spacing of 0.474 nm can be seen on the surface in the HRTEM image of this catalyst. 
Furthermore, TEM-EDS elemental mapping shows that all elements are uniformly 
distributed. In the case of Fe@Ni–Co@NF, a homogeneous distribution of FeOOH 
nanoparticles with an average diameter of 7–9 nm covers the surfaces of the Ni– 
Co sheets (Fig. 29f–i). Interestingly, the size of the FeOOH nanoparticles on the 
Ni–Co sheets is much smaller (2–4 nm) in GO@Fe@Ni–Co@NF, possibly because 
the GO layer limits permeation of Fe ions into Ni–Co sheets during electrodeposi-
tion (Fig. 29j–m). Elemental mapping of the GO@Fe@Ni–Co@NF catalyst further 
confirms the existence of a uniform distribution of FeOOH nanoparticles on the 
Ni–Co sheets. SEM images show that in GO uniform coats Fe@Ni–Co@NF in 
GO@Fe@Ni–Co@NF. 

A current density of 50 mA cm2 was selected to compare the performances of 
these catalysts mainly because current densities associated with the metal redox peaks 
are much higher owing to the high specific capacitances of Ni–Co hydroxide-based 
materials. As shown in the LSV plot in Fig. 29n, Ni–Co@NF and Fe@Ni–Co@NF 
reach the 50 mA cm−2 current density at respective overpotentials of 313 and 246 m, 
and at 500 mA cm−2 they reach 401 and 312 mV. It should be noted that Fe@Ni– 
Co@NF catalyst requires an overpotential of 0.336 mV to reach the industrial-level 
1000 mA cm−2 current density. Interestingly, graphene oxide overlayer containing 
GO@Ni–Co@NF and GO@Fe@Ni–Co@NF electrodes have slightly better perfor-
mances than catalysts not possessing the GO overlayer. Specifically, GO@Ni– 
Co@NF reaches current densities of 50 and 500 mA cm−2 at respective overpotentials 
of 307 and 398 mV, and GO@Fe@Ni–Co@NF requires overpotentials of247 and 
303 mV to reach these respective current densities. Both GO@Fe@Ni–Co@NF and 
Fe@Ni–Co@NF reach the industrial-level faradaic current density (1000 mA·cm−2) 
at overpotentials that are lower than 480 mV. According to the Pourbaix diagram, 
oxidation of chloride is not thermodynamically feasible on either catalyst. It should 
be noted that the introduction of FeOOH into Ni–Co@NF leads to a significant 
enhancement of the OER activity.
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Fig. 28 a XRD pattern, b FESEM, and c TEM images of the samples. d, e FESEM images of 
samples and f the corresponding EDS mapping. g LSV curves and h Tafel plots of catalysts. i LSV 
curves and j Tafel plots of catalysts of NCFPO/C@CC. k U-t curves
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Fig. 29 a Schematic diagram of catalysts. b–m SEM images and TEM images of catalysts. m LSV 
curves. o The corresponding Tafel plots. p U-t curves. q OER overpotential comparisons. r Model 
of the outermost layer structure
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Fe species, along with Ni and Co hydroxide needed to be present at the interface 
of Fe@Ni–Co@NF and GO@Fe@Ni–Co2NF to achieve a high O2 production. As 
seen in the Co 2p XPS spectra of the Fe@Ni–Co@NF and GO@Fe@Ni–Co2NF, Co 
sites are electronically modified by Fe atoms to enhance OER activity relative to that 
of bare Ni–CO@NF. The respective RCTs of 2.74 and 2.01 for Go@Ni–Co@NF 
and GO@Fe@Ni–Co@NF show that the electrical conductivities of the catalysts 
are enhanced by introducing the GO layer. Furthermore, a comparison of the OER 
activities of catalysts with and without the GO layer at an overpotential of 260 mV 
shows that Ni–Co@NF, and Fe@Ni–Co@NF reach current densities of 17.16 and 
59.57 mA·cm−2, respectively. In contrast, at a 260 mV overpotentials, the GO@Ni– 
Co@NF and GO@Fe@Ni–Co@NF catalysts have respective current densities of 
19.26 and 90.65 mA·cm−2 (Fig. 29o–q). 

The LSV curve of GO@Fe@Ni–Co@NF is non-smooth which is a result of 
oxygen bubble rupture at high current densities. In addition, the reduction of the 
graphene oxide layer on the catalyst occurred on the surface of GO@Fe@Ni–Co@NF 
(Fig. 29r). High-resolution EDS mapping of the affected area revealed that a carbon 
layer remained on the catalyst surface. The results show that the graphene oxide 
overlay on the surface of GO@Fe@Ni–Co@NF can be used as an efficient SW oxide 
electrocatalyst and can block chloride induced corrosion at high current densities. 
Also, the synergism between interfacial FeOOH NP and Ni–Co hydroxide 2D sheets 
lowers the OER overpotential and the metal oxide layer below the surface helps lower 
charge transfer resistance enabling generation [75]. 

Driven by the desire to discover materials to promote efficient electrolysis of 
SW, Gupta et al. prepared bimetallic oxy-boride (Co–Fe–O–B) nanostructures with 
varying Fe content using a hydrothermal method. The starting Co–O–B material is 
comprised of wire-like structures but mainly consists of nanoparticles (Fig. 30a). 
Interestingly, all Co–Fe–O–B structures have the same the morphology (Fig. 30b– 
e), consisting of cottonlike sheets covered by spherical particles. In the formation of 
Fe–O–B (Fig. 30f), the spherical morphology of the precursor is destroyed and small 
agglomerated clusters of sheets are formed. The boronation process was expected 
to disrupt the crystallinity of the surface of Co–O–B by diffusion of boron into 
peripheral areas while maintaining the core structure. This expectation is confirmed 
by the XRD spectra of the boronized materials, which have peaks for the component 
elements at the same positions as they are in Co–Fe–O (Fig. 30g) but with highly 
diminished intensities. In fact, most peaks in the spectra of Co–Fe–O–30 and Co– 
Fe–O–40 are suppressed by boronation and only those belonging to the pure Co3O4 

phase are observable.
To establish the suitability of using this class of borides for the OER in SW, 

Co–Fe–O–B–10 was used as an anode in alkaline (0.5 M NaCl + 1 M KOH) and 
neutral (0.5 M NaCl) saline electrolytes containing Cl− ions. The anodic polarization 
curves indicate that the most active Co–Fe–O–B–10 has comparable activities in 
both 1 M KOH and 1 M KOH + 0.5 M NaCl, and a low activity in 0.5 M NaCl. 
In the alkaline saline solutions, the electrocatalyst requires overpotentials of 294 
and 434 mV to achieve 10 and 100 mA/cm2, respectively (Fig. 30h). The long-term 
stability of Co–Fe–O–B–10 for OER in alkaline pure water and saline water was
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Fig. 30 a–f SEM images. g XRD patterns. h LSV curves. i I-t curves

assessed. Chronoamperometry tests on Co–Fe–O–B–10 in all three electrolytes at 
an applied potential of 1.65 V (vs. RHE) for 20 h (Fig. 30i) show that this electrode 
is highly stable in 1 M KOH (18% performance loss), and not in alkaline saline water 
where a current decrease of almost 35% takes place in 20 h. 

The most active catalyst, Co–Fe–O–B–10, possesses a unique flower-like archi-
tecture comprised of small nanoparticles of Co3O4 encased in boron shells. Boron 
in cobalt boride prevents complete oxidation of Co sites and expedites the formation 
of active Co–OOH species. Reduction of Ni–Fe–based catalysts using NaBH4 leads 
to the formation of oxygen vacancies and undercoordinated metal sites that improve 
conductivity and OER activity [76]. 

The electrocatalytic properties of highly porous N-doped carbons (PNCs), 
formed by thermolysis of nonporous Zn-based coordination polymers (CPs) 
containing nitrogen-containing ligands, have been described by Moon et al. 4-
(Phenylazo)pyridine and Na2FMA were employed as organic ligands in the nitrogen-
containing CPs (Fig. 28a). Self-assembly of Zn(NO3)2·6H2O, Na2FMA and 4-
(phenylazo)pyridine yielded [Zn(FMA)(4-(phenylazo) pyridine)2(H2O)]·(ZnCPazo-
1) as orange crystals (Fig. 31b, c), whose structure was determined using single crystal 
X-ray diffraction analysis. In the crystalline state, ZnCPazo-1 possesses four crystal-
lographically independent Zn atoms arranged in a distorted octahedral geometry. Zn1 

and Zn4 are bonded to two carboxylate oxygens of two different FMA2- moieties, two 
water molecules, and two pyridine nitrogens. Zn2 and Zn3 are coordinated to four 
carboxylate oxygens of three different FMA2− ligands and two pyridine nitrogens.
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Fig. 31 a Schematic diagram of samples. b, c Structure model. d XRD patterns. e LSV curves. f 
Schematic drawing of the cell. g The initial charge–discharge voltage profiles of SW batteries 

Fully coordinated Zn-FMA exists as 2D layers with 4-(phenylazo)pyridine groups 
in apical positions of each Zn2+ ion. The 2D layers are stacked in an interdigitated 
manner in which π-π interactions occurring between the pyridine rings. 

The XRD pattern of the solid obtained by heating of ZnCPazo-1 at 750 °C, referred 
to as PNC-700, corresponds to that of ZnO (Fig. 31d), formed by oxidation of Zn 
metal species during the cooling step. In contrast, the solids formed by heating 
ZnCPazo-1 at 850 and 1000 °C (PNC850 and PNC-100, respectively) do not contain 
XRD peaks for ZnO, but instead very low intensity broad peaks exist at around 
24 corresponding to carbon. OER activities were evaluated in N2-saturated SW at 
1600 rpm and 5 mV s−1, and the resulting polarization graphs. The OERs (judged by 
Eonset, Fig.  31e) of PNC-750 and PNC-850 begin around 1.66 V, which is relatively 
high compared to that of the RuO2 (Eonset 1.60 V), but slightly lower than that of the 
Pt/C. PNC-1000 has the lowest Eonset of substances in this series. 

A schematic of a battery containing the PNCs is shown in (Fig. 31f). The cell 
comprises a sodium-metal anode (in an organic electrolyte) and a flowing opened 
cathode, which is separated by a NASICON ceramic electrolyte. During charging,
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Na+ ions diffused from the SW to the anode and were reduced by the NASICON sepa-
rator to form Na metal, with OER at the cathode (air electrode.) Fig. 31g presents 
the initial charge and discharge curves of the cell at each step for 20 h with and 
without the addition of the PNC catalyst at 0.01 mA cm−2. Cells with Pt/C or RuO2 

catalysts were also measured at the same conditions. Cells with only HCF air elec-
trodes (no PNC) demonstrated charge and discharge voltages of 3.86 V and 2.80 V, 
respectively, as well as a large voltage gap of 1.06 V. The size of the gap is mainly 
due to the excessive overpotential resulting from the slower OER/ORR rate on the 
cathode during charging and discharging. In comparison, the PNC catalyst cells have 
relatively small voltage gaps, with the PNC-750, PNC-850, and PNC-1000 having 
voltage gaps of 0.44 V, 0.50 V, and 0.66 V, respectively. While the PNC samples 
have lower discharge voltages than the Pt/C samples, the charging voltages (which 
are OER dependent) are lower. Specifically, the PNC-750 has a smaller voltage gap 
than the Pt/C (0.39 V). 

The above observations suggest that the structural properties of the parent CP are 
not conserved in the derived carbon material PNCs. On the contrary, the inherent 
physical and chemical properties that are introduced during the thermal conver-
sion process are critical in determining the structural properties of the converted 
carbon material. By manipulating the transformation conditions, such as tempera-
ture, ramping rate, and retention time, the pore size of the PNCs can be regulated. 
Importantly, mesoporosity is a critical factor for control of the electrocatalytic activity 
and resultant performance of the PNCs in a SW battery [77]. 

A heterostructure of a Ni3S2 nanoarray with secondary Fe–Ni(OH)2 lamellar 
edges that expose abundant active sites for SW oxidation has been developed by 
Hu et al. The lamellar-edged nanoarray initially grows perpendicular to the Ni foam 
surface and then becomes interlaced with the Ni foam skeleton (Fig. 32b–d). The 
ordered microstructure generated contains more open space for the permeation of 
the electrolyte and diffusion of the produced gas. Thin layers with clear interspaces 
in the form of a lamellar lace exist at the edges of the nanoplates.

Information about the structure of Fe–Ni(OH)2/Ni3S2 was gained by using Raman 
spectroscopy (Fig. 32e). The Raman spectrum of this substance contains peaks for 
bond vibrations of Ni–S (from Ni3S2) at 188, 198, 221, 303, 322, and 349 cm−1. The  
peak at ~450 cm–1 is assigned to a vibrational mode Ni–OH in Fe doped Ni(OH)2 
layer. The XPS survey spectrum revealed Ni, Fe, O, and S exist on the surface of Fe– 
Ni(OH)2/Ni3S2. Synthesis of Fe–Ni(OH)2/Ni3S2 nanoarray precursor on Ni foam 
(Fig. 32f). 

Fe–Ni(OH)2/Ni3S2 requires the low overpotential of 269 mV to reach a current 
density of 10 mA·cm–2, while its precursors Ni3S2@NF and Ni foam require higher 
overpotentials (370 mV) to reach the same current density (Fig. 32g). Also, the Tafel 
slope of Fe–Ni(OH)2/Ni3S2@NF is 46mV·dec–1 (Fig. 32h). The small Tafel slope of 
that Fe–Ni(OH)2/Ni3S2@NF, which indicates that it produces a large current density 
at a low overpotential, is driven by the high rate of the process, which could be linked 
to the structural merits of the presence of lamellar-edged nanoplates (see above). The 
results of EIS studies, conducted to assess charge transfer resistances (Rct) (Fig. 32i), 
show that Fe–Ni(OH)2/Ni3S2@NF has a smaller Rct (~1.7 Ω) than bare Ni foam
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Fig. 32 a Schematic diagram for the synthesis. b–d SEM images. d TEM images. e Raman spec-
trum and f XPS survey spectra of the samples. g The CV curves and h Tafel plots. i EIS plots. j U-t 
curves. k, l DFT calculation of the Gibbs free energy changes

and Ni3S2@NF, suggesting that the OER promoted by this catalyst involves faster 
electron transfer steps. The micro-interface in the heterogeneous structure likely 
responsible for the favorability of charge transfer in the Faraday process. 

Chronopotentiometry studies to evaluate durability show that Fe– 
Ni(OH)2/Ni3S2@NF has reasonable stability in that negligible decay takes 
place over 27 h at a potential of 100 mA·cm–2 (Fig. 32j). 

DFT calculations were performed using the well-accepted OER mechanism. Ther-
modynamic calculations suggest that the transformation of OH* to O* is endothermic 
and that it has the highest barrier in both (100) and (110) facets (Fig. 32k, l). This 
observation suggests that the rate determining step (RDS) for the OER promoted by 
Ni(OH)2/Ni3S2@NF is *O formation. As expected, a lower thermodynamic barrier 
is confronted at the Fe-site (ΔG) than those at the two facets at the Ni-site, indicating 
that the Fe-site is more active for OER. In addition, DFT calculations demonstrate 
that the Fe rather than N species in lamellar edges are highly active and selective 
sites for the OER in SSW. Overall, these findings show that the superior electrocat-
alytic performance can be attained by designing hierarchical electrodes and intro-
ducing OER-preferred species that lead to large rates, long-term stability, and good 
selectivity in SW oxidation [78].
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5 Bifunctional Materials Used for HER/OER in SW 

As mentioned above, great efforts have been made to develop efficient OER and 
HER catalysts. However, various equipment and synthesis processes are required 
to produce catalysts that are selective for OER or HER. Therefore, the bifunctional 
catalysts with high catalytic activity for both OER and HER under alkaline condi-
tions are very important. In 2014, the research report of Gr ä tzel group pointed out 
that NiFe LDH grown on NF can be used as a bifunctional electrocatalyst for water 
decomposition. In the three electrodes system, the OER of NiFe LDH electrode in 
1 M KOH. The value is 240 mV and the HER is 210 mV. An electrolytic cell with 
this electrode requires a battery voltage of 1.7 V to achieve a current density of 
10 mA·cm−2. Based on this groundbreaking research, many bifunctional electro-
catalysts, including metals, metal oxides/(oxygen) hydroxides, nitrides, phosphides, 
and chalcogenides, have been gradually developed since then. 

5.1 Metals 

For efficient industrial-level water splitting, the sluggish kinetics of both the cathodic 
HER and anodic OER need to be overcome. Also, preparation of the two-electrode 
systems for water splitting remains challenging and most currently interesting elec-
trocatalysts do not promote these processes simultaneously. For example, Pt-based 
catalysts have the highest HER activities but they only have moderate OER activi-
ties. Similarly, Ir and RuO2 are state-of-the-art OER electrocatalysts but their perfor-
mances in the HER are unsatisfactory. Thus, a large effort has been devoted to the 
development of efficient bifunctional HER and OER electrocatalysts. 

Wang and colleagues synthesized functionalized Echinops-like Rh porous nanos-
tructures (PNNS) by self-assembling ultra-fine subunit Rh nanosheets using a 
solvothermal method (Fig. 33a). The XRD pattern of the catalyst (Fig. 33b) contains 
four distinct broad peaks associated at 40.99°, 47.56°, 69.58°, and 84.10°. As shown 
in Fig. 33c–e, TEM and SEM images showed that the Rh nanostructures in the cata-
lyst were evenly dispersed on the Rh-like porous nanostructures in acanthoderm. 
TEM examination of a single acanthoderm Rh porous nanostructure showed that 
the material was composed of secondary Rh nanosheets with porous structure, and 
the formation mechanism of acanthoderm rhPNNS involved self-assembly. High-
resolution TEM images showed the presence of 0.220 nm lattice fringes (Fig. 33f), 
which was consistent with XRD analysis, which showed that the (111) lattice spacing 
of the face-centered cubic (fcc) Rh crystals was 0.220 nm. The corresponding selected 
electron diffraction (SAED) pattern contains bright discrete spots, confirming the 
high crystallinity of the material (Fig. 33g). The temporal evolution of Echinops-like 
Rh porous nanostructures was studied using TEM (Fig. 33h). In the initial stage of the 
process, ultra-fine and monodisperse Rh seed crystals of about 3 nm are generated,
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suggesting that the formation of porous Rh nanostructures like Echinops is initiated 
by the generation and subsequent self-assembly of ultra-fine nanosheets. 

LSV measurements show that the overpotential of Echinops-like Rh porous nanos-
tructures in 1.0 M PBS at 10 mA cm−2 is 79.5 mV (Fig. 33i), a value that is much 
lower than that of commercial RuO2 (139.4 mV). Additionally, Echinops-like Rh 
porous nanostructures have a Tafel slope of 88 mV dec−1 in 1.0 M PBS in contrast to 
the slope of 144 mV dec−1 for RuO2 (Fig. 33j), suggesting that the OER promoted by 
Echinops-like Rh PNNSs takes place rapidly. The mass-specific activity of the PNNSs 
over repeated long-term operation remains constant, while that of the RuO2 electrode 
decreases from 10.71 to 6.45 (Fig. 33k), indicating that Echinops-like Rh porous 
nanostructures have an excellent catalytic durability. In addition, LSV measurements 
show that the Echinops-like Rh PNNS has an excellent overall water splitting perfor-
mance requiring a voltage of 1.61 V to achieve a current density of 10 mA cm−2 

(Fig. 33l). This overpotential is much smaller than that of a Pt black||RuO2 based 
electrolyzer (1.89 V). Moreover, compared to a Pt black||RuO2 electrolyzer, one 
comprised of an Echinops-like Rh PNNS has outstanding catalytic durability during 
its use for electrolysis at 10 mA cm−2 over a 50 h period (Fig. 33m). A schematic 
illustration of the SW splitting cell is shown in Fig. 33n. Also, the Echinops-like Rh 
PNNS-based electrolyzer performs well in SW and exhibits outstanding durability 
(Fig. 33o). [79] 

5.2 Metal Oxides or (Oxy)hydroxides 

Transition metal oxides or (oxy)hydroxides have attracted much attention as electro-
catalysts because of a balance between cost, performance, and robustness. In view 
of the fact that electrolytic hydrogen production from SW is a thermodynamically 
and kinetically unfavorable process, much thought has been given to the rational 
design of transition metal nano-composites that possess multi-functional active sites 
for simultaneous OER and HER. The material Ni–Co@NF has a dual function due 
to the synergy between the interface FeOOH NP and the Ni–Co hydroxide 2D sheet 
(Fig. 34a). This interaction effectively reduces OER overpotential so that higher 
current density can be achieved at low overpotential. At the same time, the lower metal 
oxide layer in the catalyst reduces the charge transfer resistance. TEM images showed 
an ultra-thin sheet covering Ni–Co@NF (Fig. 34b–e). The low distance between the 
b–Ni–Co LDH GO coating and the in situ carbon oxide layer effectively improves 
the working efficiency when Ni–Co@NF is used as the anode for SW oxidation. Lee 
constructed an alkaline SW cell, GO@Fe@Ni–Co@NF(+)//GO@Fe@Ni–Co@NF, 
which required very low cell voltages of 1.57 and 2.02 V to achieve current densities 
of 20 mA cm−2 and 1000 mA cm−2, respectively, (Fig. 34f, g). Most importantly, 
this electrolyzer has excellent durability during alkaline SW splitting at an industrial-
level current density. Specifically, no noticeable activity drop occurs during 378 h 
operation (Fig. 34h). If applicable to the design of other OER/HER electrocatalysts, 
observations made in this study would provide a groundwork for the development
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◄Fig. 33 a Synthesis process diagram of catalyst, b XRD pattern of catalyst, c TEM image of the 
morphological characteristics of catalyst, d the real Echinops in the ocean, e TEM image of a single 
Echinops-like catalyst, f HRTEM of catalyst to display lattice stripes, g Inset (f) is SAED image  
of catalyst, h TEM image of the catalyst with the details of nanoflakes, i comparison of oxygen 
evolution performance curves of different catalysts and j corresponding Tafel plots in (i), k histogram 
of catalyst performance change before and after stability test l the performance comparison of r 
water splitting electrolysis in seawater. m Chronopotentiometry curves reflect the stability of the 
catalyst in natural SW. n Schematic diagram of seawater splitting device. o E-t curve with periodic 
change 

Fig. 33 (continued)

of economical and practical systems for hydrogen production through SW splitting 
[75].

Luo et al. developed a high-performance porous dendritic catalyst for alkaline SW 
splitting, whose design is based on a collaborative acceleration strategy (Fig. 35a). 
Typically, metal sulfate and metal hydrochloride with different ratios were dissolved 
in a multi-component plating buffer solution. Next, the pre-treatment Ni foam was 
immersed in the plating buffer solution. Temperature, current density, and time were 
adjusted during the electroplating to obtain an alloy layer with Cu, Ni, and Co 
adhered to the NF surface (CNC-A). The prepared CNC-A precursor was placed 
in the alkaline solution and then partially anodized. Then, the optimal Co/Ni-doped 
defect-rich Cu-based oxides (CNC-MO) with surface-vertical nanoneedle structure 
was formed. Finally, the Ni/Co-doped defect-rich Cu-based sulfides (CNC-MS) was 
further prepared by mixing sulfur source and CNC-MO through microwave treat-
ment. The SEM in Fig. 35b refers to CNC-A, where the optimal texture of the alloy-
coated surface is a mainly punctate protrusion texture. The main body is comprised 
of separated metal oxide nanostructure, and the outer layer is uniformly sulfurized 
(Fig. 35c). Comparing the overall polarization curves, it is found that the optimized 
non-noble-metal electrodes (non-noble-E; Overall-1) have a better performance than 
the noble-metal electrodes (noble-E; Overall-2) (Fig. 35d) and is also very compet-
itive in low-grade water. A comparison of the overall performances of two elec-
trolyzers created using noble-E and non-noble-E as electrodes showed that a voltage 
of 1.61 V drives non-noble-E to produce a current density of about 100 mA cm−2 

(Fig. 35e), while noble-E produces only about 30 mA cm−2 (Fig. 35f) [80].
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Fig. 34 a Schematic diagram of catalyst synthesis and structural changes at each stage of synthesis. 
b–e Morphological structure patterns of catalyst. f Polarization curves and g comparison of the 
required voltages of different catalysts. h Stability test in simulated seawater
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Fig. 35 a Diagram of the preparation pathway for the CNC-MO and CNC-MS catalysts. b SEM 
image of CNC-A. c XRD of CNC-A, CNC-MO, and CNC-MS. d Further comparison of HER and 
OER curves of noble-E and non-noble-E and their e cell voltage curves in overall water electrolysis. 
f Long-range chronoamperometric curves in 1 M KOH+ World sea standard 

To address the problem associated with competition between the OER and CER 
at the anode, an organic-oxidation assisted strategy was developed. In this approach, 
carbon paper supported Pt–Co3O4 electrocatalysts (denoted as Pt–Co3O4/CP) is used 
to promote a thermodynamically favorable methanol selective oxidation reaction 
(MSOR) and which takes place to the exclusion of the undesired OER and CER 
(Fig. 36a). Methanol oxidation leads to the simultaneous generation of hydrogen 
and valuable formate with significantly low energy consumption. Pt–Co3O4 has a 
nanosheet structure containing abundant nanopores, (Fig. 36b–e) which are benefi-
cial electrolyte diffusion to active sites of the catalyst. An integrated two-electrode 
electrolyzer comprised of the bifunctional electrocatalysts Pt–Co3O4/CP and Pt– 
Co3O4 (Fig. 36f) has a required cell voltage of only 0.555 V in 2.0 M methanol to 
attain a current density of 10 mA cm−2, which is 1022 mV lower than that in alkaline 
SSW (Fig. 36g). The integrated cell produces hydrogen and formate simultaneously 
with high faradaic efficiencies and it has long durability [30].
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Fig. 36 a Diagram of the preparation of Pt–Co3O4/CP nanosheet electrocatalysts. b, c SEM images 
of Pt–Co3O4/CP. d, e TEM and HRTEM images of Pt–Co3O4 nanosheets. f Diagram of the Pt– 
Co3O4/CP as bifunctional electrocatalysts. g Comparison of sample performance with LSV curve 
(no iR compensation) 

The interesting electrocatalyst Ru–CoOx/NF was constructed through a series of 
steps initiated by uniformly distributing Co leaf-like zeolitic imidazolate framework 
(Co ZIF-L) arrays on NF using an in situ growth method to produce (Fig. 37a). Gener-
ated Co ZIF-L/NF is then annealed at 250 °C in air to generate CoOx/NF, which 
is subsequently transformed to the target catalyst Ru–CoOx/NF by incorporating 
Ru followed by calcination. The precursor Co ZIF-L/NF is comprised of vertical 
nanosheets with thicknesses of about 0.32 μm, evenly distributed on the foamed 
nickel substrate (Fig. 37b). Ru–CoOx/NF also has a vertical nanosheet structure, indi-
cating that no significant change in morphology takes place in the last two steps of the 
synthesis process (Fig. 37c). The ultralow Ru incorporated amorphous cobalt-based 
oxide, Ru–CoOx/NF, serves as an effective catalyst for electrolysis in alkaline water 
and SW at high current densities. The overpotential of a Ru–CoOx/NF||Ru–CoOx/NF 
electrolyzer in SW is 630 mV (@100 mA cm−2) and 1390 mV (@1000 mA cm−2),
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which are lower than those of the commercial electrocatalyst Pt/C/NF||RuO2/NF 
(760 and 1530 mV corresponding to 100 and 1000 mA cm−2) (Fig. 37d). The new 
electrocatalyst has high stability at a high current density (Fig. 37f). The electrolyzer 
containing Ru–CoOx/NF requires ultralow respective voltages of 2.2 and 2.62 V to 
achieve a hydrogen production current density of 1000 mA cm−2 in alkaline water 
and SW. These values are better than those of commercial Pt/C and RuO2 cata-
lysts (Fig. 37e). The results of this study indicate that Ru–CoOx/NF is a highly 
promising electrocatalysts for industrial applications and suggest that the current 
density in water electrocatalysis might be heightened by adjusting the crystallinity 
of the catalyst [81].

A group of Zr-doped LDH nanosheets that serve as electrocatalysts for water 
splitting was prepared by Lei et al. using electrodeposition on NF. XRD measure-
ments (Fig. 38a) show that the materials generated after the introduction of Zr into 
CoFe-LDH have low degrees of crystallinity owing perhaps to the introduction of 
lattice distortion i when Zr4+ replaces Fe3+. In contrast to the signal in the XRD 
pattern of CoFe/NF, the signal corresponding to Co 2p in CoFeZr/NF is shifted to 
a lower binding energy (Fig. 38b), which is likely caused by the introduction of Zr 
ions that enables charge transfer between Co and Zr to take place. The XRD patterns 
of CoFeZr/NF and CoFe/NF contain Fe3+ peaks at the same positions (Fig. 38c), 
along with peaks at 182.2 and 184.6 eV corresponding to Zr 3d5/2 and Zr 3d3/2 
of Zr4+, respectively (Fig. 38d). As TEM and SEM images displayed in Fig. 38e 
show, numerous nanosheet arrays exist on the NF surface in CoFeZr/NF. The TEM 
image in Fig. 38f demonstrates that this material has a nanosheet structure containing 
numerous exposed active sites that are responsible for the permeation of electrolytes. 
CoFeZr/NF and NiFeZr/NF catalysts are superior bifunctional OER and HER elec-
trocatalysts in both alkaline SW and SSW. Notably, an electrolyzer comprised of this 
material has nearly the same overall water splitting activities in 1 M KOH and 1 M 
KOH + 0.5 M NaCl (Fig. 38g). Following 20 h of continuous electrolytic operation, 
CoFeZr/NF retains outstanding stability (Fig. 38h). That CoFeZr-LDH is a promising 
electrocatalyst is evidenced by the observation that its high OER and HER activity 
in alkaline SSW undergoes only a slight decay with time [82]. 

Electrolysis of SW can be utilized to both desalinate SW and produce high-purity 
hydrogen. Chloride ion in SW undergoes an oxidation reaction (ClOR) that competes 
with the OER and corrodes the electrodes. To avoid this process, an advanced 
bifunctional electrocatalyst based on NiFe layered double hydroxide (LDH)/FeOOH 
heterostructure nanosheets (NiFe LDH/FeOOH) on nickel-iron foam (INF) was 
prepared using a simple electrodeposition method. The material obtained when NaCl 
is not present in the electrodeposition process has XRD peaks at 11.3°, 22.7°, 33.5°, 
34.4°, and 38.8° (Fig. 39a), which correspond to the respective (003), (006), (101), 
(01), and (015) planes of NiFe LDH. Electrodeposition in the presence of NaCl 
produces a material that contains these XRD peaks along with a new diffraction 
peak at 27.0°, corresponding to the (110) plane of FeOOH. This signal might arise 
because of loss of chloride ions might lead to an acceleration of oxygen corrosion 
that forms NiFe LDH/FeOOH. The Ni 2p XPS spectrum contains two major peaks at 
855.6 and 873.5 eV, which correspond to Ni 2p3/2 and Ni 2p1/2, respectively (Fig. 39b).
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Fig. 37 a Diagram of the catalyst. Scanning electron microscope (SEM) images of b Co ZIF/L/NF 
and c Ru–CoOx/NF. d Polarization curves of Ru–CoOx/NF for HER and OER in SW media. e 
Polarization curves of Ru–CoOx/NF||Ru–CoOx/NF and Pt/C/NF||RuO2/NF toward overall water 
splitting in SW media. Inset: the value of ΔE. f Ladder diagram of stability test under different 
voltages
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◄Fig. 38 a XRD patterns of as-synthesized samples. b–d High-resolution XPS spectra of different 
samples. e SEM and f TEM images for CoFeZr/NF catalyst. g LSV curves of catalyst in 1 M KOH 
and 1 M KOH  + 0.5 M NaCl. h Durability test of the electrolyzer for 20 h in 1.0 M KOH + 0.5 M 
NaCl electrolyte 

The Fe 2p XPS spectrum contains two major peaks at 711.9 and 725.3 eV associated 
with respective Fe 2p3/2 and Fe 2p1/2 (Fig. 39c). The presence of oxygen vacancies 
(Ov) in this material promotes its electroactivity for the OER by enhancing electrical 
conductivity (Fig. 39d), accelerating surface redox kinetics, and creating an abun-
dance of active sites. The NiFe LDH/FeOOH electrode has excellent electrocatalytic 
activity and stability (Fig. 39g, h), which results from the strong interaction between 
FeOOH and NiFe LDH [44].

5.3 Metal Nitrides 

Interest in metal nitrides as interstitial alloys in electrocatalysts is a consequence of 
their superior corrosion resistance, high conductivity and stability, and remarkable 
mechanical strength. The density of states in the d-band of the transition metal can be 
altered by the introduction of nitrogen dopants. Moreover, nitrogen doping reduces 
the d-band density, which leads to an enhancement of catalytic activity. 

Yu et al. developed the three-dimensional core-shell metal nitride catalyst 
NiMoN@NiFeN, consisting of NiFeN nanoparticles uniformly distributed on 
NiMoN nanorods supported on Ni foam (Fig. 40a). In the first step of the prepar-
ative route, NiMoN was prepared by nitridation of NiMoO4 without soaking in 
the precursor ink. Scanning electron microscope (SEM) images show that in this 
substance numerous nanorods with smooth surfaces are uniformly and vertically 
located on the surface of the Ni foam (Fig. 40b–d). The nanorods were soaked in the 
solution composed of Fe(NO3)3 and Ni(NO3)2, and then hot nitriding was performed 
to form NiMoN@NiFeN, which retained the good morphology of nanorods with the 
rough and dense surface. The surface of nanorods is uniformly and densely decorated 
with nanoparticles, forming a unique three-dimensional core-shell nanostructure with 
a large surface area and a large number of active sites (Fig. 40e). NiMoN@NiFeN is 
an active and durable catalyst for the OER of alkaline SW. When combined with a 
highly efficient HER catalyst consisting of NiMoN nanorods in a coupled electrode, 
the current densities reached industrial levels of 500 and 1000 mA cm−2, and were 
performed at record low volt downs of 1.608 and 1.709 V, respectively, at alkaline 
SW integral splitting at 60 °C (Fig. 40f) [43].

NixFeyN@C/NF is composed of self-supported nickel-iron nitride microsheet 
arrays coated with carbon (Ni3FeN@C) on commercial Ni foam. This material 
functions as an electrocatalyst for alkaline SW splitting (Fig. 41a). Ni3FeN@C/NF, 
prepared by calcining glucose treated Ni3Fe–OH/NF, retains the microsheet array 
structure of its precursor. The microsheets with microvoids in NixFeyN@C/NF not
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◄Fig. 39 a XRD patterns of different catalysts. b–d High-resolution XPS spectra of different 
samples. e TEM image and f HRTEM image of different catalysts. g LSV curves of catalyst in 
1 M KOH  and 1 M KOH  + 0.5 M NaCl. h Durability test of the electrolyzer for 105 h in 1.0 M 
KOH + 0.5 M NaCl electrolyte

Fig. 40 a Diagram of the synthesis procedures for catalyst. SEM images of b NiMoN and c, 
d NiMoN@NiFeN. e Schematic diagram of catalyst electrolysis of seawater. f Comparison of 
polarization curves between alkaline simulated seawater and natural seawater

only provide a large surface area with abundant accessible active sites, but they also 
facilitate electrolyte diffusion and gas bubble release. The TEM image shows that the 
microsheets in Ni3FeN@C are composed of interconnected nanoparticles (Fig. 41b– 
d). The carbon coating on the surface of Ni3FeN microsheets not only inhibits the 
collapse of Ni3FeN microsheets (Fig. 41e), but it also protects the interior Ni3FeN 
from being poisoned and etched in SW. A device containing Ni3FeN@C/NF as an 
anode and Ni3N@C/NF as a cathode in a two-electrode alkaline SW electrolyzer
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has a current density of 500 mA cm−2 at a low cell voltage of 1.91 V (Fig. 41f, g). 
The superior corrosion-resistance and electron conductivity are responsible for the 
100 h durability of Ni3FeN@C/NF (Fig. 41h). The findings suggest that transition 
metal nitrides coated with carbon are effective high-performance and durable hybrid 
electrocatalysts for hydrogen and oxygen production in SW [83].

5.4 Metal Phosphides 

Metal phosphides have attracted much attention in recent years because of their high 
conductivity, stability, and metal-atom coordination properties. Metal phosphides 
have structures that are similar to those of metal-based hydrogenases. The metal and 
P sites in these materials serve as respective proton receptor and hydrogen receptor 
centers. Ma et al. described a new three-dimensional metal phosphide electrocatalyst 
that is created by depositing cobalt doped Fe2P (Co–Fe2P) on Ni foam (Fig. 42a). 
The Co–Fe2P electrocatalyst is comprised of approximately 350 nm thick nanosheets 
emanating from the NF skeleton, which form a unique hyperbranched structure that 
has a large active area. The TEM image confirmed that the nanofibers in Co–Fe2P 
are located at the edges of the nanosheets (Fig. 42b–d). The observed fringe spac-
ings of 0.222 and 0.254 nm (Fig. 42e, f) correspond to the (111) and (200) planes of 
Fe2P, respectively. The selected area electron diffraction (SAED) pattern of Co–Fe2P 
contains rings corresponding to the (101), (200), (210), and (300) fringe planes of 
Fe2P (Fig. 42g). The couple Co–Fe2P//Co–Fe2P is an efficient bifunctional electro-
catalyst for the OER and HER in alkaline SSW (Fig. 42h), having a potential of 
1.69 V to reach a current of 100 mA cm−2 (Fig. 42i) [84]. 

Indigenous scaling relationships between the adsorption energies of key interme-
diates in the OER cause large overpotential for SW splitting. By considering this 
relationship, Ren et al. developed the amorphous nickel-iron phosphide Ni2P–Fe2P 
that has a controllable morphology and high activity as an electrocatalyst for overall 
SW splitting. The heterogeneous Ni2P–Fe2P microsheet is synthesized by directly 
soaking Ni foam in a solution of hydrochloric acid and iron nitrate, followed by phos-
phidation (Fig. 43a). The TEM image of a slice of a Ni2P–Fe2P microsheet (Fig. 43b) 
shows that sheets have interplanar spacings of 0.221, 0.167, and 0.508 nm, corre-
sponding to the (111) and (211) planes of Ni2P and (100) plane of Fe2P, respectively 
(Fig. 43c). A heterostructure, which induces an interfacial bonding effect that is 
beneficial for exposing more active sites, can be directly observed at the boundary 
between the Ni2P and Fe2P phases. Benefiting from a high intrinsic activity, an 
abundance of active sites, and a superior transfer coefficient, Ni2P–Fe2P has a high 
catalytic activity for overall water splitting (Fig. 43d), reflected in the fact that it 
achieves current densities of 100 and 500 mA cm−2 in 1 m KOH SW at voltages of 
1.811 and 2.004 V, respectively. In addition, this electrocatalyst has robust durability 
in SW (Fig. 43e). This study shows that a general and economic approach exists for 
the fabrication of heterogeneous metallic phosphide catalysts for water/SW splitting 
[85].



70 J. Ying et al.



Electrocatalytic Seawater Splitting 71

◄Fig. 41 a Diagram of the synthesis procedures of NixFeyN@C/NF. b, d SEM images of 
Ni3FeN@C/NF; c, e TEM and HRTEM images of Ni3FeN@C; f polarization curves of the elec-
trolyzer  tested  in 1MKOH  and alkaline SW (1MKOH  + SW) electrolytes; g schematic illustration 
of the electrolyzer with Ni3FeN@C/NF and Ni3N@C/NF as the anode and cathode, respectively; 
h Stability test of 1 M KOH + seawater 

5.5 Metal Chalcogenides 

Transition metal dichalcogenides have recently attracted much attention owing to 
their excellent electrocatalytic activity, high chemical stability, and low cost. In one 
recent study in this area, Holade et al. devised a two-step method of production 
of heterogeneous materials involving combining oxidative aniline polymerization 
and calcination (Fig. 44a). The results of physical characterization show that this 
approach can be used to generate individual chalcogenides of nickel (NiSx, x  = 
0, 2/3, 8/9, and 4/3) and cobalt (CoSx, x  = 0 and 8/9) on a carbon-nitrogen-sulfur 
nanostructure (Fig. 44b). Half-cell electrocatalytic measurements show that NaCl has 
no impact on the kinetics of the HER and OER occurring in dual electrode system 
comprised of PANI-Ni and PANI-Co. The high performances of these materials are 
maintained even when they are utilized in a single compartment electrolysis devise. 
The electrolytic process begins at a cell voltage of 1.6 V, which is close to the 
theoretical value of 1.45 V at 25 °C (Fig. 44c). Stability tests at 100 mA show that 
dual electrodes have substantiated stability with only 50 mV voltage change taking 
place after 17 h (Fig. 44d). The origin of the enhanced electrocatalytic performance 
and selectivity is the cooperative action of both the chalcogenides of nickel (NiSx, 
x = 0, 2/3, 8/9, and 4/3) and cobalt (CoSx, x = 0 and x = 8/9), the metal-support 
interaction and the open morphology of the bimetallic materials that expose more 
active sites. The results of this effort suggest new approaches on design novel, Pt-, 
Ru-, and Ir-free electrocatalysts for the SW electrolysis [86].

Three-dimensional cobalt selenide electrodes containing CoSe and Co9Se8 phases 
were synthesized by one-step calcination of Co foil with Se powder. Co–Se1 and 
Co–Se4 electrodes are composed of tens of nanometers of dense nanoparticles. The 
study of Co–Se1 and Co–Se4 fragments produced by electrode stripping (Fig. 45a– 
d) shows that the lattice stripes of Co–Se correspond to the CoSe (110) and Co9Se8 
(440) planes, respectively, with a plane spacing of 0.181 and 0.185 nm, while the 
plane spacing of Co–Se2 corresponds to the Co Se (102) and Co9 Se8 (44) planes 
respectively. This indicates that both Co–Se1 and Co–Se4 have CoSe and Co9Se8 
phases. By controlling the mass ratio of added Se, the charge state of Co species can be 
controlled, and the performance of the prepared catalyst can be adjusted. In addition, 
when cobalt selenide is used as both anode and cathode, the entire SW electrolysis 
can be carried out at a current density of 10.3 mA cm−2 1.8 V, which is three times 
that of the metal-based SW electrocatalyst Ir–C//Pt–C (2.9 mA cm−2) at the  same  
voltage (Fig. 45e). The electrocatalytic performance of the cobalt selenide electrode is 
significantly higher than that of integrated Ni/Ir–C and Ni/Pt–C electrodes (Fig. 45f).



72 J. Ying et al.



Electrocatalytic Seawater Splitting 73

◄Fig. 42 a Diagram of the synthesis procedures of the Co–Fe2P. SEM (b, c), TEM (d–f), and 
SAED (g) images of the Co–Fe2P electrocatalyst. h Polarization curves of Co–Fe2P//Co–Fe2P as  
electrocatalyst in simulated alkaline SW at 5 mV s−1; i Durability test of the Co–Fe2P electrolyzer 
in 1 MKOH  electrolyte  (a, 100  mA  cm−2), simulated alkaline SW (b 100 mA cm−2) and simulated 
alkaline SW (c 250 mA cm−2) at 25 °C  

Fig. 42 (continued)

Therefore, these new bifunctional electrodes are ideal for practical large-scale water 
electrolysis [87].

Dai et al. designed the multilayer anode NiFe/NiSx–Ni, consisting of a nickel–iron 
hydroxide (NiFe) layer uniformly coated on a nickel sulfide (NiSx) layer located on 
porous Ni foam (Fig. 46a, b). With iR compensation, the overpotential applied to the 
NiFe/NiSx–Ni anode to achieve an OER current density of 1500 mA/cm2 in alkaline 
SSW is ∼0.38 V, a value that is 110 mV lower than the 0.49 V threshold for chloride 
oxidation (Fig. 46c). The results of Faradaic efficiency tests conducted at 400, 800, 
and 1,000 mA/cm2 all show the efficiency of the OER is nearly 100% (Fig. 46d). 
Two-electrode electrolysis using NiFe/NiSx–Ni in 1 M KOH  + 0.5 M NaCl occurs 
at cell voltages of 2.06 V, 2.27 V, and 2.44 V with respective current densities of 400, 
800, and 1,000 mA/cm2 (Fig. 46e). A continuous, highly OER active NiFe layer in 
this electrocatalyst along with in situ generated polyatomic sulfate and carbonate-
rich passivating layers formed at the anode are responsible for chloride repulsion and 
the superior corrosion resistance during salt water splitting [88].

5.6 Compounds 

In the past decade, various electrocatalysts-based non-noble transition metals, 
including those containing phosphides, nitrides, carbides, borides, and chalco-
genides, have been developed as electrodes for both the HER and OER. Some of these 
demonstrate excellent activities that approach or even surpass those of benchmark 
Pt and RuO2.
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Fig. 43 a Diagram of the synthesis procedures of Ni2P–Fe2P/NF. b TEM and c HRTEM images 
of a slice of a Ni2P–Fe2P microsheet. d LSV performance of catalysts in 1 m KOH and 1 m KOH + 
SW. e Comparison of the voltages required to achieve a current density of 100 mA cm−2 for overall 
water splitting between Ni2P–Fe2P/NF and other self-supported bifunctional electrocatalysts

In recent studies, it has been reported that the catalyst composed of continuous 
cobalt cobalt oxide (Co–CoO) transverse heterostructure promotes the HER and 
OER in fresh water and SW under alkaline conditions (Fig. 47a–c). The synergistic 
effect produced by uniformly dispersed doped Rh and Co–CoO heterostructures 
produces rich active sites and excellent charge transfer capability, which together 
promote the HER and OER processes. Compared with the reference double electrode 
electrolytic cell composed of Pt/C/RuO2 1D–Cu@Co–CoO /In SSW (Fig. 47d) and 
SW (Fig. 47e), Rh on foam copper provides 1.60 and 1.70 V comparable battery 
voltage and long-term stability at 10 mA cm−2, respectively. The results show that 
1D Cu@Co–CoO /Rh is a promising catalyst for hydrogen production from fresh 
water and SW [89].
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Fig. 44 a Schematic diagram of synthesis catalyst. b SEM images of the as-fabricated electrocat-
alysts. c LSV curves in 1 M NaOH in the absence (solid) and presence (dotted) of 1 M NaCl. d 
Chronopotentiometry curve recorded at 100 mA for different catalysts

Sun et al. made a nickel–cobalt phosphide/nickel–cobalt layered double hydroxide 
(NiCoP/NiCo–LDH) heterostructure supported on the nickel foam and showed that 
it plays a role as an electrocatalyst with high durability (Fig. 48a). TEM images 
show that NiCoP/Co LDH has a thin nanosheet structure (Fig. 48b–d). In the high-
resolution TEM image, we can see the lattice stripes that match the (111) face of 
NiCoP and the (110) face of NiCo-LDH very well (Fig. 48e). NiCoP/NiCo LLDH 
heterostructure not only has excellent catalytic activity in alkaline medium, but also 
has excellent catalytic performance in SSW (1 M KOH + 0.5 M NaCl) (Fig. 48f, g). 
The current density of 50 mA cm−2 can be reached at a low overpotential of 1.66 V 
[90].

Raj et al. studied the double-layer anode, which contains dysprosium doped copper 
oxide (Cu0.98Dy0.02O) electrocatalyst layer, which is covered on copper sulfide 
(CuS) nano dendrites on stainless steel (SS) substrate (Fig. 49a, b). The double 
electrode electrolytic cell shows excellent performance, including the battery voltage 
of 1.95 V in 1 M KOH + 1.5 M NaCl, 1.70 V in 6 M KOH  + 15 M NaCl, and the 
standard current density at 80 °C (Fig. 49c). Furthermore, an evaluation of long-term 
stability using chronopotentiometry analysis at a constant high current density of
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Fig. 45 TEM images and corresponding SAED pattern of a Co–Se1 and c Co–Se4; HRTEM 
images, (inset) SEM and elemental distribution mapping of b Co–Se1 and d Co–Se4. Polarization 
curves of different catalysts in e 1.0 m KOH and f buffer solution and SW
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Fig. 46 a Schematic diagram of NiFe/NiSx–Ni foam (Ni3) anode for SW splitting. b SEM images 
of electrodeposited NiFe on the NiSx surface. c CV scans with and without iR compensation of 
the 0.25 cm2 Ni3 anode shown in (a). d Comparison of oxygen production of electrolytic cells in 
seawater. e Comparison of stability tests of different catalysts under different current densities

50 mA cm−2 showed that this electrocatalyst is stable for a period of 12 h. A two-
electrode electrolyzer comprised of this catalyst displays a constant cell voltage of 
2.37 V in 1 M KOH + SW at 23 °C and 1.83 V in 6 M KOH + 1.5 M NaCl at 80 °C 
(Fig. 49d). The design of this material should advance the development of cheaper 
electrocatalysts for SW splitting for large-scale hydrogen production [91].

Highly stable 2D self-supporting catalytic electrode Ti@NiB has been developed 
for large-scale hydrogen production from alkaline SSW (1.0 M KOH + 0.5 M NaCl, 
pH = 14) (Fig. 50a). Ti@NiB is produced by electroless plating amorphous NiB on 
the surface of Ti plate at room temperature without the use of adhesives and other 
additives. When the reaction time to produce this material reaches 1 h, the size of 
2–4 appears on the smooth titanium plate surface μ M honeycomb NiB particles 
(Fig. 50b–d). In addition, under low NiB load, there are several hole defects on the 
formed surface Ti@NiB. When the electroplating time reaches 1.5 h, the load of
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Fig. 47 a Schematic explanation for the preparation of core@shell 1D–Cu@Co–CoO/Rh material 
on a 3D foam. SEM images of b, c 1D–Cu@Co–CoO/Rh at different magnifications. V of elec-
trolyzers coming from the 1D–Cu@Co–CoO/Rh catalyst and Pt/C//RuO2 system in (d) mimic SW, 
and e natural SW under alkaline condition (inset: Optical images of the electrolyzers coming from 
1D–Cu@Co–CoO/Rh catalyst working in different conditions)
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Fig. 48 a Diagram of the synthetic procedures for different electrocatalyst. b–e TEM images 
of NiCoP/NiCo-LDH at different magnifications. f Comparison of LSV performance curves of 
catalysts under different electrolyte conditions. g Chronoamperometric curves of the NiCoP/NiCo-
LDH couple at an applied potential for 50 h

NiB becomes 3.2 mg·cm−2, and the void defects disappear. Evenly distributed on the 
substrate with a diameter of 5 μ The NiB cell particles of m produced more active 
sites, thus improving the catalytic activity. Ti@NiB-1.5 Using 1.5 h of electroplating 
time, the current density of 20 mA·cm−2 can be reached at 1.75 V (Fig. 50e). At 
the same voltage, the bare titanium plate provides a current density of 5 mA·cm−2, 
indicating that the NiB coating improves the electrocatalytic performance. After 
40 h of continuous electrolysis at a constant voltage of 2.2 V, the current density 
has basically not changed, and the electrode surface has not changed significantly 
(Fig. 50f). This work provides a new strategy for designing electrodes with high 
activity and long-term durability [92].

6 Industrialization 

In recent years, the great attention has been drawn to the use of hydrogen mainly 
as an automobile fuel. Imagine a vehicle that does not require gasoline but rather 
ages whose combustion generates water exclusively. At the present time, hydrogen
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Fig. 49 a Diagram representation of anode fabrication and b SEM images and corresponding 
schematic diagram of nanostructures. c LSV for different catalysts in various electrolytes; (d) 
chronopotentiometric analysis for different catalysts in various electrolytes
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Fig. 50 a Illustration for preparing Ti@NiB bifunctional electrode. b–d SEM images for different 
catalysts. e LSV curves for different catalysts for overall water splitting; f chronopotentiometric 
measurement of overall water splitting. Inset is the LSV curves of Ti@NiB-1.5 h before and after 
overall water splitting

is expensive but scientists are searching for suitable methods to produce this gas at 
a low cost and on a large industrial scale. SW would almost be an endless source 
for hydrogen production using electrolytic water splitting. However, the traditional 
process for producing hydrogen from SW requires costly pre-purification steps to 
remove corrosive components or their precursors. Thus, a major goal of many current 
investigations is to develop systems that, along with low costs and large-scale oper-
ation capabilities, have long-term durability in electrolytic SW splitting. The aim 
of this chapter is to present a preliminary assessment of methods that have been 
developed for the direct generation of hydrogen from natural SW with a focus on the
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progress that has been made, the knowledge gaps that remain, and future directions 
research in this area will take [28, 72]. 

Water electrolysis is perhaps the most promising future method for the efficient 
production of high-purity hydrogen (and oxygen), with inputs for this process coming 
from renewable solar or wind resources. In the 2007, the Bureau of Energy, Ministry 
of Economic Affairs of the Republic of China (Taiwan) listed the importance of 
hydrogen energy in a white paper on energy technology research and development. 
In this paper, a survey was made of various possible methods that can be employed 
to promote hydrogen production (Table 2) [93, 94]. This white paper also discussed 
the use of renewable energy for electrolysis of water and addressed the question 
of whether or not this method can incorporate the use of SW. Several possible 
approaches to produce hydrogen energy are shown in Fig. 51, with offshore wind 
power shown in Fig. 52 being one of the most promising [93, 95, 96]. 

The anode employed in hydrogen production in water electrolysis needs to be 
completely impervious to corrosive chlorine oxidation products that can be compet-
itively generated by the oxidation of chloride. One approach is to use anodes that 
operate at potentials that do not promote chloride oxidant or that resist corrosion. In 
2014, Xiamen University applied for a utility model patent of a device for hydrogen 
production in which electrolysis of SW is promoted using solar energy. The disclosure 
described a possible electrolytic cell, ion exchange membrane, cathode gas collection 
device, and inexpensive pole gas collection shop level device, along with a photo-
electrocatalytic system that utilizes SW filtration and solar energy. Compared with 
traditional electricity powered systems, one that takes advantage of sunlight would 
have advantages in terms of cost and environmental compatibility.

Fig. 51 Various approaches for hydrogen energy production
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Fig. 52 Offshore wind power produces hydrogen exemplified by the Sotavento hydrogen-wind 
power plant 

Table 2 The typical characteristics of the main electrolysis technologies [94]
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6.1 Electrolyzers 

In addition to developing catalysts with durability and stability, it is also necessary to 
develop reasonable electrolytic cells to achieve high efficiency of water electrolysis. 
At present, the four main electrolytic cell configurations shown in Fig. 53 have been 
used for water separation. 

Generally, PEMWE cathode and anode are separated by a solid acidic polymer 
electrolyte Nafion membrane (Fig. 53a), and water reacts with oxygen at the anode. 
The protons then reach the cathode through the proton exchange membrane. In this 
system, the use of SW will lead to the increase of local pH value of the cathode, 
which will affect the competitiveness of ClER. At the same time, the sodium ion 
membrane used as a proton transport agent will reduce the proton conductivity due 
to the influence of cationic impurities. In addition, although PEM isolates some 
impurities at the anode, cation substances such as Mg2+and Ca2+can still migrate 
from the anode to the cathode to produce metal salt deposits.

Fig. 53 Equipment for water electrolysis: a proton exchange membrane water electrolyzer 
(PEMWE), b anion exchange membrane water electrolyzer (AEMWE), c alkaline water electrolyzer 
(AWE), d high-temperature water electrolyzer 
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The AEMWE system consists of an anion exchange membrane (Fig. 53b). In 
this system, water is supplied to the cathode or/and anode. H2 and OH− are formed 
at the cathode, and OH− migrates to the anode through the film. For SW electrol-
ysis, due to the competitive reaction between OH− and Cl− oxidation, the anion 
exchange membrane must inhibit the migration rate of unnecessary anions. Based 
on the research, it is found that alkaline conditions seem more suitable for oxygen 
generation and reduction of Cl oxidation. 

In the AWE device, the two compartments battery uses a porous membrane to 
conduct OH migration and prevent gas crossover (Fig. 53c). Alkaline electrolyte 
exists on both sides of the battery. Water is reduced at the cathode to produce H2 

and OH−, which migrate to the anode through the diaphragm and then oxidize to 
form oxygen. The diaphragm used in AWE are materials like Zirfon that compared to 
membranes used in PEM/AEM are physically robust and unsusceptible to blockage. 
However, migration of anions and/or cations (like H+, Na+, OH−, and Cl−) across 
the diaphragm challenges this type of SW splitting systems. 

The method of proton conduction ceramic membrane electrolysis (about 150–400 
°C) or solid oxide electrolysis (about 800–1000 °C) using HTWE depends on the 
type of ions transmitted. For proton-conducting ceramic membrane electrolysis, 
water is only supplied to the anode, where it is oxidized to generate H−and O2. 
The protons then migrate to the cathode. In solid oxide electrolysis, water in the 
form of steam is sent to the cathode to generate hydrogen and hydroxide, which 
are sent to the anode to generate oxygen (Fig. 53d), which is more economical 
than electricity. In addition, high working temperature accelerates the reaction rate, 
which reduces the energy loss due to electrode polarization and improves the overall 
electrolysis efficiency. On the other hand, compared with the low-temperature 
electrolysis system, the high energy consumption and the limitation of preventing 
catalyst degradation are the disadvantages of HTWE system. 

The configurations for electrolytic water splitting described above share common 
problems when they are applied to SW. Physical and chemical interference with ion 
exchange membranes and corrosion of metal components are the main concerns in 
designing systems for SW electrolysis. For example, contaminating cations such as 
Na+, Mg2+, and Ca2+ present in SW can degrade the performance of proton exchange 
membranes (PEMs) in PEMWE and HTWE. In addition, anions in SW such as Cl−, 
Br−, and SO4− can have a negative effect on membrane performance in AEMWE, 
AWE, and HTWE. Moreover, bacteria/microbes and solid impurities/precipitates in 
SW could also lead to low efficiencies owing to physical/chemical interference. As 
a result, developing stabile membranes for use in SW is an important challenge 
that needs to be addressed. In this respect, pre-filtration of SW is one approach 
for extending the lifetimes of direct SW electrolyzers. To this end, simple filtration 
systems for natural SW that rely on membrane filtration techniques such as micro-
filtration and ultrafiltration are capable of solving problems associated with phys-
ical blockage by solid impurities, precipitates, and microbial contaminants. Also, 
to reduce metal component corrosion in electrolyzers, current collectors and sepa-
rator plates that are made of titanium, graphite or stainless steel have been utilized 
[17, 97–99].
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6.2 Purification Technique and Cost Analysis 

As the price of renewable electricity continues to decrease, the development trend of 
hydrogen production through water electrolysis will increase globally. The limited 
source of high-purity water and the wide availability of SW together stimulate the 
research and development of direct SW electrolysis technology. Commercial water 
electrolysis requires more energy than reverse osmosis (SWRO) SW purification 
processes. Thus, the costs of SWRO can be considered and should not greatly 
contribute in determining the levelized cost for producing H2 (<0.1 $ per kg H2) 
from an SWRO-proton exchange membrane (SWRO-PEM) coupled process [100]. 

It is expected that the global market value of hydrogen energy will increase from 
US $142 billion in 2019 to US $209 billion in 2027. Although hydrogen is an energy 
carrier rather than an energy source, its production process needs to adapt to the 
environment and climate. Today, more than 95% of the 70 million tons of hydrogen 
produced annually is produced by SMR, which releases 830 million tons of carbon 
dioxide every year. Although the technical route of combining SMR with carbon 
capture and storage (CCS) technology is being tested, it is more worthwhile to use 
water electrolysis powered by low-carbon energy to produce sustainable hydrogen 
energy. 

Currently, electrolytic cells based on alkaline electrolysis and proton exchange 
membrane (PEM) are two commercially available technologies. Alkaline electrolysis 
is an advanced commercial technology that has been in use since the 1920s. Several 
alkaline electrolytic cells with capacities of up to 165 MW were built in the last 
century, but almost all were decommissioned in the 1970s when SMR hydrogen 
production became popular. Alkaline cells have a lower capital cost than PEM 
systems because they do not require expensive catalysts. In addition, these systems 
have high system efficiency (approximately 55–70% low aggregation value), low 
current density (<0.45 cm−2), and low operating pressure (<30 bar), and they do 
not have negative effects. In addition, the dynamic continuous operation of alkaline 
cells (unusual start-up and constant energy input) is limited (25–100% of rated load), 
which negatively affects efficiency and gas purity. 

PEM water electrolysis was initiated by Grubb in the early 1950s and modified 
by General Electric Co. in the 1960s to overcome the shortcomings of alkaline 
electrolysis. The PEM system uses clean water, thus avoiding the need to recover 
and recycle corrosive potassium. Currently, the industry tends to use PEM systems 
due to their compact design, high efficiency (about 52–69% LHV) with high current 
density (<1–2 A−2), fast response time, dynamic capability (0–160% nominal load), 
low temperature (20–80 °C), and the ability to produce ultra-pure hydrogen at high 
pressure (30–80 bar). Over the past few years, the cost of the PEM electrolytic cell 
group has been significantly reduced, so it is estimated that this technology will 
become the main way of sustainable hydrogen production up to 2030 [101–103].
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6.2.1 Direct SW Electrolysis 

One requirement of PEM water electrolysis is the need for high-purity water. The 
minimum requirement of the American Society for Testing and Materials (ASTM) 
is type II deionized (DI) water (resistivity > 1 M Ω cm−1). ASTM defines Type II 
water as having resistivity >1 M Ω cm−1, sodium, and chloride content <5 ug L−1, 
and total organic carbon (TOC) <50 ppb. In contrast, the alkaline electrolyzer is 
less dependent on water, but if you want to maintain the long-term stability of its 
system, you still rely on high-purity water. The high-purity water required by the 
electrolysis system is produced by the combination of reverse osmosis (RO), multi-
stage flash evaporation (MSF), electrodialysis (ED), and multiple effect distillation 
(MED), along with ensuing ion exchange or electrodeionization (EDI). In addition to 
the fact that SW is ~96.5% of earth’s water resources, additional capital and operating 
costs associated with SW purification are a major factor that has spurred research 
into the development of systems for direct electrolysis of natural SW. In addition, this 
technology can be used in coastal arid areas lacking freshwater resources, where the 
amount of fresh water is small, but it is very easy to obtain opportunities for SW and 
renewable solar, wind, and geothermal power generation. Over the past decade, the 
investment in this field has generated more than 700 scientific publications and more 
than 340 patent applications, which has also been translated into a global allocation 
of millions of dollars (Fig. 54) [104, 105].

In addition to hydrogen production, SW electrolysis can be used to oxidize chlo-
rides to produce chlorine or to produce oxygen through water oxidation process. 
Chlorine is a valuable industrial product, but the amount generated in the process 
of hydrogen formation will greatly exceed the global demand. Therefore, one major 
challenge in this area is the development of active and stable anode catalysts that are 
selective for the OER oxygen over the chlorine evolution reaction (ClER). The ClER 
is thermodynamically unfavorable compared to the OER (~480 mV higher in alkaline 
media), but it is a two-electron reaction in contrast to the OER which involves four 
electrons. This difference makes the OER more kinetically unfavorable. While some 
progress has been made in developing selective catalysts for the OER in alkaline 
SSW, reaching stable and industrially relevant current densities (>300 mA cm−2) 
remains a major challenge when natural SW (pH ~ 8) is employed. It is worth noting 
that when the concentration of carbonate and borate ions in SW is very low, high 
current density cannot be maintained. Therefore, most systems that can achieve an 
industry related current density will add SW containing borate additives or other addi-
tives such as KOH. In addition, SW is essentially a non-buffer electrolyte. Therefore, 
during electrolysis, the pH value near the electrode surface will change adversely to 
the reaction (up to 5–9 pH units). In addition, the existence of other ions, bacteria, 
microorganisms, and small particles limits the stability and durability of catalysts 
and exchange membranes. Although a lot of resources and efforts have been invested 
in the development of this technology, it is still not commercialized [106].
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Fig. 54 a Annual number of 
publications extracted from 
https://www.dimensions.ai/, 
when a search for the topic 
“SW splitting” was 
performed. b Annual number 
of patent applications found 
in Patsnap database, when a 
search for the topic, i.e., 
“SW” and “electrolysis” was 
performed in the title, 
abstract, or claims

6.2.2 Desalination Technologies 

In recent years, great progress has been made in seawater desalination technology 
through SWRO. The improvement of exchange membrane technology, high effi-
ciency energy recovery technology, and reverse osmosis (RO) has fully reduced the 
corresponding energy demand, capital expenditure (CAPEX), and operating cost 
(OPEX). In the past decades, the energy demand of SWRO desalination plant has 
been reduced to less than 1/3 of the original. This resulted in the leveling cost of 
SWRO water being reduced to <0.6 USD/m3, and the global desalination capacity 
increased 6.5 times (Fig. 55). By 2020, the total production capacity of fresh water 
has reached more than 100 million m3/day. It is expected that this growth trend will 
be maintained in the future as the plants under construction are gradually put into 
use and the number of construction increases [104].

https://www.dimensions.ai/
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Fig. 55 a Histogram of the 
declining trend of SWRO 
desalinated water price and b 
Histogram of annual global 
installed capacity of reverse 
osmosis (RO) and thermal 
desalination process 

6.3 SW Reverse Osmosis Coupled with Water Electrolysis 

Figure 56 shows a PEM water electrolysis system that can produce 50 tons of 
hydrogen per day. It can be seen from the figure that this system is connected to 
SWRO plant to generate supply water. The system is powered by the existing fossil 
energy and renewable energy power generation grid. As shown in Fig. 57, the PEM 
Electrolysis Plant consists of an electrolytic cell bank and associated mechanical and 
electrical balance (BoP) components [14, 104, 107].

SWRO unit includes a reverse osmosis unit, which uses membrane and pump to 
separate salt from SW. With a high-pressure pump, water is forced to pass through 
a semi-permeable membrane with a dense separation layer (membrane composite 
membrane), allowing water to pass through, while removing dissolved salts and other 
impurities. In addition, in order to prevent reverse osmosis membrane (biological) 
scaling and scaling, SWRO system requires physical (such as dual media, sedi-
ment and carbon filter or low-pressure membrane such as ultrafiltration) and chem-
ical (such as coagulant polymer, scale inhibitor, acid, chlorination/dechlorination) 
pretreatment steps, which vary with the complexity of feedwater. The carbon filter in 
the system can remove volatile organic compounds (VOCs), chlorine (intolerable to 
polyamide reverse osmosis membrane), and other pollutants, while the sediment filter
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Fig. 56 Schematic diagram of grid power supply system 

Fig. 57 Global distribution of large desalination units by capacity, water supply type, and 
desalination technology

can remove dirt, colloidal substances, and debris, and the reverse osmosis membrane 
can remove >99.8% of total dissolved solids (TDS). 

As mentioned above, it is more reasonable for SWRO-PEM coupling system to 
be located in coastal areas receiving strong solar radiation and/or wind. Due to the 
sufficient seawater resources in these areas, most of them may have been equipped 
with relevant seawater desalination equipment (Fig. 57), so it is feasible to combine 
it with PEM water electrolyzer. If the technology is to be commercialized in the 
future, these areas are also identified for direct SW electrolysis [108]. 

The PEM electrolytic plant consumes 500 m3 of SWRO water per day to produce 
50 tons of hydrogen. Figure 58a shows the daily energy breakdown required to run the



Electrocatalytic Seawater Splitting 91

coupled Swr-PEM process under industry standards, indicating that the actual energy 
consumption of such plants is lower (0.1% of total energy). Specifically, energy-
intensive hydrolysis requires about 55.44 kWh (including BoP) to decompose 10 kg 
of water, while the same amount of water requires only 0.03 kWh after desalting. 
Figure 58b shows the capital expenditure details associated with the construction of 
the Wro-PEM plant. The capital cost of an SWRO plant also depends on the level of 
technology, the location of the plant, relevant environmental regulations, and the size 
of the plant. For example, a medium-sized reverse osmosis unit with a capacity of 10 
million gallons per day (37,800 m3 per day) would have a capital cost of about $80 
million, while a smaller unit with a capacity of 500,000 gallons per day (1,890 m3 

per day) would cost less than a tenth of that. Unlike the previous broad approach, this 
analysis shows that the capex at the SWRO plant represents only about 3% of the total 
direct capex required for the coupling process (Fig. 58b). The detailed distribution 
of OPEX coupled with the SWRO-PEM process is shown in Fig. 58c. The OPEX 
of a PEM system depends primarily on the power consumption required to drive 
energy-intensive electrolysis, while other contributions come from operation and 
maintenance and battery pack replacement costs. On the other hand, typical OPEX 
for SWRO installations includes power consumption, membrane replacement, waste 
disposal, chemical consumption, labor, and operating maintenance costs. The OPEX 
of the SWRO unit represents only a small fraction (about 0.2%) of the total OPEX of 
the coupling process, with the power costs associated with the PEM cell (about 95%) 
accounting for the majority. We calculate that the average cost of hydrogen production 
is about $3.81 /kg without taking into account Swro-related factors. Otherwise, the 
cost will rise slightly to about $3.83/kg (Fig. 58d). This analysis shows that the use 
of SWRO water does not significantly increase H2 production costs due to energy 
requirements and that capex and operating expenses for SWRO are higher than for 
PEM electrolysis [109].

7 Conclusion 

The supply of SW in the sea is almost unlimited, and freshwater is a very precious 
commodity. In this case, SW electrolysis will also become an attractive elec-
tricity/hydrogen conversion and storage technology in the appropriate location and 
environment. This technology will be fully used and developed in areas where renew-
able energy supply is sufficient and seawater can be fully used. After reasonable 
design, the direct SW electrolyzer brings fewer engineering difficulties than the 
multi-step electrolyzer. The key electrochemical challenge facing these systems is 
to provide powerful and selective electrodes to suppress unexpected electrochemical 
processes related to pollutant and major chloride chemistry. As mentioned above, 
many highly active and selective electrocatalysts have been identified as electrode 
materials. However, new membrane and separation technologies need to be designed 
to improve the stability of direct SW electrolyzer. In addition, the additional multiple 
continuous purification steps may reduce the overall life of the SW electrolyzer,
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Fig. 58 Breakdown of the a daily energy requirement, b direct capital costs, c operating costs, and 
d levelized cost of hydrogen for an SWRO-PEM electrolysis plant operating at 50 tons H2 per day 
capacity

because compared with a single direct SW separation unit, all existing methods 
(such as reverse osmosis system) require frequent maintenance. 

In this chapter, we provided an overview of studies carried out to elucidate the basic 
principles and mechanistic features that are commonly used to evaluate catalysts for 
SW electrolysis. We surveyed almost all types of SW OER and HER electrocatalyst 
systems developed in past decades and discussed their synthetic strategies, reac-
tion mechanisms, catalyst improvements, and relationships between structure and 
catalytic activity. We also highlighted several recent excursions into the industrial-
ization of electrolyzers, along with purification techniques and cost analysis of SW 
reverse osmosis coupled with water electrolysis.
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8 Outlook 

Although the development of SW electrolysis has made great progress, there are still 
many challenges to achieve clean, economic, and sustainable large-scale hydrogen 
production. 

The first key challenge is to design and develop highly reactive and selective 
electrocatalysts capable of inhibiting unnecessary electrochemical reaction processes 
associated with pollutants. That is, the selected catalyst needs to be stable against 
the oxidation of Cl2, ClO−, and other oxidants. 

Secondly, how to use SW electrolysis to produce hydrogen and high-purity fresh 
water at the same time is another very important challenge. The use of advanced 
electrode materials and exchange membrane materials is one way to achieve this 
challenge. 

Third, the abundance of ions in SW hinders electrocatalytic reactions in SW, 
which leads to undesired electrochemical reactions. Thus, removing ions from SW 
to improve the SW electrocatalytic efficiency is another major challenge. One way 
to solve this problem is to develop electrode materials that effectively use the ions in 
SW to produce high-value products and can simultaneously enhance SW splitting. 

Fourthly, during the SW electrolysis process, the chemical state of the electrode 
material surface has changed greatly. Therefore, the actual reaction site of the catalyst 
may be very different from that of the original material. In order to better understand 
the electronic properties and catalytic mechanism of electrode materials, in situ test 
methods (synchrotron radiation and Operando) and catalytic mechanism studies are 
needed to determine the actual active sites. Research toward this goal will illuminate 
the clear structure-activity relationship required for the rational design of efficient 
SW electrocatalysts. 

Finally, developing bifunctional electrocatalysts with high activity and durability 
for SW electrolysis is also a challenge, as many electrocatalysts developed to date 
are only highly active in semi-reactions of hydrolysis. 
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Photocatalytic Seawater Splitting 

Yi Lu, Yi-Xuan Liu, Shang Cao, and Xiao-Yu Yang 

Abstract Low-carbon technologies have attracted wide interest for researchers. 
Among them, H2 production from seawater splitting via photocatalysis is the most 
promising approach due to its abundant resources, low cost, and ease of construction 
on the large scale. However, there are many differences between water and seawater 
splitting in photocatalytic reactions. The ionic components in seawater and precip-
itate generation during the photocatalytic reaction have great impacts on seawater 
splitting. In this chapter, we have thoroughly introduced the principle, performance 
evaluation parameter, and features of photocatalytic seawater splitting, and we also 
summarized the recent development of the most fabricated photocatalysts including 
their structure, defects, and performances. At last, we discussed the economic cost 
and practical value of photocatalytic hydrogen industrialization, briefly summarized 
the design of large-scale synthesis and catalytic systems for photocatalysts, and 
explored their cost competitiveness. 
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1 Preface  

Photocatalytic seawater splitting (PCSS) is an eco-friendly method to produce clean 
burning and storable H2 from two renewable sources including solar irradiation and 
seawater. The simplicity and low operational costs give PCSS systems a high potential 
for producing this gas at industrial levels. 

The PCSS reaction taking place in a reactor begins with light absorption by a 
photocatalyst (such as semiconductor materials), which causes a transition of an 
electron from the valence band to the conduction band while leaving a hole in the 
valence band. Semiconductors that have an energy difference between their valence 
and conduction bands (called the band gap) greater than 1.23 eV are capable of 
promoting the redox events that lead to water splitting H2O. Many semiconductor 
materials developed thus far for photocatalytic water splitting (PCWS) such as TiO2, 
g-C3N4, CdS, and WO3 have remarkable performances. 

Several options exist for using semiconductor technologies in devices that utilize 
sunlight for water splitting, including the photovoltaic (PV)-assisted electrochemical 
(PV-E), photoelectrochemical (PEC), and PCSS methods. Compared to the process 
in PCSS systems, in PV-E as well as PEC cells, hydrogen and oxygen are evolved 
at macroscopically distant locations. Therefore, the basic design of PCSS systems 
is not identical to those of the PEC and PV-E counterparts. While it is believed that 
PCSS systems are less expensive than others, to date, only laboratory-scale devices 
have been extensively explored. However, the approaches devised thus far are nor 
amenable to scale up to the kilogram level. Moreover, large numbers and types of 
dissolved salts are present in seawater, and these salts participate in a variety of 
photocatalyzed chemical reactions that result in the reduction of the activity and 
durability of the photocatalyst. 

In this chapter, we discuss the basic operational principles of PCSS and review 
the state-of-the-art materials that have been developed as photocatalysts for these 
systems. We also analyze past studies that have revealed key principles for the design 
of photocatalysis and guidelines that can be used to fabricate more efficient materials. 
In the final section, we review the different types of devices that have been designed 
thus far for large-scale PCSS. 

2 Principles 

2.1 Mechanism for H2 Production in PCSW Systems 

The basic process involved in sunlight-promoted photocatalyzed water splitting to 
generate H2 is depicted in Fig. 1. In the process, the energy of a photon is converted 
into chemical energy for water splitting that requires a large positive Gibbs free
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energy change (Fig. 2). The overall process is similar to the one occurring in photo-
synthesis by green plants and, therefore, PCWS is regarded as artificial photosyn-
thesis. From the viewpoint of the Gibbs free energy change, PCWS is distinguished 
from photocatalytic degradation reactions such as TiO2 photocatalyzed oxidation of 
organic compounds using oxygen, which are generally thermodynamically downhill 
processes. 

The stepwise sequence involved in the PCWS reaction begins with the absorption 
of a photon of light by the photocatalyst, which promotes the transition of an electron 
in the valence band to the higher energy conduction band. The light promoting this 
transition must have an energy equal to that of the band gap. This event forms an 
electron–hole pair in the form of a negative-electron (e−) and positive-hole (h+), 
which then migrate to the surface of the photocatalyst where they induce water 
splitting to produce H2 and O2 by serving as respective reducing and oxidizing 
agents. The mechanism followed in a PCWS reaction is depicted in Fig. 3.

Splitting water to form H2 and O2 (Eq. 1) is an energetically uphill process that 
has a standard Gibbs free energy change (ΔG0) of 237 kJ/mol or 1.23 eV. To enable

Fig. 1 Hydrogen production 
from water using 
photocatalyst under solar 
irradiation 

Fig. 2 Energetic changes in 
photosynthesis by green 
plants and PCWS 
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Fig. 3 Schematic diagram of the mechanism of PCWS for hydrogen and oxygen generation

both reduction and oxidation of H2O by the photoexcited electron and hole (exciton), 
the reduction and oxidation potentials of water should lie within the band gap energy 
of the photocatalyst, with the energy of the conduction band being more negative 
than the reduction potential of H+/H2 (0 V vs. normal hydrogen electrode (NHE)), 
and that of the valence band being more positive than the oxidation potential of 
O2/H2O (1.23 V). The electronic structures of semiconductor systems match well 
with the redox potential associated with transforming water into H2 and O2. Other 
factors, such as overpotentials, charge separation and mobility, and lifetime of the 
photogenerated electron and hole, affect the efficiency of photocatalytic generation 
of hydrogen from water splitting. 

H2O → 
1 

2 
O2 + H2;ΔG = +237 KJ/mol (1) 

The second step in the mechanism for PCWS is charge separation and migration of 
the photogenerated electron and hole. Competing with these events is energy wasting 
charge recombination (both surface and bulk) that leads to deactivation by emitting 
light or generating phonons [1]. Moreover, the separation of an excited electron and 
hole sometimes has an energy barrier associated with the binding energies of these 
oppositely charged species. Efficient charge separation and transport is enhanced by 
avoiding bulk/surface charge recombination. Examples of the approaches that have 
been employed to facilitate charge separation and transport include incorporating an 
internal electric field and using high photoconductive semiconductor materials. 

The final step in the PCWS process involves surface chemical reactions that lead 
to H2 and O2 formation. Importantly, for these reactions to take place efficiently 
it is necessary to have a large number of active sites on the semiconductor surface 
carrying the photoexcited electrons and holes. Cocatalysts such as Pt, NiO, and RuO2 

are typically utilized to introduce active sites for the reduction of water to evolve H2. 
Active sites for holes are needed to promote 4-electron oxidation of water for O2
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evolution. It is necessary to use cocatalysts and photocatalysts that have unfavorable 
properties for this process. 

2.2 Measurement of the Performance of PCWS Systems 

Three metrics have been typically used to quantify the performance of PCWS systems 
including H2 production rate, internal quantum yield (IQY) or apparent quantum 
yield (AQY), and solar-to-hydrogen (STH) conversion efficiency, which reflect three 
different aspects of the process (Scheme 1). 

2.2.1 H2 Production Rate 

The activity of a PCWS system can be represented by the H2 production rate (r, the  
amount of H2 produced vs. reaction time and photocatalyst mass). The time and mass 
are the two factors determining the H2 production rate, which is expressed by the 
amount of evolved H2 or O2 per unit irradiation time and the amount of photocatalysts 
(μmol h−1 g−1 or μmol h−1 mg−1) [2, 3]. However, many other factors influence 
the production rate including properties [4]. The use of different sets of parameters 
in studies in this area has led to confusion in comparing r directly, indicating that 
reporting protocols need to be standardized. Normalizing the r by using the mass of 
the photocatalyst is erroneous because r does not linearly increase with m owing to 
light-shielding effects (see Fig. 4) [5]. The light-shielding effects of photocatalysts 
occurring with increased photocatalyst mass is illustrated in Fig. 4. When the use 
of photocatalysts increases from m1 in the graph, the shielding effect becomes more 
significant, and the gas evolution rate plateaus at high mass. Specifically, when a 
high mass of photocatalyst is present, numerous particles cannot participate in light 
absorption due to limited light penetration depth. Therefore, it is recommended that 
an r–m curve (Fig. 4) be provided when the efficiency of PCWS systems is given in 
terms of the H2 evolution rate.

Scheme 1 Traditional methods to evaluate PCWS performance 
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Fig. 4 The relationship 
between gas production rate 
and mass of photocatalyst 

The H2 production rate is governed by many factors, such as the temperature, 
pressure, and type of reaction system. To establish standard conditions for evaluating 
lab-based systems, we suggest using a temperature in the range of 10–25 °C that can 
be easily maintained through the use of a closed-water circulation system. An on-
line gas chromatograph is normally used to measure gas evolution. However, the 
accumulation of H2 and O2 in the system will change the atmosphere and pressure, 
which leads to changes in gas evolution rates as the reaction progresses except when 
the rate is low. To minimize potential measurement errors, it is suggested that the 
system be calibrated under the same condition as those used in the overall water 
splitting reaction. 

Under practical operating conditions, it is difficult to maintain a photocatalytic 
water splitting reactor at reduced pressures and temperatures. Therefore, determining 
the STH efficiency under ambient pressure and product gas analysis using a gas 
chromatograph are more acceptable. Also, it is best to utilize a flow reaction system 
that enables maintenance of the same atmosphere and pressure throughout the course 
of the process. 

When photocatalysts have sufficiently high overall water splitting efficiencies, it 
is best to use the upward water displacement to quantify the amount of produced gas 
because this method does not rely on expensive equipment. 

2.2.2 Internal Quantum Yield (IQY) 

IQY has been defined by IUPAC as the number of electrons utilized for the reaction 
per number of absorbed photons in a given period time [6]. The electrons utilized for 
productive reactions are the number of molecules of reactant consumed or product
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formed. Thus, IQY describes the efficiency of a photocatalyst that transforms light 
into active charges, which is independent of the photocatalyst’s mass. At the early 
stage, the IQY was not widely used because of the great challenge associated with 
accurately measuring the absorption of photons [7, 8]. 

2.2.3 Apparent Quantum Yield (AQY) 

Due to differences in conditions employed for photocatalytic reactions (especially 
irradiation conditions), direct comparisons of the activities of catalysts based on 
the amounts or rates of gases produced are not possible. Thus, at the current time, 
assessing the photocatalyst performance of PCWS systems requires the determina-
tion of both quantum yields and STH energy conversion efficiencies. Owing to light 
transmission and scattering, determining the actual number of photons absorbed by 
the photocatalyst is not possible. Hence, apparent quantum yield (AQY), or some-
times called the external quantum efficiency (EQE), calculated using Eq. (2), is 
used 

AQY = 
nR  

I 
(2) 

in which n, R, and I represent the number of electrons or holes consumed, the 
quantity of gas molecules evolved in a specific time interval, and the number of 
incident photons reaching the photocatalytic system during the same time interval, 
respectively. It is important to determine the AQY as a function of irradiation 
wavelength. 

The AQY provides insights into the intrinsic properties of a photocatalyst without 
knowing the mechanism of the overall water splitting or half-reaction. The AQY of 
a system can be diminished by energy wasting, such as charge recombination and 
back reactions, and is reflective of the quality of the semiconductor as well as those 
of the cocatalyst. Using the photocatalytic H2 production reaction as an example, 
holes generated simultaneously with photoexcited electrons induce the formation of 
radicals, which can transfer electrons to the conduction band. In this case, one photon 
causes the production of two electrons for the HER, which can potentially lead to 
an AQY for HER over 100%. Therefore, it is important to understand the intrinsic 
nature of a photocatalyst in terms of light harvesting, separation efficiency, transfer 
kinetics, and utilization of carriers via surface catalytic reactions. 

For the overall water splitting process, within experimental error the AQY calcu-
lated based on H2 generation should be the same as that of O2 generation. For 
photocatalytic half-reaction, AQY is the most significant parameter for evaluating 
the efficiency of a photocatalyst. 

AQY is strongly dependent on the wavelengths of the incident photons due to 
varied absorption coefficients of a semiconductor at different irradiation wavelengths 
(λ) [9]. The setup for AQY measurements is similar to that used for a normal photo-
catalytic activity determination. Two critical criteria need to be met in making this
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measurement. First, the AQY is normally evaluated at the maximum photocatalytic 
rate which is attained by using light corresponding to the absorption wavelength 
maximum of the photocatalyst. Second, monochromatic light should be employed 
by using combined band-pass and cut-off filters. 

The standard actinometer method for the conversion of ferrioxalate ions into 
Fe2+ ions also provides an optional technology to determine the incident photon flux 
[10, 11]. Although the actinometer method also has some uncertainties, including the 
quantum yield of the reaction not actually being 100%, it can be used as a verification 
for the reliability measurements using photodetectors. 

2.2.4 Solar-To-Hydrogen (STH) Efficiency 

In 1985, Bolton et al. suggested that evaluations of PCWS systems should be based 
on the solar-to-hydrogen (STH) conversion efficiency. This is the most important 
parameter used to evaluate the water splitting device exposed to broadband solar Air 
Mass 1.5 Global (AM1.5 G) illumination under zero bias conditions [10]. During 
the past decades, this approach has gradually become accepted for evaluating the 
photocatalytic activity of PCWS [12, 13]. STH refers to the ratio of solar energy 
stored in formed H2 to the incident solar energy as described in Eq. (3) [14]. 

STH = Output energy as H2 

Energy of incident solar light 
= 

rH2 × ΔGr 

Psun × S 
(3) 

where Psun is the energy flux of the sunlight, S is the irradiated area, rH2 is the 
rate of H2 production, and ΔGr is the reaction Gibbs energy. Solar irradiation has 
an energy flux of 100 mW cm−2. It should be noted that solar energy and H2 are 
the only energy inputs and outputs, respectively, and that H2 and O2 evolved in a 
stoichiometric ratio [15]. Furthermore, it should be adjusted taking into account the 
experimental conditions when used in the calculation of STH efficiency, such as 
temperature and pressure. 

The STH efficiency is considered to be the standard for the evaluation of photocata-
lyst performance. The intensity for STH measurement should be set as one sun, which 
is typically obtained via a solar simulator (AM 1.5G, 100 mW/cm2). Calculating STH 
energy conversion efficiency using concentrated sunlight is not comparable arising 
by using a solar simulator because H2 evolution rates on various photocatalysts are 
not proportional to the incident light intensity. 

Due to the fluctuation of sunlight caused by weather and altitude, simulated light 
sources like a Xenon lamp, high-pressure mercury lamp, and solar simulators are used 
in laboratory research (Fig. 5A). The power spectra of Xenon and mercury lamps 
include a strong UV light region. However, mercury lamps emit this light as individual 
lines rather than a continuum, thus the spectral mismatch with sunlight is large. 
Therefore, solar simulators which simulate the standard sunlight (AM1.5G) with 
appropriate spectrum distribution and stable light intensity are highly recommended 
for the laboratory level comparisons.
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Fig. 5 a Typical power spectra of different light sources, b schematic diagram of light spot size 
and reactor, and c the Photon flux is calculated by measuring the light intensity in different areas 
via a light detector 

In the case of uniformly distributed light intensity (Fig. 5B), the incident light 
intensity is relevant to the irradiation area and the distance of the reaction mixture 
from the light source. But the light intensity is distributed non-uniform within the 
irradiation area in practice (Fig. 5C), in which case a numerical integration needs 
to be performed to estimate the total intensity of input light. In this case, it is 
assumed that the light intensity is constant at the same distances from the center of 
the reactor (Fig. 5C) [9]. The first step in determining the STH energy conversion 
efficiency is the identification of the location of the highest light intensity region 
within the irradiation area. Starting at the maximum point, the intensity along the 
radial direction is then measured by changing the location of the photodetector 
along the x- and y-axis at the same intervals (Fig. 5C). After measuring the light 
intensity distribution within the irradiation area, the total incident photons can be 
measured with reasonable accuracy [4]. 

What is the difference between AQY and STH? Typically, AQY is measured 
at a specific wavelength or over a narrow range of wavelengths. Thus, there is no 
correlation between AQY and STH, because the effect of wavelength-dependent light 
absorption is fully considered in determining STH but not in AQY. Only in the case 
when STH is determined using a monochromatic light source can the two indicators 
be interconverted by using Eq. 4,
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STHλ = AQE · λΔG0 

hcnNA 
(4) 

where STHλ is the STH measured at wavelength λ, h is Planck’s constant, c is the 
speed of light, and NA is Avogadro’s number. Nevertheless, a high AQY at any 
wavelength is sufficient to indicate that efficient charge carrier separation, transport, 
and surface reactions have occurred which are also parameters for high STH over 
the entire solar spectrum. These physical processes are relatively independent of 
irradiation wavelength and can be described mathematically, which enables STH 
to be correlated to AQY to some extent. A detailed review on this aspect is found 
elsewhere [16, 17]. 

The theoretical limit for the STH efficiency is 31% in overall water splitting [18], 
which is the percentage of solar energy stored as chemical energy for hydrogen 
production. Considering inevitable losses, it has a practical limit of 11% [19]. But in 
practice, the STH efficiency of photocatalytic overall water splitting rarely exceeds 
1%. One important reason for this is that only semiconductors that have Eg that is 
significantly larger than 1.23 eV have overall water splitting activity, such as some 
well-known examples like TiO2, SrTiO3, NaTaO3, Ga1−xZnxN1−xOx, and g-C3N4 

[20–24]. The large Eg of these semiconductors prevents the utilization of most visible 
and infrared light, which accounts for over 95% of solar light received at sea level. 
Hence, enhancing the response of photocatalysts to visible light is an important goal 
for improving STH efficiency. 

Another major factor leading to low STH efficiencies is energy (photon) wasting 
radiative or non-radiative recombination of photogenerated electrons and holes 
occurring in competition with promoting water splitting. Carrier diffusion length, 
which is the average distance a charge carrier travels in a semiconductor before 
recombination takes place, offers a way to intuitively compare the extent of recombi-
nation. This length typically ranges from over one millimeter for lightly doped silicon 
wafers to a few nanometers for the common photocatalyst TiO2 [25, 26]. Short carrier 
diffusion lengths significantly impact photocatalytic efficiencies, which means that 
electrons/holes separation that happened deeper inside the bulk photocatalysts does 
not contribute to promoting surface redox reactions [16]. 

2.2.5 Ton 

Turnover number (TON), defined as the number of reacted molecules to those of 
active sites (Eq. (5)), is usually used to assess the efficiencies of photocatalyst. 

TON = 
Number of reacted molecules 

Number of active sites 
(5) 

In fact, the numbers of active sites present in photocatalysts is difficult to 
determine. Thus, Eq. (6)) or Eq. (7) is employed in determining TON.
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TON = Number of reacted electrons 

Number of atoms in a photocatalyst 
(6) 

TON = Number of reacted electrons 

Number of atoms at the surface of a photocatalyst 
(7) 

However, these values cannot be applied to particulate photocatalysis systems due 
to the great challenge of identifying the number of active sites. However, most of the 
reported studies do not provide sufficient and exact experimental details, which leads 
to great difficulties in accurately evaluating and comparing photocatalytic perfor-
mances. In addition, each of these evaluation parameters has its own insufficiencies 
or need for use of specific conditions. Only through a comprehensive and rational 
evaluation can the photocatalytic performance of a system be reasonably assessed 
and compared. 

2.3 Features and Effects on the Performance 

2.3.1 Salt Components 

A large content of various salts is a characteristic feature of seawater. The main ionic 
components of >90% of these salts are Na+, Mg2+, Ca2+, K+, Cl−, and SO4 

2− [27]. 
Unfortunately, these salts have a great impact on PCSS, because the efficiencies of 
most photocatalysts are lower in natural or simulated seawater than in pure water 
[28–31], while only a few show the opposite behavior [32]. The mechanism by which 
ions in seawater control the water splitting process is still at an exploratory stage and, 
to date, no universal effects seem to apply to different systems. The main component 
of seawater is NaCl and most reports on splitting of seawater discuss the effects 
of Na+ and Cl− on the photocatalytic performance. For example, Li et al. found 
that Na+ abundantly adsorbs on the surface of TiO2 leading to enhance adsorp-
tion of sacrificial agents under alkaline or neutral conditions [28]. These agents 
readily combine with the photogenerated holes, facilitate charge separation, and 
reduce electron–hole recombination. It should be noted that at high NaCl concen-
trations (>1.0 mol L−1), sacrificial agents undergo indirect Na+-induced adsorption 
on the photocatalyst surface where they reduce the charge transfer efficiency of the 
photocatalyst [33]. 

Two different perspectives can be used to consider the effects of Cl− on photo-
catalytic seawater splitting. Li et al. suggested earlier that although Cl− reacts with 
holes, it also participates in reduction reaction with electrons in the conduction band 
(Eqs. (8) and (9)), thus decreasing the photocatalytic activity [28]. Ho et al. also 
speculated on the reason why the H2 evolution rate was lower in seawater than in 
pure water [34]. The rate reduction can also be the reaction of the Cl− in seawater 
with holes to generate Cl·, which competes with the H+ reduction reaction (Eqs. (9) 
and (10)). No other chlorine-containing compounds are produced in the reaction, and
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the Cl− concentration remains unchanged, which is consistent with the speculation. 

Cl− + h+ → ·Cl (8) 

·Cl + e− → Cl− (9) 

Cl · +Cl− → Cl·− 
2 (10) 

Cl·− 
2 + e− → 2Cl− (11) 

Simamora et al. [35] suggested that many hydroxyl groups, such as in the form of 
TiOH2 and Ti–OH, react with Cl− on the surface of TiO2 to form TiCl and reduce the 
photocatalytic activity. But in general, all the reasons presented above are speculative 
at this stage, and no additional experimental data has been provided to confirm the 
conclusion. 

However, the results of some studies indicate that Cl− has a positive effect on 
the efficiency of PCSS. For example, Ji et al. [36] proved that no decrease in Cl− 

concentration occurs during a 6 h of photocatalytic reaction. Guan et al. found that 
although oxidation of Cl− takes place to form Cl2 (Cl2/Cl−, 1.36 V vs. NHE, pH  = 
0), the process is thermodynamically more difficult than oxidation of H2O to form  
O2 (O2/H2O, 1.23 V vs. NHE, pH = 0), since it is a two-electron redox process and 
kinetically more favorable [37]. Therefore, after the oxidation of Cl− takes place, 
oxidation of water occurs (Eqs. (12) and (13)). Yang et al. postulated that holes are 
consumed by participation in the Cl− oxidation reaction and, thereby, the rate of 
electron–hole recombination is lowered [38]. 

Cl2 + H2O → H+ + Cl− + HClO (12) 

2HClO → 2H+ + 2Cl− + O2 (13) 

Lee et al. [36] tested the effects of NaCl, MgCl2, MgSO4, CaSO4, K2SO4, K2CO3, 

and MgBr2 on simulated seawater splitting. The results reveal that all these dissolved 
electrolytes except K2SO4 decrease the H2 formation rate, and MgCl2 is the most 
detrimental. A solution of natural seawater containing ca. 74% and 15% of Mg2+ 

and Cl−, respectively, has the lowest activity with a twofold decreased hydrogen 
formation rate compared to that of pure water. Note that without MgCl2, photocatalyst 
in simulated seawater has better performance than in seawater containing all seven 
salts, indicating that Mg2+ is the main deactivating species.
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2.3.2 Sacrificial Agents 

Sacrificial reagents are often introduced to enhance the separation of carriers in 
water splitting (Fig. 6). When the PCWS reaction is carried out in an aqueous solu-
tion containing a reducing reagent such as alcohols and sulfide ion, which serve 
as respective electron donors or hole scavengers, photogenerated holes are irre-
versibly reduced through oxidation of the reducing reagent instead of water. This 
process enriches the number of electrons in the photocatalyst which enhances the 
HER (Fig. 6a). When reducing reagents are present in biomass and compounds 
naturally occurring and industrial wastes, this reaction should be advantageous for 
hydrogen production [39]. On the other hand, photoexcited electrons are consumed 
by oxidizing agents (electron acceptors) such as Ag+ and Fe3+ and thus resulted in 
an enhancement of the OER (Fig. 6b). Reactions using sacrificial reagents which 
affect the half-reactions involved in water splitting are often used to determine if a 
photocatalyst has the required thermodynamics and kinetics for H2 and O2 evolution. 
Even when a photocatalyst is capable of promoting these half-reactions, no guarantee 
exists that it will be able to induce the HER and OER in the absence of sacrificial 
reagents. 

In spite of the fact that photocatalytic splitting using pure water can be achieved 
without employing sacrificial agents, most of those in which TiO2 is the photocatalyst 
still utilize sacrificial agents. Notably, some work reported that inorganic and organic 
substances indigenously present in seawater can play roles of sacrificial agents to 
improve performance [40]. 

S2−/SO3 
2− System 

The S2− and SO3 
2− ions can react with photogenerated holes to form Sn 2− and 

SO4 
2−, respectively; therefore, they could be used as sacrificial reagents in photo-

catalytic reactions [41–46]. However, oxidation of S2− to form yellow polysulfides

Fig. 6 Description of half-reactions of water splitting in the presence of sacrificial reagents 
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Sn 2− leads to a decrease in the rate of H2 formation over time owing to competitive 
light absorption by Sn 2− in the visible region and reduction of Sn 2− is competitive 
with H2O [43, 47]. Fortunately, SO3 

2− can act as an agent for regenerating S2− from 
Sn 2− thus keeping the solution colorless [48]. Thus, the S2−/SO3 

2− mixture has been 
widely used as an electron donor to improve photoactivity and photostability for H2 

production from water splitting [49–54]. The mechanism for the reaction occurring 
in the presence of S2−/SO3 

2− as a sacrificial reagent is depicted in Eqs. (14)–(19). 

photocatalyst + hv → h+ + e− (14) 

2e− + 2H2O → H2 + 2OH− (15) 

SO2− 
3 + 2OH− + 2h+ → SO2− 

4 + 2H+ (16) 

2S2− + 2h+ → S2− 
2 (17) 

S2− 
2 + SO2− 

3 → S2O2− 
3 + S2− (18) 

SO2− 
3 + S2− + 2h+ → S2O2− 

3 (19) 

Since S2O3 
2− can be oxidized by photogenerated holes to form SO3 

2− and subse-
quently to SO4 

2−, it also can be used as a sacrificial reagent during the photocatalytic 
reaction. 

H2S-Splitting System 

Photocatalytic H2 production from H2S dissolved in water is particularly interesting 
[55–62]. This process, in which sulfide ions generated by the reaction of H2S with 
hydroxide serve as sacrificial agents, could have practical applications to remove H2S 
from natural gas and to desulfurize petrochemicals. As shown in (14) and (20)–(22), 
the overall process corresponds to H2S splitting using two photons of visible light, 
which requires 39.3 kJ/mol. 

H2S + OH− → HS− (20) 

2HS− + 2h+ → S2− 
2 + 2H+ (21) 

2H+ + 2e− → H2 (22)
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Other Inorganic Sacrificial Reagents 

Other inorganic compounds containing ions, such as Fe2+ [63], Ce3+, [64] I−, Br−, 
and CN−, [65] have been used as sacrificial reagents for hydrogen generation. These 
inorganic ions are easily oxidized by the photogenerated holes to form the corre-
sponding Fe3+, Ce4+, I3− (or IO3−), Br2, and OCN− ions. Using I− as an example, 
the mechanism for photocatalytic H2 production is described in Eqs. (23)–(25). 

2H+ + 2e− → H2 (23) 

3I− + 2h+ → I− 
3 (in acidic solution) (24) 

I− + 6OH− + 6h+ → IO− 
3 + 3H2O(in basic solution) (25) 

Some of the species, such as Fe3+, Ce4+, and IO3−, can be easily reduced by 
photogenerated electrons and, thus, act as electron acceptors for photocatalytic O2 

production from aqueous solution [66, 67]. 

Organic Sacrificial Reagents 

Organic compounds, for example, alcohols (methanol, ethanol, isopropanol, etc.) 
[68], carboxylic acids (formic acid, acetic acid, etc.), and aldehydes (formaldehyde, 
acetaldehyde, etc.) [69] could also be used as electron donors for photocatalysis. 
Among these, methanol has been most widely used, and the reaction is described in 
Eqs. (26)–(30) [70]. 

h+ + H2O → ·OH + H+ (26) 

CH3OH + ·OH → ·CH2OH + H2O (27) 

·CH2OH → HCHO + H+ + e− (28) 

2H2O + 2e− → H2 + 2OH− (29) 

overall reaction : CH3OH 
hv,catalyst → HCHO + H2 (30) 

Formaldehyde (HCHO) as the product can be further oxidized to form formic acid 
(HCOOH) and subsequently convert to CO2 together with H2 via Eqs. (31) and (32) 
[71]:
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HCHO + H2O 
hv,catalyst → HCOOH + H2 (31) 

HCOOH 
hv,catalyst → CO2 + H2 (32) 

In these photocatalytic processes, organic compounds are oxidized by the photo-
generated holes and the residual photogenerated electrons reduce water to form 
hydrogen. Thus, it is possible to design a bifunctional photocatalytic system in which 
organic pollutants in water act as electron donors to achieve photocatalytic produc-
tion of hydrogen and simultaneous degradation of the pollutants [72]. Hashimoto 
et al. performed pioneering studies on photocatalytic H2 production from fossil fuels 
and hydrocarbons in water where powdered Pt/TiO2 is used as a suspended [73]. The 
mechanism in these reactions could be explained by Eqs. (14) and (33)–(39). 

h+ + H2O → ·OH + H+ (33) 

H+ + e− → 1/2H2 (34) 

RCH2CH3 + 2 · OH → RCH2CH2OH + H2O (35) 

RCH2CH2OH → RCH2CHO + H2 (36) 

RCH2CHO + H2O → RCH2COOH + H2 (37) 

Photo − Kolbe reaction : RCH2COOH → RCH3 + CO2 (38) 

Overall reaction : RCH2CH3 + 2H2O 
hv,catalyst → RCH3 + 3H2 + CO2 (39) 

2.3.3 Cocatalysts 

Electrocatalysts that specifically catalyze desired redox reactions when used in 
conjunction with a light-absorbing material are termed cocatalysts [4]. Cocatalysts 
continue to be materials of interest in the field of artificial photosynthesis. A cocatalyst 
can be vital for promoting the efficiency of charge separation and suppressing charge 
recombination of electrons and holes for photocatalytic water splitting. Specifically, 
the work functions or band levels of the cocatalysts need to be compatible with the 
Fermi-levels or electronic structures of the photocatalysts. When this occurs, desir-
able junctions (an Ohmic-type or Schottky-type contact) are generated that allow 
charges to flow in the correct direction at the interface.
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Fig. 7 Schematic diagram 
of charge transfer from 
inside to the surface 

Generally speaking, cocatalysts are chosen from metals such as Pt, Rh, Ru, Ir, 
and Ni nanoparticles to accelerate H2 evolution, and oxides of Co, Fe, Ni, Mn, Ru, 
and Ir function to accelerate O2 evolution [74]. For a majority of the water splitting 
photocatalysts, a H2 evolution cocatalyst is obligatory because of the existence of an 
insufficient overpotential for H+ reduction compared to that for H2O oxidation. 

Transition metals, especially noble metals, are commonly used as cocatalysts in 
PCWS. For example, charge transfer between Pt and host photocatalyst is displayed 
in Fig. 7. In this system, photogenerated electrons transfer to the surface and are 
entrapped by the noble metal due to its lower Fermi energy level than the photo-
catalyst. Meanwhile, the photogenerated holes migrate to the surface of the host 
photocatalyst, resulting in the efficient separation of electrons and holes. 

Noble Metal Cocatalysts 

As a noble metal, Pt has been widely used as a cocatalyst in PCWS over many kinds of 
semiconductors including oxides [75–79], (oxy)sulfides [80–84], and (oxy)nitrides 
[85–88]. In all of these systems, the photocatalytic activity for hydrogen evolution 
is greatly enhanced. Until now, the highest photocatalytic activities for hydrogen 
production from water using visible light irradiation have been obtained using photo-
catalysts loaded with Pt as the cocatalyst [49, 50]. Other noble metals, for example, 
Au, [89–93] Ru,  [94–96] Pd, [90, 97–99] Ag,  [100–104], and Rh, [105–107] have  
also been employed as efficient cocatalysts. Iwase et al. [108] found that fine gold 
nanoparticles play an important role in creating active sites for H2 evolution and 
enhancing charge separation. In addition, as compared to that on a Pt cocatalyst, the 
back-reaction between H2 and O2 to produce water is negligible on the Au. This 
phenomenon leads to improved overall water splitting photocatalytic activities of 
some titanate, niobate, and tantalate photocatalysts. Hara et al. [95] reported that 
H2 evolution was unusually enhanced by Ru on a TaON photocatalyst under visible 
light irradiation. Note that other noble metals such as Pt, Ir, and Rh are ineffective in
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Fig. 8 Electron and hole transfer and chemical reactions on Pt/RuO2-TiO2 composite catalyst 

promoting H2 evolution under these conditions. The authors deduced that the elec-
tronic structure of the interface facilitates electron transfer from TaON to Ru that 
results in charge separation. 

Transition Metal Oxide Cocatalysts 

Some transition metal oxides such as RuO2 [109–114] and NiO [115–118] act as effi-
cient cocatalysts in photocatalytic reactions. Domen et al. found that β-Ge3N4 alone 
exhibits low photocatalytic activity [112, 119]. However, when loaded with RuO2, 
β-Ge3N4 becomes photocatalytically active under UV irradiation (λ > 200 nm). 

Borgarello et al. observed a pronounced synergistic effect on catalytic activity 
when both RuO2 and Pt are co-deposited on TiO2 particles [120].  As  shown in Fig.  8, 
during the Pt/RuO2-TiO2 promoted water photosplitting reaction, Pt likely creates 
an ohmic contact whereas a Schottky barrier is formed by RuO2. These effects direct 
electron flow to Pt sites and holes are trapped by RuO2, resulting in enhanced charge 
separation. 

In a series of studies, Maeda and co-workers explored the effect of loading Cr–M 
(M being one of the transition metals, Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag, Ir, or Pt) using 
a co-impregnation method to form mixed oxide cocatalyst onto (Ga1−xZnx)(N1−xOx) 
[121–124]. The largest improvement in activity occurs by loading with the Rh–Cr 
mixed oxide (1 wt% Rh and 1.5 wt% Cr) followed by calcination at 623 K. It was 
proposed that the presence of Cr–Rh mixed oxide facilitates charge transfer from 
the photocatalyst to the cocatalyst. It is also possible that loading the mixed oxide 
also promotes the creation of active sites for hydrogen evolution, which results in 
the inhibition of charge recombination and enhanced photocatalytic activity [125].
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Fig. 9 Schematic diagram of PCWS and the corresponding reactions on supported Rh and Cr2O3 
nanoparticles 

Maeda et al. have synthesized noble metal/Cr2O3 core/shell nanoparticles as a cocat-
alyst for PCWS [126–128]. Fig. 9 shows a schematic of the mechanism for overall 
water splitting on Rh/Cr2O3 core/shell-loaded (Ga1−xZnx)(N1−xOx). The mode of 
operation in this system is quite different from those containing other cocatalysts 
such as the Rh–Cr mixed oxide [129]. The activity enhancement is primarily due to 
the suppression of undesired H2–O2 recombination and/or O2 photoreduction, and 
possibly protection of the core from corrosion. Among the core materials examined, 
Rh species exhibit relatively high performances. Interestingly, with the assistance of 
Mn3O4 nanoparticle co-loading, the photocatalytic activity for overall water splitting 
of (Ga1−xZnx)(N1−xOx), containing core/shell-structured Rh/Cr2O3 nanoparticles, is 
improved. In this system, Mn3O4 nanoparticles function as O2 evolution sites, and 
Rh/Cr2O3 nanoparticles serve as H2 evolution sites [130]. 

Tian et al. [131] investigated Pt, RuO2, and NiOx nanoparticles loading on the 
narrow band gap photocatalysts K4Ce2M10O30 (M = Ta, Nb). The photocatalytic 
activity was markedly elevated by loading with cocatalysts, especially NiOx which 
creates a NiO/Ni double-layered structure. This observation resulted in enhanced 
electron migration from the conduction band of K4Ce2M10O30 to the NiO/Ni. Hwang 
et al. synthesized a series of metal oxide-loaded Sr2Nb2O7 photocatalysts using 
the impregnation method followed by redox treatment [11]. The system that uses
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NiOx as a cocatalyst was found to have the highest water splitting activity. Redox 
pretreatment to produce a double-layered structure is proven to be important to 
achieve high activity of the NiOx-loaded catalysts. This phenomenon is ascribed to 
improved electron–hole separation by nickel in the p-type/n-type junction between 
NiOx and Sr2Nb2O7 that is created by redox pretreatment. However, this marked 
dependence on pretreatment does not exist for other metal oxides explored in this 
study. Also, various metal oxides (MOx: M  = Cr, Mn, Fe, Co, Cu, Ru, Ag, Ce, 
Sm, and Pb) were included as a second component of NiOy cocatalyst to improve 
the activity of the photocatalyst NiOy–K2La2Ti3O10. Among those fabricated, only 
CrOx-NiOy–K2La2Ti3O10 displays higher photocatalytic activity and durability over 
longer periods of irradiation as compared to those of the parent NiOy–K2La2Ti3O10 

[132]. 

Nonmetal-Oxide Cocatalysts 

Transition metal sulfides have been explored as cocatalysts for PCWS. Zong and 
co-workers showed that MoS2 is a novel cocatalyst for PCWS. They found that the 
activity of CdS is more greatly increased by loading with MoS2 than that by loading 
with Pt [133, 134]. In this system, coupling and formation of junctions between MoS2 
and CdS improves charge separation that leads to higher activity. MoS2 nanoparticle 
cocatalysts were also found to be effective in enhancing H2 evolution over CdSe 
nanoribbons [135]. 

Tabata et al. [136] found that dispersing transition metal sulfides such as NiS, 
FeS, Ru2S3, Ag2S, CoS, and PdS increases the photocatalytic activity of CuGa3S5. 
It is postulated that transition metal sulfides in this system accept photogenerated 
electrons from CuGa3S5 for reductive conversion of H+ to H2. 

Note that the stability of GaN:ZnO during the prolonged photocatalytic reac-
tion (>6 months) is retained to a certain extent when an O2 evolution cocatalyst is 
deposited on a H2 evolution catalyst. For example, co-deposition suppresses oxida-
tive deactivation of GaN:ZnO thereby prolonging its lifetime. Also, Al-doped SrTiO3 

with RhCrOx and CoOy cocatalysts has constant gas evolution activity during a 6 h 
water splitting, whereas the activity of RhCrOx-loaded Al-doped SrTiO3 decreases 
to 60% under the same conditions (Fig. 10a) [137]. The gas evolution rate of this 
photocatalyst coloaded with RhCrOx and CoOy using simulated sunlight remains 
almost unchanged over 150 h and then gradually decreases to 64% after 1000 h 
(Fig. 10b).

Although the dual cocatalyst tactic can be used to enhance the performance and 
durability of particulate photocatalysts, it must be thoughtfully applied to obtain a 
synergistic effect of double cocatalysts. Factors that need to be considered include 
careful control of the locations of the H2 and O2 evolution cocatalysts and meticulous 
optimization of the loading amount of each cocatalyst. The results of one study 
showed that randomly dispersed NiO on NaTaO3 cubes with exposed isotropic facets 
is reduced in situ to form metallic Ni at reduction sites while being retained as NiO at 
oxidation sites. Thus, this material functions as a dual cocatalyst with a photocatalytic
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Fig. 10 Time courses of H2 production under different light irradiations. a 300 W Xe lamp and b 
simulated sunlight

performance that is improved over that of NiO selectively deposited only at the 
reduction sites of NaTaO3 [138]. The balance between in situ formed Ni and NiO, as 
well as their locations, are important factors governing the promotion of the overall 
water splitting activity of NaTaO3. 

2.3.4 Light Source 

Typical photocatalytic systems in laboratory studies include either internal or external 
irradiation-type reactors, depending on the light source used [13, 139]. Internal irra-
diation reactors with the longest cut-off wavelengths higher than 400 nm usually 
have high gas evolution rates because the particle suspensions are close to the light 
source. Because of irregular light intensity distribution and irradiation areas, apparent 
quantum yields of photocatalysts cannot be precisely measured using this reactor. 

Thus, analysis of wavelength-dependent gas evolution and quantum yields 
requires the use of an external irradiation-type reactor [9]. The light sources used 
in these reactors determine the performance of the photocatalyst. Xenon (Xe) and 
mercury (Hg) lamps, AM1.5 G, and light-emitting diodes (LED) are the most widely 
used light sources in laboratory studies [3, 140–142]. However, big differences exist 
between these sources and, thus, developing a uniform standard is not possible. Both 
spectral ranges and light intensities vary greatly for different sources. Moreover, 
different incident photon fluxes can lead to different photocatalytic performances. As 
a result of these factors, most reports do not contain sufficient information to compare 
and evaluate the efficiencies of photocatalysts and other reactor components. 

The three main deficiencies that can be identified are listed below. 

(1) Ambiguous or incomplete information regarding light sources. The actual light 
intensity used in the experiment is as important as the light brand, type, and 
power.
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(2) Absence of data about attenuation of incident photon flux during operation. 
Each light source has a specific life span. Changes in radiation output occur, 
thus, it is best to measure light intensity at both the start and end of the test 
period. If the light source is decaying, photon flux may decrease significantly 
over the operation time. 

(3) Incomplete description of the configuration of the light source and reactor. 
The actual light intensity reaching the reaction surface greatly depends on the 
material the reactor is composed of, the distance between the light source and 
the reactor, and the irradiated area of the reactor. Even using the same weight 
of photocatalyst, different irradiation areas with different suspension conditions 
can lead to diverse photocatalytic performances. 

The lack and inconsistency of accurate information regarding the light source 
prevent comparisons of experimental results. It has been shown that irradiation at 
different wavelengths, even within the same visible wavelength range, can lead 
to different photocatalytic performances (Fig. 11 a) [143]. Also, when the light 
intensities are different, the rate of H2 production varies significantly even for 
the same photocatalyst (Fig. 11 b). Moreover, different light sources may promote 
different reaction mechanisms [144, 145]. Therefore, details on the wavelength of 
the light source, light intensity or density, and irradiation area on the surface of the 
photocatalytic system need to be specified. 

Fig. 11 a H2 production under different lighting conditions. b The efficiency of the photocatalytic 
dehydrogenation of formic acid (H2 production) at different wavelengths or intensities for Pt/C3N4 
photocatalyst after 5 h of irradiation
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3 Materials Used for PCSS 

3.1 Introduction (Material Type, Synthesis, Structure, 
Characteristic Properties, and Performance in Seawater 
Splitting) 

Hydrogen, a clean and storable energy source with a high energy density of 
142 MJ kg−1, through photochemical water splitting with abundant seawater would 
address challenging issues such as the increasing energy demand and depletion 
of fossil fuels. In addition, it could also alleviate the consumption of scarce fresh 
water and have use in arid coastal areas. In this chapter, the earth-abundant photo-
catalysts including TiO2, conjugated polymers, solid solution materials, and other 
semiconductor nanomaterials that have been developed for seawater splitting are 
discussed. 

3.2 TiO2-based Materials 

Due to merits associated with high stability, low cost, and low toxicity, TiO2-based 
photocatalysts have attracted extensive attention and have become the most widely 
used for PCSS. All reported TiO2 photocatalysts are based on structure design, 
modification by other semiconductors, defect engineering, and so on. 

In a series of studies on PCSS using TiO2 materials, Yang et al. [146] using  
calcination at high temperatures prepared nano-TiO2, referred to as TiO2-OH, a 
material that has surface hydroxyl groups and high crystallinity. The morphology 
and structure of TiO2-OH revealed by TEM images consist of aggregates of uniform 
TiO2 nanocrystals with uniform sizes ranging from 30 to 40 nm. As can be seen 
in the magnified TEM images (Fig. 12a, b), single TiO2 nanocrystals contain inner 
defect-like pores with a size of about 4 nm. Experimental measurements show the 
TiO2-OH has defects (Fig. 12c). The rich array of surface hydroxyl groups and Ti-
vacancies in TiO2 significantly enhance its activity in photocatalytic H2 production 
from (sea)water (Fig. 12d). [146, 147] Their group also developed a low-temperature 
method to introduce oxygen/metal vacancies in TiO2 that increase the interfacial n-p 
effect. Interfacial n-p homojunctions of TiO2 are fabricated by directly decorating 
interfacial p-type TiO2 with Ti-vacancy around n-type TiO2 nanocrystals.

Beads of TiO2 that are calcined at 350 °C show a uniform diameter of about 500– 
600 nm (Fig. 13a) and consist of uniform nanoparticles with a diameter of about 15 nm 
(Fig. 13b). The nanocrystals with a size of around 8–10 nm (Fig. 13c, blue areas) are 
bonded together through an interconnecting amorphous/semi-crystalline interface of 
around 1–4 nm (Fig. 13c, yellow areas). The amorphous/semi-crystalline/highly crys-
talline phase can be well visualized by viewing the HRTEM image and inverse FFT 
in Fig. 13d, e. This highly crystalline/semi-crystalline/amorphous phase is coherent
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Fig. 12 a, b TEM images of TiO2-OH, c EPR spectra, and d photocatalytic H2 production rates 
from (sea)water of different samples

at the atomic scale, and defect generation mainly occurs at the interface region. In the 
EPR spectrum of TiO2-350, the sharp peak corresponding to gyy = 2.001 is assigned 
to oxygen vacancies and the high intensity of this peak means that TiO2-350 has the 
highest level of oxygen vacancies of all the samples treated at different temperatures. 
The EPR signals at gzz = 2.020 and gxx = 1.98 are attributed to O2− and Ti3+.

To determine the Ti-vacancies in TiO2, Yang et al. performed a 2D1H TQ-SQ 
magic-angle spinning (MAS) NMR experiment. Signals in the spectrum at (7.10, 
7.10 + 7.10 + 1.84) (Fig. 14a) demonstrate the presence of Ti–OH species near 
the solid surface (δH = 1.84 ppm) exist in TiO2-A, and Ti–OH species from broken 
Ti–O–Ti bonds (δH = 7.10 ppm) which were forming hydrogen bonds. At 250 °C, 
the signals at (6.00, 6.00 + 6.00 + 6.00) (Fig. 14b) show that Ti-vacancies start to 
form, and Ti–OH species from broken Ti–O–Ti bonds and surface Ti–OH groups 
are in the phases. When the temperature reaches 350 °C, Ti–OH nests remain and 
almost no other Ti–OH species are present in the bulk (Fig. 14c). Further increasing
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Fig. 13 The morphology of TiO2 via TEM and corresponding Inverse FFT

the temperature only causes the loss of Ti–OH nests, and only Ti–OH species from 
broken Ti–O–Ti bonds and surface Ti–OH species remain (Fig. 14d–h).

As foreign phase-junctions, nanocarbons are very efficient dopants for semicon-
ductor fabrication [148, 149]. Yang et al. found that graphene nanosheets or nanodots 
can capture oxygen atoms of TiO2 thereby creating O- and Ti-vacancies. This group 
developed a two-step calcination treatment, involving starting at 500 °C calcination 
in an Ar flow and followed by 350 °C calcination in air. Application of this procedure 
enabled the formation of a junction of O-vacancies and Ti-vacancies in TiO2 with 
the assistance of reduced graphene oxide (rGO) sheets [150]. As shown in Fig. 15a, 
rGO sheets have a thickness of about 3–5 nm that is intimately coated on the external
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Fig. 14 1H TQ-SQ MAS NMR spectra of a TiO2-A, b TiO2-250, c TiO2-350, d TiO2-450, e 
TiO2-550, f TiO2-650, g TiO2-750, and h TiO2-850

surface of TiO2 beads (Fig. 15a). It also shows a strong electron paramagnetic reso-
nance (EPR) signal at g = 2.002 in the spectrum of TiO2@rGO, which is attributed to 
O-vacancies in TiO2 lattices, while the weak signal at g = 1.965 in that of TiO2@rGO 
is related to the Ti3+ defects associated with O-vacancies (Fig. 15b) [151]. Interfa-
cial junction of O-vacancies and Ti-vacancies significantly enhances t transport of
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Fig. 15 a, d Structure, b, e defects, and c, f photocatalytic H2 production from PCSS 

interfacial carrier. The final sample exhibits a H2 production rate of 570 μmol/h g−1 

from seawater splitting (Fig. 15c). 
Next, Yang and co-workers constructed a spatially ternary titanium-

defected TiO2@carbon quantum dots@reduced graphene oxide (denoted as 
VTi@CQDs@rGO) to demonstrate the cascade effect of charges [152]. The clear 
lattice fringes of TiO2 and CQDs in the HRTEK image are in agreement with 
the anatase TiO2 (101) planes and (110) lattice fringes of graphite, respectively 
(Fig. 17d). The uniform distribution of CQDs in overall mesostructured TiO2 

nanocrystals and outer coating of rGO can be clearly observed in this image. The 
Ti–OH nests with pairs of off-diagonal peaks at (5.3, 5.3 + 5.3 + 5.3) and (5.5, 5.5 
+ 5.5 + 5.5) appear in VTi@CQDs@rGO (Fig. 17e), which are attributed to Ti–OH 
nests referring to the Ti-vacancies, and almost no other Ti–OH species are present 
[153]. As components of the photo-energy conversion efficiency (ïc) of the cascade 
photo-conversion system, charge separation efficiency (ïcs) depends on the charge 
separation from the inner lattice to the Ti-vacancies, charge separation efficiency 
(ïct) depends on the charge transport from the Ti-vacancies to the CQDs, and charge 
utilization efficiency (ïcu) depends on the charge collection and utilization from the 
CQDs and TiO2 nanocrystals to the rGO sheets. This spatial heterojunction exhibits 
a H2 production rate of 750 μmol/h g−1 from seawater splitting, which is 4.4-fold 
higher than that arising from a random surface heterojunction (Fig. 17f). 

Zeng et al. [30] display an uncomplicated post-processing method to synthesize 
a Ti3+ self-doped titanium-silicon material with corrosion resistance. These workers 
demonstrated that Ti–O–Si materials created using different calcination temperatures 
serve as a highly efficient and convenient catalyst for the photogeneration of hydrogen 
from water and simulated seawater. The optimized Ti–O–Si (400) material has an
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impressive 10-times enhanced photocatalytic H2 production performance that is 43.1 
times that of TiO2 nanoparticles in water and simulated seawater. 

Yang et al. [154] developed nonmetal plasmonic MoS2@TiO2 heterostructures 
for highly efficient photocatalytic H2 generation. A combination of physical vapor 
deposition (PVD) and chemical vapor deposition (CVD) strategies was used to 
create few-layered MoS2 nanoflake uniform coatings of different thicknesses on 
the inner surface of anodized TiO2 nanocavities (referred to as MoS2@TiO2) to  
produce a highly ordered 3D hierarchical configuration (Fig. 16a). CVD sulfuriza-
tion was carried out at 400 °C for 10 min on these coated TiO2 arrays (abbreviated as 
MoS2(10)@TiO2, MoS220)@TiO2, MoS2(30)@TiO2, respectively). In the bright-
field (BF) STEM image of MoS2 nanoflakes shown in Fig. 16b, a relationship with 
respect to the atomic number (Z) reveals the presence of sandwich structured MoS2 
and S-vacancies identified by blue dashed circles and blue arrows in Fig. 16c. These 
structures display intense LSPR throughout regulating the S stoichiometry of MoS2 
surfaces. The photocatalytic activities of members of the series of MoS2@TiO2 

cocatalysts for H2 under simulated solar light illumination (Fig. 16d, e). Pure TiO2, 
sulfurized TiO2, and MoO3@TiO2 hybrid are nearly photocatalytically inert toward 
H2 production, associated with a reaction rate lower than 10 μmol h−1. Notably, 
photocatalytic activity is greatly enhanced by the presence of the MoS2 loading, 
reaching a maximum value of 84 μmol h−1 for MoS2(30)@TiO2 which is 8 times 
larger than that of pure TiO2.

Ho et al. designed the SiO2/Ag@TiO2 core–shell solar thermal collector that 
possesses photothermic properties needed for highly targeted interfacial phase tran-
sition reactions that are synergistically favorable for both seawater splitting and 
desalination reactions [34]. In Fig. 17a is shown the photocatalytic performance 
trend in simulated seawater under full spectrum irradiation. Both SiO2@TiO2 and 
TiO2 spheres undergo increases from 156 μmol g−1 h−1 to 192 μmol g−1 h−1 and 
from 138 μmol g−1 h−1 to 156 μmol g−1 h−1, respectively. H2 generation rates for 
the splitting of simulated seawater catalyzed by all three materials are lower than 
those for the splitting of pure water. 

In this effort, chloride concentration as a function of time was measured during 
photocatalytic hydrogen generation reaction of the SiO during the photocatalytic 
hydrogen generation reaction during the photocatalytic hydrogen generation reaction 
catalyzed by the SiO2/Ag@TiO2 core–shell nanocomposite during the photocatalytic 
hydrogen generation reaction using a chloride ion selective electrode. Hydrogen 
is produced at a steady rate of 370 μmol g−1 h−1 under UV light irradiation and 
857 μmol g−1 h−1 under full solar spectrum irradiation (Fig. 17). Concomitantly, 
the chloride concentration remains unchanged throughout the process (Fig. 17b) 
and, hence, no chloride derived compounds are produced. Based on these findings, 
seawater collected from the Strait of Singapore, combined with glycerol in a 20% 
v/v ratio, was subjected to photocatalytic hydrogen production. The results show that 
the photocatalytic performance using actual seawater was better than that utilizing 
simulated seawater. The second issue assessed is the stability of the photocatalyst. 
These workers found that the hydrogen generation rate remains relatively constant
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Fig. 16 a Synthesis process of the MoS2@TiO2 heterostructure. b, c BF-STEM image, and d, e 
H2 production rate over different samples in water and seawater condition

at about 7% during the process (Fig. 17c) which suggests that the SiO2/Ag@TiO2 

core–shell nanocomposite is chemically stable during seawater splitting. 
Wu et al. [155] investigated the Pt/GaP-TiO2-SiO2:Rh (PGTSR) composite 

composed of the d0 metal oxide photocatalyst TiO2 and d10 photocatalyst (GaP). 
The noble metal Pt and supporter SiO2 are employed to enhance the transfer of the
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Fig. 17 a H2 production of different samples in simulated seawater. b H2 production and chlorine 
concentration of SiO2/Ag@TiO2. c Cycling test for H2 production

photogenerated electrons and the adsorption capacity of the composite. The photo-
catalytic performance and stability of the prepared photocatalyst were evaluated by 
measuring the hydrogen and oxygen generation from pure water or seawater in a 
single photoreactor without using sacrificial agents. This PCSS system achieved a 
HER/OER ratio of 41.5/26.1 μmol g−1. 

3.3 Polymer-Based Materials 

A series of water splitting systems that utilize UV light have been developed since 
1980. However, it is unlikely that STH efficiencies of these systems will reach the 
threshold value required to make the cost of hydrogen production by this process 
competitive with those of fossil fuels [156]. UV light (i.e., λ < 400 nm) only accounts 
for approximately 5% of the solar spectrum. In contrast, visible light (400 nm 
< λ < 800 nm) represents more than 50% of the solar spectrum, and close to a 
16% STH efficiency is possible by using visible light-absorbing photocatalysts that 
utilize >600 nm sunlight with 100% efficiency [157]. Therefore, developing long-
wavelength-responsive photocatalysts is a critical aspect of truly efficient renewable 
hydrogen production. 

Conjugated polymers are new types of photocatalysts that have been developed 
for water splitting since they have similar band structures with semiconductors. Early 
studies primarily of these materials focused on the photocatalytic half-reactions 
promoted by polymeric carbon nitride (PCN) [158, 159]. After persistent efforts, 
by loading suitable cocatalysts on PCN loaded with suitable cocatalysts were iden-
tified that promote water splitting using both UV and visible light [160]. In addition, 
single-site cocatalysts have been found to significantly improve catalytic perfor-
mance. A conjugated polymer, comprised of 1,3-diyne-linked conjugated microp-
orous polymer nanosheets (CMPNs) and synthesized via the oxidative coupling of 
terminal alkynes, was found to function as a visible light-responsive photocatalyst 
for overall water splitting [161]. Although the efficiencies of processes promoted 
by conjugated polymers are relatively low, their performances can be improved by
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using the crystallinities of the polymers [162]. In addition, the incorporation of func-
tional groups can be used to tune band gaps and enhance charge separation, and 
high-efficiency cocatalysts, doping, and morphologic control can be employed to 
enhance activities. 

In 2015, Kang et al. [163] described the design and fabrication of a metal-free 
carbon nanodot-carbon nitride (C3N4) nanocomposite and demonstrated its impres-
sive performance for photocatalytic-solar water splitting. The measured wavelength-
dependent quantum efficiencies of the system are 16% for λ = 420 ± 20 nm, 6.29% 
for λ = 580 ± 15 nm, and 4.42% for λ = 600 ± 10 nm, and the overall solar 
energy conversion efficiency is 2.0%. Even though seawater was not used for these 
measurements, they highlight the bright future that this low-cost, Earth-abundant, 
environmentally friendly, and stable material has in H2 production. 

Xiang et al. [164] developed the organic hybridized photocatalyst, COP-
TF@CNi2P), comprised of a carbon-encapsulated nickel phosphide, as a cocatalyst 
loaded on a fully conjugated organic polymer (Fig. 18a). COP-TF@CNi2P exhibits 
has a photocatalytic H2 evolution rate up to 2500 μ mol g−1 h −1 (λ ≥ 400 nm) 
using seawater and it maintains 92% of its initial efficiency after 16 intermittent 
cycles occurring over a half month (Fig. 18b, c). The excellent activity and long-term 
stability of this material are ascribed to the presence of a tight combination between 
CNi2P and pristine COP-TF, which is conducive to the transfer of photoexcited elec-
trons to the surface of CNi2P and its resistance to shedding during photocatalytic 
hydrogen evolution.

Huang et al. [165] reported the results of a study of an electrostatically induced 
supramolecular approach in which small molecules form self-assembled super-
structures as they provide a platform for loading Pt nanoparticle catalyst and 
facilitate charge transfer. This group took unprecedented advantage of chloride 
ions in seawater to promote superstructure formation by their electrostatic inter-
actions with the fine-designed conjugated small-molecule PorFN. The observations 
show that the photocatalytic activity of the system in simulated seawater reached 
10.8 mmol h−1 g−1. 

Yu et al. [166] described the thioether-functionalized covalent organic frame-
work, TTR-COF, and its use in visible light-driven photocatalytic H2 production 
from seawater (Fig. 19a). Owing to the specific affinity of thioether groups for Au 
ions, TTR-COF selectively adsorbs Au over other alkaline and alkaline-earth metal 
cations in seawater, to produce a uniform loading of Au as a cocatalyst. This loading 
along with the highly conjugated structure containing triazine units in TTR-COF 
contributes to enhancing the visible light harvesting and photoinduced charge gener-
ation and separation ability, as well as the stability of the system. The results suggest 
that COFs have great potential for photocatalytic H2 production from seawater. TTR-
COF also has an ability to selectively capture Au ions over other common transi-
tion and basic metal ions (Fig. 19b). The H2 evolution capacity of TTR-COF is up 
to 1720 μ mol g−1 in a 4 h reaction and is stable at that level for at least 20 h 
(Fig. 19c). Moreover, TTR-COF displays continuous and stable H2 production of 
501 μmol g−1 and an H2 evolution rate of 141 μmol h−1 g−1 over a 20 h irradiation
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Fig. 18 a Structure diagram of CNi2P and  COP-TF.  b Photocatalytic stabilities of different samples 
in seawater. c Cycling test of H2 production from seawater

time (Fig. 19d), although a relatively higher H2 evolution rate was obtained using 
TFPT-COF (Fig. 19e).

Babu et al. [167] demonstrated the success of solar seawater splitting by using 
a two-dimensional polymer catalyst derived from metalloporphyrin-bearing multi-
hydroxyl groups. A bimetallic (Co and Ni) derivative of the porphyrin 2D-polymer 
exhibits excellent long-term durability over 15 cycles of H2 and O2 generation in 
200 d from pure water. Detailed studies using rivers and seawaters also show that 
the catalyst has reliable performance over repeated cycles. 

Studies by Lyutakov et al. [168] resulted in the formation of rationally designed 
two-dimensional (2D) flexible heterostructures with photocatalytic activity for the 
production of “clean” hydrogen under NIR illumination. The system displays a 
hydrogen production rate exceeding that of most other 2D materials and it has the 
ability to use the seawater. The material has a hybrid bimetallic (Au/Pt) periodic struc-
ture, which is covalently grafted with a metal–organic framework MIL-101(Cr). The 
periodic gold structure effectively supports a plasmon-polariton wave to excite the 
hot electrons, which are injected into the Pt and MIL-101(Cr) layers. The Pt and MIL-
101(Cr) structures contain catalytic sites, which are saturated with hot electrons that 
efficiently initiate water splitting and hydrogen production. The MIL-101(Cr) layer 
also serves to repel generated hydrogen bubbles. The results of mechanistic studies
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Fig. 19 a Synthesis and application of TTR-COF in PCSS. b Capture efficiency for various metal 
ions of TTP-COF from H2O. Inset: adsorption curve of various metal ions, c Photocatalytic perfor-
mances of TTR-COF and TTB-COF (black) in water, Photocatalytic performances of d TTR-COF 
and e) TTB-COF (black) in seawater conditions

reveal the catalytic role played by every element in the 2D flexible heterostructures. 
A maximum hydrogen output was achieved under plasmon resonance excitation in 
the NIR range, and it could be controlled by varying the applied LED wavelength. 
Moreover, water or seawater is converted into H2 at 193.5 μmol h−1 cm−2 rate under 
irradiation with the NIR part of the solar spectrum.
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3.4 Solid Solution-Based Materials 

Solid solution photocatalysts can optimize the band structures of materials, leading to 
a reduction of the band gap of photocatalysts, broadening the light absorption range, 
and improving the sunlight utilization rate. Thus, these photocatalysts provide a more 
controllable way to realize continuous regulation of the physicochemical properties 
of materials [169, 170]. Furthermore, their optimized band structures may promote 
the delocalization of photogenerated electrons, which boosts diffusion and discon-
nection of photogenerated carriers and improvement of photocatalytic performances 
[171]. Finally, solid solution materials enable better adjustability in compositions and 
structures than single component materials which considerably affect photocatalytic 
performance [172]. 

K. Domen was the first to use a solid solution as a photocatalyst for overall 
water splitting under visible light irradiation (λ > 400 nm). [173] To devise a new  
d10-(oxy)nitride having a visible light response, the attention of this group initially 
focused on gallium nitride (GaN). Since both GaN and ZnO have wurtzite struc-
tures with similar lattice parameters [174, 175]. They participate in forming a solid 
solution (Fig. 20a). The expected band structure of the GaN–ZnO solid solution 
(Ga1−xZnx)(N1−xOx)) is illustrated in Fig. 20b [23]. Experiments confirmed that by 
using Xe (300 W) irradiation, the GaN:ZnO photocatalyst system functions at wave-
lengths as long as 460 nm and has an average apparent quantum efficiency in the 
range of 300–480 nm of 0.14% [173]. Upon modification by using suitable cocat-
alysts (such as RH2−yCryO3), GaN:ZnO becomes active for the H2 evolution under 
visible light (400 < λ < 500 nm). The rate of visible light water splitting producing 
H2 and O2 continuously in stoichiometric amounts remains unchanged for 3 months 
(2160 h). After 6 months of operation, a 50% loss of initial activity occurs. Regen-
eration of deactivated catalysts was attempted by the reloading of the RH2−yCryO3 

cocatalyst. The degree of activity regeneration was found to depend on the reloading 
amount, with up to 80% of the initial activity for H2 evolution being recovered opti-
mally. It was also found that the deactivation of GaN:ZnO is suppressed to some 
extent by prior co-loading of an O2 evolution cocatalyst, which helps to suppress 
oxidative decomposition of GaN:ZnO by valence band holes, thereby improving 
durability [176]. Furthermore, these workers investigated the effects of electrolytes 
on photocatalytic activity in seawater [177]. The cocatalyst RH2−yCryO2 was found to 
selectively promote photoreduction of H+, while RuO2 functions as both H2 evolution 
and efficient O2 evolution sites.

Zhang et al. [178] employed a simple mechanical mixing method to combine 
CdxZn1−xSe and CoP. They found that the CdxZn1−xSe energy band could be tuned 
by changing Cd concentrations due to the acceptance of photoelectrons on CoP 
nanoparticles. The higher CB generates electrons with stronger reduction capacity for 
H2 evolution. Considering various electrolytes exist in natural seawater besides NaCl, 
Li et al. studied possible reactions of ions during the photocatalytic process. These 
workers synthesized ZnS1−x−0.5yOx(OH)y–ZnO photocatalyst with NiS loading by 
using two methods [179]. When Na2S·9H2O and Na2SO3 are added as sacrificial
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Fig. 20 a Crystal data and structure of GaN and ZnO and b band structures of different samples

agents to seawater, a precipitate of a mixture of Mg(OH)2 and CaSO3 is produced. 
Although the surfaces of both the precipitate and photocatalyst are negatively charged 
in the seawater-electron donor reaction system, part of the precipitate particles cover 
the active sites of the photocatalyst. The precipitate can also screen light absorbed by 
the photocatalyst. The surface charge of the modified photocatalyst changes to more 
negative when NiS loaded, which leads to decreasing coverage of the photocatalyst 
surface with the precipitate particles due to increased electrostatic repulsion. Thus, 
the detrimental effect of precipitation decreases, and the photoactivity of the modified 
photocatalyst in seawater-electron donors with the precipitate is higher than that in 
pure water-electron donors without the precipitate. 

Chai et al. [180] prepared a photocatalytic system comprised of p-doped 
Zn0.5Cd0.5S (pZCS) and CoP as a noble-metal-free cocatalyst for photocatalytic 
HER in both pure water and seawater. Through a series of detailed characteriza-
tion experiments, they deduced that the P atoms interstitially doped into the lattice 
framework amplify the S-vacancies present in ZCS. The electron trapping effect 
becomes even more pronounced because the P dopant shifts the Fermi level to a 
location that is in closer proximity to the midgap state. The multiple extents of elec-
tron entrapment within the composite result in highly efficient HEP in pure water and 
3864.1 μmol g−1 h−1 in seawater. Overall, this study offers new insight into photo-
catalytic seawater splitting by highlighting a new approach to produce a composite 
that functions as an innate dual-stage electron trapping system for hindering charge 
carrier recombination. 

Huang et al. [181] prepared Cd0.5Zn0.5S/Ti3C2 composites containing Ti3C2 

nanosheets that have excellent metal conductivity with Cd0.5Zn0.5S to form a non-
precious Schottky photocatalyst. The rate of hydrogen production promoted by 
this composite in seawater is 9.071 mmol g−1 h−1, which is 33 times higher than 
that of Pt-loaded photocatalysts in seawater. In addition, Silva [182] prepared sele-
nium/selenide containing Cd and Zn in aqueous solution at room temperature by using 
co-precipitation. The cubic structure formed has a wide size distribution of CdSe and 
ZnSe solids and produces 16% more hydrogen in natural seawater with added lactic 
acid as a sacrificial agent than in deionized water. The hydrogen production rate of 
Cd0.5Zn0.5S0.1Se0.9 is 350 umol g−1 h−1, and the CdSe composite Zn5(OH)8Cl2·H2O 
produces hydrogen at a rate of 395 umol g−1 h−1. Based on considerations of a
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computational phase diagram, band gap, and band edge position, Gerbrand Ceder 
et al. [183] devised the solid solution Ta3xTi3−3xO3−3xN2+3x as a promising water 
splitting photocatalyst. The minimal band gap is around 2.0 eV, indicating that high 
efficiency under solar illumination may be achieved. 

3.5 Other Types of Materials 

Wu et al. [184] designed and synthesized few-layer heterostructure ReS2 nanosheets 
with a lateral metallic T and semiconducting Td phase interface, in which cationic 
vacancies are intentionally introduced as active sites. Six representative samples 
of seawater of different salinities including 0.8 (Baltic Sea), 2.8 (Yellow Sea), 3.6 
(Caribbean Sea), 3.9 (Arabian Sea), 10 (Dead Sea), and 36wt% (saturated salt solu-
tion) were analyzed. The plot in Fig. 21a shows that the H2 production rate increases 
with increasing salinity. The process promoted by T3 in saturated salt solution 
exhibits the highest hydrogen evolution activity with a hydrogen production rate 
of 216 μmol cm−2 h−1, and the hydrogen production efficiency in Arabian seawater 
is slightly larger than that in freshwater (0.5 M sodium sulfate solution). The sample 
from the East Sea, China, was further tested to evaluate the EC performance of T3 in 
the presence of light. The hydrogen production rate is higher in real seawater than in 
simulated seawater (Fig. 21b) because cations such as Na+, Mg2+, Ca2+, K+, and B3+ 

present in the former improve conductivity. The performance lasts over a long period 
without obvious decay compared to that promoted by nanosheets with S-vacancies 
(Fig. 21c). Compared to S-vacancies, the Re vacancies in the ReS2 nanosheets adsorb 
H+ ions more easily than they do the other five cationic ions. Hence, degeneration 
of active sites is avoided as manifested in the durability of the system (Fig. 21c, 
d). The study demonstrates that T@Td-ReS2 nanosheets are practical and versatile 
photocatalysts in different environments.

Tang et al. [185] constructed an IR-driven PCSS system based on WO2-NaxWO3 

(x > 0.25) by reduction of semiconductor NaxWO3 (x < 0.25) nanowire bundles at 
high temperatures. During the calcination process, the nanowire bundles are recon-
structed into micron-sized crystals. The residual reducing agents and carbon particles 
mostly exist either independently or on the surface of the micron-sized crystals. The 
seawater splitting activity of this system was demonstrated. In addition to the tung-
sten conductive oxides, other hybrid conductive oxides with the general formula of 
MO2-AxMO3 (M = V, Mo, Ta, Re, Nb, Tc, Ru; A = Na, K, Sr) in the material have 
potentially similar photocatalytic properties. 

Wang et al. [186] prepared (Ni-ZnO)@C core–shell and yolk-shell nanoparticles 
for photocatalytic H2 production from seawater. The average particle diameters of 
the embedded photoactive species (Ni and ZnO) in the carbon-shell are in the range 
of 7–23 nm. The collision frequency between water and photoactive sites is also 
highly increased within the confined space in the nanoreactors. The photocatalytic 
splitting of seawater promoted by the nanoreactors has a 5.01 mmol/h gcat yield of 
H2.
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Fig. 21 H2 production rate in a different concentrations of seawater and b simulated and natural 
seawater at different temperatures. c Cycling test of H2 production of T3 and TS in natural seawater

Mu-Hsiang Hsu et al. [187] have developed the Ce-doped ZnO/ZnS photocata-
lyst. The results of XPS Ce 3d spectra indicate that a mixed valence state (Ce3+ and 
Ce4+) is present in the photocatalysts. The activity for optimized Ce-doped ZnO/ZnS 
photocatalyst in an aqueous NaCl solution containing electron donors (Na2S and 
Na2SO3) (1200 μmol/g/h) is 5.2 times as high as that of undoped ZnO/ZnS photo-
catalyst. The improved activity using Ce doping originates from empty or half-filled 
Ce4f electron configurations which make the redox cycle between Ce3+ and Ce4+ 

rapid and repeatable. The recycled photocatalyst has only a limited activity loss, with 
the H2 production rate for the fourth cycle being 85% of the first. 

Kang et al. [31] report the results of studies of a CDs-CdS photocatalyst, comprised 
of cadmium sulfide (CdS) cocatalyst and carbon dots (CDs) as cocatalyst. A series of 
CDs/CdS composites were observed to be efficient hydrogen production photocata-
lysts in both water and seawater. Four typical morphologies of CDs/CdS composites 
have been successfully synthesized with different sulfur sources and solvents. As 
shown in Fig.  22a, CDs/CdS composites were rod-like CDs/CdS-R with a diam-
eter from 50 to 60 nm, CDs/CdS-S nanosheets with thin layers (Fig. 22b), CDs/CdS 
nanospheres with uniform size (diameter around 60 nm) and distribution with vesicle-
like structure (Fig. 22c), and irregular large bulk CDs/CdS-I composites not having a
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Fig. 22 a–d TEM images of different samples. e Photocatalytic performance of different samples 
in water and seawater. f AQE tests for different samples 

characteristic morphological structure (Fig. 22d). The introduction of CDs into CdS 
nanocrystals remarkably enhances photocatalytic activity. Figure 25e shows that the 
composite photocatalysts have photocatalytic activity in seawater, corresponding to 
65%, 70%, 55%, and 50% of those in water, respectively. On the contrary, CdS not 
loaded with CDs exhibits low activity, which is even lower in seawater (30% of 
that in water). The AQY values under optimal conditions with irradiation at 420 nm 
are 15.7%, 19.3%, 8.7%, and 3.5% for CDs/CdS-R, CDs/CdS-S, CDs/CdS-N, and 
CDs/CdS-I, respectively. In contrast, a AQY value of 2.1% is obtained using CdS-R, 
which is lower that the lowest value for CDs/CdS-I. In seawater, CDs/CdS compos-
ites maintain about 50–60% of their AQYs in water with the highest value being 
11.8% for CDs/CdS-S. Additionally, the highest AQY value in seawater for CdS is 
only 0.53% while the lowest is 0.07%. 

4 Industrialization 

4.1 Introduction 

Global energy consumption has increased by about 1.7% annually over the past 
10 years and reached 17.9 TW (terawatts) in 2017, a value that is estimated to increase 
to 22 TW by 2030. About 80% of the energy consumption relies on fossil fuels during
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the period of transition, and carbon dioxide emissions should also increase over the 
next several decades. In the early 1970s, Fujishima and Honda reported the results 
of a study of photochemical water oxidation on a TiO2 photoanode. Although an 
electrical or chemical bias was necessary to drive the process, this phenomenon now 
known as the Honda-Fujishima effect laid the foundation for using semiconducting 
materials in the thermodynamically uphill water splitting reaction to convert light 
into chemical and storable energy. Photocatalytic hydrogen production is among a 
group of catalytic processes that could potentially address the above challenges, and 
it can contribute to the realization of sustainable societies. However, many obstacles 
exist in developing a practical and renewable solar-driven H2 production technology. 
An economic analysis of solar H2 production by the U.S. Department of Energy 
estimated that a photocatalytic system with an STH efficiency of 5% would produce 
H2 at a cost of $2.30 kg−1. Recent progress shows that achieving the goal of attaining 
a 5% STH efficiency for photocatalytic H2 production is not far off. The results 
obtained thus far suggest that the photocatalysis approach is a promising strategy 
for large-scale solar H2 production because the reactor designed for this purpose is 
easily scaled up. However, a major issue still to be considered is the need to separate 
H2 and O2 from the explosive product gas mixture [188]. 

In this chapter, we introduce the economic cost and practical value of photo-
catalytic hydrogen industrialization and briefly summarize the design of large-
scale synthesis and catalytic systems for photocatalysts and explore their cost 
competitiveness. 

4.2 Economical Costs versus Practical Value 

The United States Department of Energy (US DOE) had estimated that the maximum 
cost of hydrogen in 2020 of US$ 2–4 kg−1 would make this gas an economi-
cally viable fuel [189]. The cost of photoelectrochemical hydrogen production was 
predicted to be US$ 5.7 kg−1 in 2020 and to decrease to US$2.1 kg−1 in the more 
distant future based on market competition. In 2013, Pinaud et al. conducted a techno-
economic analysis of the cost of producing hydrogen using various photocatalytic 
and photoelectrochemical systems (Fig. 23) [190]. Based on assumptions of the STH 
values of 10% and 5% and a common lifetime of five years, the analysis estimated that 
the cost would be US$1.6 and US$3.2 kg−1 for respective single and dual bed particle 
suspension systems. Using assumed STH values of 10% and 15% and a lifetime of 
10 years, hydrogen generated using photoelectrochemical systems with fixed planar 
and tracking concentrator arrays was predicted to cost US$10.4 and US$4.0 kg−1, 
respectively. Because suspended photocatalyst systems containing simple plastic bag 
reactors are expected to have lower capital costs than photoelectrochemical systems, 
the cost of their implementation could meet the target hydrogen price of US$2–4 kg−1 

suggested by the US DOE. If significant improvements are made in STH efficiencies 
and cell lifetimes, it might be possible to utilize additional energy and material inputs 
and still maintain costs in the target region.
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Fig. 23 Four different types of reactors. a Single bed type, b dual bed type, c fixed panel array 
type, and d tracking concentrator array type 

In earlier evaluations, the cost of solar hydrogen production was estimated by 
assessing the capital and operating costs of the systems [190]. However, the allowable 
cost can also be estimated using the resulting hydrogen and oxygen products as 
metrics [191]. Fig. 24 gives an overview of a blueprint of photocatalytic H2 production 
plant with an area of 100 m * 100 m. In this setup, 228 kg of hydrogen is produced 
and 2 tons of water is consumed daily. Assuming an STH efficiency of 10%, daily 
AM1.5 G irradiation for 7.6 h (corresponding to 317 W m−2), a lifetime of 10 years, 
and an annual depreciation rate of 4%. Using this approach, the cost of the system 
was calculated to be US$136 m−2, and the respective prices of H2 and O2 would be 
US$3.5 kg−1 and US$0.1 kg−1. However, solar irradiance is typically 240 W m−2 

at most, [190]. So the accurate cost would be US$102 m−2. It is estimated that the 
balance of system expenses alone will exceed the target [192]. Thus, a significant
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Fig. 24 A proposed scheme for large-scale H2 production via solar seawater splitting

need exists for developing new materials and techniques for photocatalytic systems 
for hydrogen generation. 

Before solar hydrogen take the place of fossil fuels, many hurdles facing solar 
photochemical water splitting must be overcome. To make solar hydrogen a feasible 
fuel, the design principle of photocatalytic systems must be coupled with uncovering 
low-cost, stable, and efficient materials. Specifically, the ultimate goal is to reach 
>10% efficiency, >10 years of stability, and a hydrogen cost that is competitive on 
an energy equivalent basis with those of fossil fuels. 

In 2020, Domen et al. [193] reported the development of a 100-m2 scale proto-
type solar hydrogen production system consisting of an array of 1,600 reactor units 
composed of mass-produced SrTiO3:Al as the photocatalyst and loaded with Rh, Cr, 
and Co as cocatalysts. The photocatalyst was fabricated as individual units with the 
light receiving areas of 625 cm2, and gaps between the ultraviolet-transparent glass 
windows and photocatalyst sheets adjusted to 0.1 mm (Fig. 25a, b) to minimize the 
water load and prevent accumulation and ignition of the product gases. A 100-m2 

water splitting photocatalyst panel array, consisting of 33 1 3 modules of 3 m2 each, 
is shown in Fig. 28c. The entire hydrogen production system operated under field 
conditions for more than a year reached a maximum STH of 0.76% under natural 
sunlight. 

It should be noted that economically large-scale H2 production by water splitting, 
let alone seawater splitting, using photocatalysis is still a challenge. Observations 
made by Domen and colleagues should inspire and encourage other researchers.



140 Y. Lu et al.

Fig. 25 A 100-m2 solar panel reactor for H2 production. a A picture of a panel photoreactor unit. 
b Side view of the panel reactor unit. c An 100-m2 solar hydrogen production system

Their results indicate the timescale needed for developing a successful system for 
the production of hydrogen. 

4.3 Large-Scale Synthesis of Photocatalysts 

4.3.1 Large-Scale Batch Synthesis 

To date, batch-wise wet chemical processing has remained the dominant method 
for laboratory synthesis of photocatalysts. This approach requires minimal invest-
ment in equipment and is supported by extensive knowledge available in the liter-
ature. The self-contained apparatus also contained components for reagent storage, 
product separation, and waste gas treatment (Fig. 26). Importantly, the produced 
nanocrystals are separated using ultrafiltration, which requires a lower energy input
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than centrifugation. The catalyst generated in this manner has an energy conver-
sion efficiency of up to 4.3% and an AQY of 40.5% at 425 nm, which is nearly 
equal to the activity of a similar catalyst synthesized in a 130-fold smaller batch. 
However, the particle size distribution and catalytic activity are noticeably worse 
than those obtained using a twofold diluted, laboratory-scale synthesis system that 
does not require stirring [194]. This observation highlights the difficulty associated 
with the scale-up of process employed for nanomaterials synthesis using batch-wise 
wet chemical systems. 

Besides increasing the batch size, improving the throughput of batch-wise 
synthesis is an alternative route, for example, shortening the processing time or 
increasing the reaction temperature. Completion of reactions, required to obtain 
reasonable yields, can be achieved by using more efficient heating methods such as 
microwave heating. For example, α-Fe2O3 particles with an average size of 200 nm 
have been fabricated in a 5Lmicrowave-heated hydrothermal reactor, and the produc-
tion rate is claimed to be comparable to 2.1 m3 conventional reactors [195]. Many 
photocatalysts have been prepared by using similar methods where the required reac-
tion time, typically a few minutes to hours, is an order of magnitude lower than those 
utilizing conventional hydrothermal methods [196]. However, the photocatalysts that 
are synthesized using microwave-assisted methods have not yet exceeded the gram 
scale in laboratory research, mainly because of the limited penetration of 2.45 GHz 
microwaves [197]. 

Lasers and direct currents have also been used for efficient heat delivery. In the 
former method, optical energy is converted to heat that melts/vaporizes a starting

Fig. 26 Schematic diagram of a pilot plant in large-scale batch hydrothermal synthesis mode 
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material, which is then transferred to the reaction medium [198]. Similar to lasers, 
high voltages applied to solid–liquid interfaces generate localized heating through 
plasma discharge. This method has been employed in the one-step synthesis of 
TiO2-x [199, 200], which is promoted by applying high voltage pulses to Ti elec-
trodes immersed in NH4NO3 or HNO3 electrolyte. It was suggested that metallic 
Ti melted/vaporized by the plasma at the cathode transfers heat to the electrolyte 
while being partially oxidized. In both of these heating methods, the amount of 
materials converted to heat by each laser/electrical pulse is microscopic, but produc-
tion of the extreme temperatures occurs within l ms. As most of the input energy 
is delivered to the solid–liquid interface instead of the bulk mixture, these methods 
are energy-efficient and, hence, they have the potential for scale-up provided that 
low-cost processes exist for economic processes for product recovery. 

Solid-state synthesis uses much higher precursor concentrations and hence it 
makes more efficient use of reactor volumes than wet chemistry. Due to sluggish 
diffusion and interaction between solid precursors, which necessitates the use of 
high temperatures for acceptable reaction rates, these processes are slow, energy-
intensive, and accompanied by severe sintering. The high temperatures facilitate the 
removal of structural defects from the semiconductor crystals and improve carrier 
diffusion lengths. The negative effects of small surface areas can be compensated for 
by an increase in the number of charge carriers reaching catalytic sites. Furthermore, 
this method, which is applicable for industrial-level production, has a close to 100% 
yield based on the metal. Despite the fact that throughputs employed in research 
laboratories are limited to several grams, solid-state synthesis has great potential for 
use in the production of photocatalysts on large scales. 

Similar to using wet chemical methods, solid-state synthesis of photocatalysts has 
also taken advantage of microwave heating. However, heating efficiency depends on 
the properties of the materials being processed, and it is modulated by the copious 
amount of solvent present in wet chemical but not solid-state synthesis systems. 
Microwave heating in solid-state mixtures is therefore non-uniform due to inhomo-
geneity. The strong microwave absorber CuO has been used as a medium to deliver 
heat to a reaction mixture. Although the uniformity of heating is affected, the reac-
tion time is reduced to 18 min from the 3–4 h required using conventional heating. 
The product generated in this manner has a 50% improved PCWS activity compared 
with that using g-C3N4 synthesized in a furnace, because it has higher crystallinity. 

A solid phase reaction can not only be accelerated using efficient heating but 
also by a flux which forms a melt that acts like a solvent to promote local diffusion 
of reactants. Recently, this method has been improved by increasing the amount 
of flux so that a significant fraction if not all of the precursors are in the solu-
tion phase during the reaction [201]. The resulting molten salt process enables the 
controllable formation of nanocrystals because crystal nucleation and growth occur 
more uniformly than in conventional solid-state synthesis systems. In this sense, this 
process parallels wet chemical synthesis with the exception of having significantly 
higher reactant concentrations. For example, Sr-doped NaTaO3 nanocubes with sizes 
of 20–60 nm have been synthesized in molten NaCl–KCl and the material generated 
has remarkable overall water splitting activity under UV radiation [202].
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4.3.2 Large-Scale Continuous Synthesis 

Batch-wise synthesis requires that reactors be evacuated and recharged which leads to 
long down-times and batch-to-batch variations caused by non-linear heat/mass trans-
port, particularly when using wet chemical processes. As a result, the use of contin-
uous processes is preferred for industrial-level production. Considerable studies have 
been conducted since the 1990s on continuous hydrothermal flow synthesis (CHFS) 
of inorganic nanomaterials [203]. In contrast to laboratory-scale batch synthesis 
where the reaction mixture is usually heated for several hours at temperatures up to 
200 °C, industrial-level production usually utilizes temperatures of 200–400 °C, thus, 
reducing the required residence time to a few seconds or minutes. In order to achieve 
these high temperatures in an even smaller timescale before the product formation 
starts, precursor solutions are often heated by direct mixing with supercritical water. 
Using this approach, small sizes of metal oxide, hydroxide, sulfide, and phosphate 
nanoparticles (less than 100 nm) have achieved a kg h−1 scale. Figure 27 contains a 
schematic diagram of a representative CHFS system. 

Fig. 27 Schematic diagram 
of a CHFS system 

Fig. 28 a Schematic diagram of vapor-fed flat flame aerosol synthesis. b Schematic diagram of a 
ultrasonic spray pyrolysis process
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While many photocatalytically active materials including TiO2, α-Fe2O3, CdS, 
ZnO, and WO3 have been prepared by this method, [204] research works on their 
PCWS activity have been extensively reported. Makwana et al. synthesized anatase 
TiO2 with TiOSO4 and KOH, and the fabricated sample has tunable sizes of 5– 
18 nm and displayed high PCWS activity. More recently, a 5 nm Ti3+-doped TiO2/C 
composite was synthesized on a small scale using 45 mmol h−1 throughput of the Ti 
precursor [205]. The composite has a higher hydrogen evolution activity than that of 
commercial TiO2. In an earlier study, a similar activity was achieved by employing 
K2Ti6O13 nanofibers. This material was synthesized using a residence time of ∼2 s  
and a production rate of 0.3 g h−1. Notably, the throughput of CHFS still has a 
bottleneck associated with time-consuming product separation. 

Although not used often in chemistry, gas-phase synthesis is by far the most 
useful method for industrial production. For example, carbon black, fumed silica, 
and the commercial P25 et al. are fabricated using a type of gas-phase process called 
flame aerosol synthesis (FAS), which was first commercialized in the 1940s. In FAS, 
precursors and supporting fuels in the forms of either vapors or atomized liquids 
are introduced continuously into a flame, where they undergo pyrolysis to form 
nanoparticles along with exhaust gases which can be recovered by using cyclone 
separators or filters. 

Wu et al. [206] reported that a methanol solution of a FAS-derived 10–20 nm 
TiO2 photocatalyst promotes photocatalytic H2 evolution with a AQY of 39.4% at 
360 nm. TiO2 was synthesized by feeding vaporized titanium(IV) tetraisopropoxide 
along with ethylene, oxygen, and argon into a flat flame on the surface of a rotating 
collection disk (Fig. 28a). Fast quenching of metastable intermediates before rutile 
crystallization leads a TiO2 II phase during this process [207]. A flame is not the only 
heat source that can be used for the gas-phase synthesis of nanomaterials. As depicted 
in Fig. 28b, the so-called ultrasonic spray pyrolysis process, in which a conventional 
tube furnace is used to continuously dry and pyrolyze fine droplets of precursor solu-
tion without combustion, can also be employed for this purpose. Compared with FAS, 
ultrasonic spray pyrolysis does not involve rapid heating of precursors, which causes 
incomplete vaporization of droplets before a significant amount of product forms. 
The resulting particles in the form of polycrystalline aggregates retain the shape of 
the precursor droplets. It has been noted that despite the large potential of using gas-
phase nanomaterial synthesis at commercial levels, short residence times of particles 
prevent the healing of structural defects which compromises photocatalytic activity 
[208]. Thus, to achieve desirable results, this approach could be used in combina-
tion with an annealing or wet chemical step. In addition, how species adsorbed on 
nanoparticles affect morphological control during FAS is poorly understood.
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4.4 System Design 

4.4.1 Reactors Design 

Conventionally, laboratory-scale PCWS use suspensions of particulate photocata-
lysts in flask-type reactors. However, the difficulty in the scale-up of suspension 
systems might be reflected in the absence of large-scale demonstrations with appre-
ciable STH values. This approach has difficulties on large scales for several reasons. 
Firstly, considering the larger volumes of water required, minimizing of reactor costs 
is still challenging. For example, a 1 cm depth of water in a reactor has a mass that 
reaches 10 kg m−2. Thus, large-scale use of these types of reactors is not feasible 
considering that the target cost for the entire system needs to be US$102 m−2 [209]. 
Secondly, sedimentation of particulate photocatalysts in the reactor leads to an insuf-
ficient irradiation unless stirring is used. Tubular reactors coupled with compound 
parabolic concentrators (CPC) have been examined for large-scale outdoor opera-
tion of PCWS reactions using sacrificial reagents. [210] No daily light tracking is 
required when CPCs are utilized. In a system developed by Jing et al., the CPC has 
a maximum half incident angle of 14°, aperture length of 0.4 m, and total length 
of 1.5 m, along with 1.6 m long Pyrex glass reactor tubes. This configuration has a 
concentration factor of four. Thirdly, recovering suspended catalytic powder using 
filtration or centrifugation is energy- and time-consuming. Processes associated with 
spent photocatalyst replacement would be simpler considering the large footprints of 
PCWS systems. Because fixed particulate photocatalysts address these problems, it 
has been suggested that photocatalysts should be generated as planar panel modules 
such as those used in photovoltaic systems. 

Water splitting systems using photocatalyst powders thinly fixed on substrates 
have been described in several recent publications [211, 212]. It is possible to fix 
particulate photocatalysts onto substrates by using drop-cast methods along with 
silica binders. Controlling the hydrophilicity and porosity of these layers is impor-
tant to preserve the intrinsic activities of particulate photocatalysts fixed to substrates. 
For example, photocatalyst particles fixed on glass substrates exhibit lower activi-
ties than suspensions of the same materials [137, 211]. This activity retardation is 
caused by the inefficiency of penetration of water and desorption of gaseous products 
from the dense particulate photocatalyst layer. Hydrophilic silica particles accelerate 
water splitting promoted by photocatalyst panels because they create voids in the 
particles and, thus, promote the diffusion of substances in solutions and product gas 
bubbles. The properties of Z-scheme-type sheets of OER and HER photocatalysts 
fixed on conductive materials have been reviewed recently [213–215]. The size of 
the photocatalyst sheet can be scaled up without special consideration being given 
to electron and mass transfer between the OER and HER photocatalysts. 

In 2015, Schröder et al. [212] described a 0.76 m2 flat panel-type reactor 
employing a C3N4 photocatalyst and triethanolamine as a sacrificial electron donor. 
The reactor contained a reactor body composed of an etched Teflon plate (6 mm 
in depth), exchangeable stainless-steel plates coated with the photocatalyst using a
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Nafion binder, a plexiglass window (8 mm in thickness), a reaction solution reser-
voir (10 vol% aqueous triethanolamine), and a pump for circulation (Fig. 29). The 
photocatalytic H2 production rate has decreased by 40% after continuous operation 
over 30 d. Unfortunately, the STH efficiency of this device was not correctly calcu-
lated due to the participation of the sacrificial reagent. In fact, a majority of the 
energy stored as hydrogen in this system originates from the chemical energy of the 
sacrificial reagent and not from the solar energy harvested by photocatalysis. 

K. Domen et al. [137] has reported panel-type reactors intended for large-scale 
via highly active SrTiO3:Al photocatalyst sheets. SrTiO3:Al has an absorption edge 
of 390 nm and a wide band gap of 3.2 eV. In a scaled-up system, SrTiO3:Al materials 
were fabricated by depositing the SrTiO3:Al photocatalyst on frosted glass plates. The 
plates were immersed in a laboratory-scale panel-type reactor filled with water. Under 
UV light illumination over the entire plate, the rate of hydrogen and oxygen evolution 
was tested to reach 5.6 mL cm−2 h−1. During the process, small bubbles of hydrogen 
and oxygen migrate upward due to the buoyant force without forced convection. 
The STH of the water splitting reaction reaches 10%, while producing a mixture of 
hydrogen and oxygen at a rate of 5.6 mL cm−2 h−1. In addition, they constructed 1 
m2 panel reactors by using plexiglass plates for the body and window, and 8 g m−2 

SrTiO3:Al sheets and distilled water were loaded into the device (Fig. 30). The STH 
efficiency of this reactor for non-sacrificial solar-driven water splitting under natural

Fig. 29 a Schematic diagram and b photograph of large-scale photoreactor 
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sunlight was estimated to be 0.4%. This value is very close to that obtained during 
laboratory-scale experiments. The results suggest that a panel-type reactor with an 
area greater than 1 m2 could obtain STH of 10% under AM1.5 G irradiation without 
using forced convection. 

One of the critical issues that needs to be considered in creating scaled-up or 
overall water splitting reactors is the fire/explosion hazard arising from the fact that 
H2 and O2 are generated simultaneously. The produced H2 could be diluted with 
an inert gas, for example, N2 or CO2, so that its concentration is below the lower 
flammability limit before being separated by selective permeable membranes [216, 
217]. However, considering that hydrogen’s lower flammability limit is only 4% (in 
air/oxygen, at normal temperatures and pressures). However, the large amount of 
diluent required limits the process. 

A shallow funnel-shaped photoreactor without active stirring has a similar STH 
as that of an ordinary stirred tank photoreactor [218]. In Fig. 31 a, b is shown the 
reactor in which a slurry is introduced tangentially to induce mixing. Notably, a 44% 
improvement in AQY was obtained in a more recent study using Pt/TiO2 catalyst 
beads in a fluidized bed reactor rather than a recirculating suspension of Pt/TiO2 

nanoparticles [219]. The system also included a sparger downstream of the reactor 
to extract H2 and O2 with an inert gas (Fig. 31c). Efficient mass transfer and fast 
removal of product gasses are proven to be key factors leading to high AQY because 
they suppress reverse reactions via a computational modeling [220].

Low-pressure operation on large scales is a burden unless the sacrificial reagent 
is waste or can be simply regenerated. Specifically, the production of hydrogen as a

Fig. 30 a Schematis of a 1 × 1 m panel-type reactor containing photocatalyst coating sheets and 
b a photograph of a 1 × 1 m panel containing SrTiO3:Al photocatalyst 
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Fig. 31 a Schematic diagram of flow photoreactor and b a photograph of laboratory-scale flow 
photoreactor. c Schematic diagram of a fluidized bed photoreactor system

basic feedstock at the expense of using downstream chemicals cannot be justified. 
With this in mind, a hybrid photocatalytic-solar thermal cycle has been devised [221] 
in which photocatalytic hydrogen production occurs together with the oxidation of 
aqueous (NH4)2SO3 to form (NH4)2SO4 by photogenerated holes, which then passes 
through a metal oxide-assisted multistep solar thermal process to regenerate a more 
recent study and produce oxygen. 

4.4.2 Optical Design 

The design of a photoreactor needs to consider the maximum exposure of cata-
lyst particles to solar radiation. The simplest way is comprised of a flat panel-type 
container (Fig. 32a), which has been proven to be a cost-effective approach to water 
treatment [222]. However, for water splitting the reactor needs to be sealed with a 
highly UV transparent cover, which leads to capital cost increases. In typical labo-
ratory studies, quartz glass is employed as the cover. However, the use of this type 
of glass in large reactors is too costly. While thin borosilicate and soda lime glass 
have satisfactory transparencies in the UV region, when they are utilized to cover 
large areas, their thicknesses need to be large to support their weights, which leads to 
UV transmission decreases. Polymethyl acrylate is commended for use as alternative 
[218], but its reliability under constant exposure to direct sunlight is questionable.
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Fig. 32 a Flat panel-type photoreactors. b Tubular photoreactors with parabolic trough collectors 
and c tubular photoreactors with compound parabolic collectors 

Based on the above reasons, tubular glass reactors have become the compromise 
between transparency and mechanical strength. Moreover, flat panel reactors were 
employed in recent pilot-scale trials of PCWS as elaborated further in Progress in 
pilot tests due to its low cost and ease of reactor construction on such scales [211]. 

To fully utilize the surface area of a tubular reactor, light reflectors have been 
employed to enable illumination of the underside of the reactor. Originating from 
solar thermal engineering studies, the old-type reflectors have single parabolic 
profiles. This configuration, known as a parabolic trough (Fig. 32b), only reflects 
incident light that is perpendicular to the aperture of the reactor tube at the focal 
point. Thus, all the diffuse light is not utilized [223]. Compound parabolic collectors 
(CPCs, Fig. 33a) are now the most of the reflectors used for water splitting devices, 
which allow some diffuse light to reach the reactor tube (Fig. 32c). Furthermore, a 
new type of reflector geometry has been developed recently for the improvement of 
the uniformity of illumination on the tube surface (Fig. 33b) [224]. 

Fig. 33 Schematic diagram of a typical parabolic collector and b surface illumination uniform 
collector
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4.5 Technology Cost Competitiveness 

Unlike in fundamental research where gaining insight into processes that occur is the 
most important goal, applied technologies depend on profitability. Most of the solar 
H2 production technologies discussed in this chapter are at the research stage only. 
Economic assessments of these approaches are made difficult by the unavailability 
of key data, which necessitates that coarse assumptions be made. As a consequence, 
direct comparison between different systems provides little insight into the relative 
viabilities of hydrogen-generating devices. Nevertheless, rough comparisons can 
provide perspectives for designing future investigations. 

Considering that photovoltaics and water electrolysis are well-established indus-
trial processes, modular PEC water splitting has received the greatest techno-
economic study thus far. As shown in Table 1, the levelized cost of hydrogen (LCH), 
estimated by different authors, varies from 4.7 to over 13 USD kg−1. An important 
assumption that leads to differences in the estimates is the capacity factor of the 
electrolyzer unit, i.e., the ratio of the average actual production rate to the design 
capacity. This factor directly influences the size and hence capital cost of the elec-
trolyzer. To obtain the lowest LCH, an assumption is made that the electrolyzer oper-
ates at constant full capacity, which is equal to that designed for hydrogen production 
[225]. For a model that includes a minimal size electrolysis plant, the capital cost 
would be less than 15% of the LCH in the case of a PEM electrolyzer, a value similar 
to that for a grid-powered electrolyzer [226]. One way of estimating the size of an 
electrolyzer at the upper end of LCHs is to make its capacity equal to the peak power 
of the photovoltaic plant, in other words to assume that all photovoltaic power is 
utilized by the electrolyzer [192, 227]. This consideration significantly increases the 
contribution of the electrolyzer cost to LCH which can be up to 40%. In this design, 
the electrolyzer capacity is severely underused.

It has been proposed that grid electricity be used as supplemental to photovoltaic 
power to keep the electrolyzer operating at full capacity [192]. Because at the current 
time contributions to the grid are dominated by nonrenewable energy sources, a 
design of this type would have a high carbon footprint, along with estimated LCHs 
being higher than that of grid-powered electrolysis (6.6 versus 5.9 USD kg−1). 

Remarkably low LCHs of 2.1 and 4.2 USD kg−1 have been estimated for single 
semiconductor and Z-scheme PCWS systems, respectively. Both values are within 
the U. S. Department of Energy target and, thus, they are potentially competitive 
with hydrogen generation by methane steam reforming having an estimated cost 
of approximately 1.4 USD kg−1 [156, 192]. However, this is an optimistic outlook 
rather than an estimation based on the current state-of-the-art technologies.
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Table 1 Various solar hydrogen production technologies and their economic assessment 

Type Scale STH or H2 productivity LCH(USD kg−1) 

Reforming – – 1.4 

Photocatalytic, single 
semiconductor 

10td−1 10% 2.1 

Oxygenic biophotolysis 10td−1 9.2% 3.9 

Photocatalytic, Z-scheme 10td−1 5% 4.2 

Photovoltaic PEM 
electrolysis 

1td−1 10.8% 4.7 

Integrated PEC, 10× solar 
concentration, and tracking 

10td−1 15% 5.3 

Anoxic biophotolysis 10td−1 5.2% 5.5 

Integrated 
photovoltaic-concentrated 
solar thermal SOSE 

8MWPV – 5.7 

Grid-assisted photovoltaic 
PEM electrolysis 

10td−1 9.8% 6.6 

Integrated 
photovoltaic-concentrated 
solar thermal SOSE 

0.4td−1 9.9% 6.6 

Solar thermal hybrid 
H2SO4 

50MWth 10.2td−1 – 6.9 

Anoxic biophotolysis by 
immobilized green algae 

10td−1 2.25% 7.9 

Photovoltaic SOSE 0.4td−1 6.3% 8.4 

Solar thermal NiFe2O4 50MWth 11.4td−1 – 8.6 

Integrated PEC, 10× solar 
concentration, and tracking 

10td−1 20% 10.0 

Photovoltaic electrolysis – 11.5% 10.0 

Photovoltaic electrolysis, 
10× solar concentration 

– – 10.1 

Integrated PEC, fixed panel 10td−1 9.8% 12.3 

Photovoltaic SOSE – – 12.8 

Photovoltaic PEM 
electrolysis 

10td−1 9.8% 13.1 

Integrated PEC, fixed panel 10td−1 10% 13.6 

Photo-fermentation 10td−1 3.5% (1.5%) 13.6 (18.3) 

Solar thermal CeO2 90MWth 13.4% 14.7 

Integrated 
dark/photo-fermentation 

1.3td−1 0.33 mmolL−1 h−1 25.1 

Integrated 
dark/photo-fermentation 

1.4td−1 0.5 mmolL−1 h−1 37.5 

Solar thermal NiFe2O4 90MWth 6.4% 43.8

(continued)
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Table 1 (continued)

Type Scale STH or H2 productivity LCH(USD kg−1)

Integrated 
dark/photo-fermentation 

27.1td−1 0.21mmolL−1 h−1 62.6

5 Perspectives 

PCWS has attracted wide interest for the past 50 years and achieved significant 
improvements reaching solar-to-hydrogen conversion efficiencies ηSTH of nearly 
2% during the last 10 years. Thus, efficiency is one of the many considerations 
guiding the selection of a solar hydrogen production technology. This technology 
used in seawater splitting has attracted attention in only the recent 5 years. Among 
the recent studies on PCSS, TiO2 is the most widely used semiconductor material, 
and the stability of the photocatalyst plays a significant role. However, only part of 
the reported efforts give an evaluation of the stability of the photocatalyst. Different 
kinds of inorganic salts (NaCl, MgCl2, etc.), organic matter, and microorganisms 
exist in seawater. As a result, the activities and durabilities of photocatalysts can be 
lower when used in seawater rather than pure water. For estimating the effects of 
ions, it is generally believed that Na+ has a positive effect on photocatalytic water 
splitting, but the influence of Cl− remains controversial. Nevertheless, it should be 
noted that the effects strongly depend on the photocatalysts used. 

Although there have been a few reports on the use of electrocatalysis and 
photoelectrocatalysis for water splitting, photocatalysis has advantages over these 
approaches that include (1) the design of the photocatalytic device is cheap and easy 
maintenance, and (2) the reaction does not require additional electrolytes, reducing 
costs of product separation. Thus, the development of highly efficient PCSS systems 
for H2 production is highly desirable. 

Compared with PCWS, the development of the PCSS has three significant advan-
tages. Firstly, it not only makes full use of abundant seawater resources, opening up 
scenes and solving the problem of lack of freshwater, but it also greatly reduces the 
cost and avoids the desalination process, which is more in line with actual applica-
tion requirements. Secondly, the inorganic salts and other impurities may improve the 
efficiency of PCWS in some systems. Finally, other high-value-added by-products 
such as ClO− can be produced. 

Several questions should be posed at the outset of studies of photocatalytic 
seawater splitting. One concerns possible approaches that can be taken to decrease 
structural defects, lower surface reaction barriers, and control particle morphology 
in order to utilize as many photoexcited carriers as possible in narrow band gap 
photocatalysts. Next, how can backward reactions be suppressed while separating 
the H2 and O2 products in overall water splitting systems? Also, how can water 
splitting devices be scaled up for practical applications without significant decreases 
in performance? Minimization of the negative effects of electron mediators used in 
PCSS needs to be considered. Finally, the question of how visible light-responses
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photocatalysts can be stabilized and verified during the water splitting process needs 
to be addressed. 

6 Conclusion 

In this chapter, we highlighted recent progress made in studies of PCWS, with the 
goal of inspiring future efforts in this important field. The development and utilization 
of sustainable and clean solar energy is the goal of investigations aimed at solving 
the intertwined energy and environmental dilemma. 

Firstly, a brief introduction was given to describe the conceptual basis of PCSS 
and PCWS, including evaluation parameters such as IQY, AQY, STH, and TON, and 
the effects of salt, sacrificial agents, cocatalysts, and light sources. 

Secondly, we provided a brief introduction to the extensively studied materials for 
PCSS, ranging from their structures, defects, and optical and electronic properties. 
Major challenges still exist in many areas, including optimization of the photocat-
alytic materials and the overall systems. Developing long-wavelength-responsive 
photocatalysts are beneficial to achieve high STH efficiencies. Inhibiting back reac-
tions of hydrogen and oxygen by applying coating layers to cocatalysts and photo-
catalysts can further improve efficiencies. Developing more visible light-responsive 
photocatalysts for use in seawater splitting is the most important task for enabling 
large-scale H2 production by using photocatalysis technology. 

Finally, it is important to design new water splitting devices for the development 
of practical systems. Particulate Photocatalysts are proven to be easily scaled up 
at low cost, but they have critical disadvantages. These include challenges associ-
ated with constructing inexpensive large-size reactors, maintaining suspensions over 
large areas using pumping and stirring, and reclaiming used photocatalysts from the 
system. Essentially, a combination of highly efficient photocatalysts, inexpensive 
scalable devices, and innovative technologies for the construction and operation of 
large-scale photocatalytic plants is required to realize a future sustainable energy 
source based on hydrogen. 
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Photoelectrocatalytic Seawater Splitting 

Si-Ming Wu, Shi-Tian Xiao, Yi-Tian Wang, and Xiao-Yu Yang 

Abstract Hydrogen is a renewable and eco-friendly energy source which has 
become the focus of attention. Solar energy is the most abundant renewable energy, 
and seawater is the most abundant natural resource on the earth. Using photoelec-
trocatalytic seawater splitting to produce hydrogen has become one of the ideal 
ways to solve the practical energy problem and alleviate the shortage of freshwater 
resources. This part summarizes the recent research work on the photoelectrocatalytic 
for seawater splitting, clarifies the research content and mechanisms, and discusses 
the implementation and challenges of photoelectrocatalytic seawater splitting. 

Keywords Photoelectrocatalytic · Seawater splitting · Hydrogen · Photocatalysis ·
Photoelectrode 

1 Preface  

In this chapter, we discuss the basic principles that serve as the foundation of photo-
electrocatalytic (PEC) water-splitting technologies, along with recent advances that 
have been made in developing eco-friendly and efficient systems for the production 
of clean H2 using solar power and abundant seawater. In a PEC device, a photoac-
tive electrode (photoelectrode) is typically a semiconductor (SC) that absorbs light 
having an energy that is larger than the bandgap of SC. Light absorption promotes 
an electron to move from the valence band (VB) to the conduction band (CB) in 
the photoelectrode, leaving a corresponding hole (h+) in the VB. A hole–pair elec-
tron then moves from the surface of the excited photoelectrode to the electrolyte to 
promote the water splitting [1, 2]. 

Recently, a host of novel nanomaterials have been developed that have applications 
in PEC seawater splitting systems. Specifically, photoactive semiconductor (SC)
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materials, such as TiO2, ZnO, Fe2O3, and WO3, which have various nanostructures 
including 0D nanoparticles, 1D nanorods/nanowires/nanotubes, 2D nanosheets, and 
3D complex structures have been shown to display impressive PEC performances 
[3]. The wide range of chemical compositions and different structural dimensions 
[4] of these materials makes it possible to tune their physical properties. Advances 
made in both photocatalysis and electrocatalysis have guided the design of PEC 
seawater splitting systems that display highly advantageous features of selectivity 
and long-term stability [5]. 

Highly stable low-cost seawater splitting PEC systems required for industrial-level 
applications need to have properties that match specific criteria. For example, driving 
the PEC water-splitting process requires a low overpotential to have a high solar-to-
hydrogen (STH) conversion efficiency. Secondly, PEC water-splitting systems need 
to be simple and space-saving, which means they must be comprised of a minimal 
number of components (wires, electrodes, reactor, etc.). Thirdly, costs for fabricating 
PEC systems must be low, a goal that can be realized by making a PEC system by 
combining light absorption and water-splitting catalysts. Finally, to be applicable, 
PEC cells must have long-term stabilities in seawater [6, 7]. 

2 Principles Serving as the Foundation 
of Photoelectrocatalytic Water Splitting 

2.1 Introduction 

Since the time Fujishima and Honda discovered that rutile TiO2/Pt serves as a photo-
cathode for PEC hydrogen production, [1] many research efforts have been carried 
out on PEC water splitting. Because climate changes have become more intense in 
recent years, developing systems that convert recyclable energy sources into clean 
energy have become an obvious goal of many investigations. The ocean has 97% of 
the world’s water resources which cannot be desalinated in an economical manner. A 
highly promising general strategy to accomplish this objective is based on the PEC 
water-splitting process which converts sustainable solar energy into the clean energy 
generator H2 and utilizes abundant seawater (SW). In this chapter, this strategy is 
described by first discussing the basic principles that serve as the foundation of photo-
electrocatalytic (PEC) water splitting. Next, a summary is given on recent advances 
that have been made in developing eco-friendly and efficient PEC systems for clean 
H2 production using solar power and abundant seawater. The chapter concludes by 
discussing hurdles that still need to be overcome to fabricate industrial-scale PEC 
systems for SW splitting [8, 9].
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2.2 Mechanism of PEC Water Splitting 

PEC combines features of electrocatalysis (EC) and photocatalysis. Like in EC 
systems, an external electronic circuit connecting the electrodes in PEC cells, with 
the difference being that in PEC cells one or both electrodes contain photoactive 
materials (photocatalysts) as thin film distributed on the substrates. Materials that 
commonly serve as photoanodes and photocathodes are n-type (e.g., TiO2) and p-type 
SCs (e.g., Cu2O), respectively. In a PEC cell, what electrolyte is used depends on the 
nature of the electrode. For example, when TiO2 anodes are utilized, the electrolyte 
is preferably alkaline. The counter electrodes are typically comprised of Pt [9–11]. 

The mechanistic pathway followed in PEC is a combination of those operating 
in photocatalysis and electrocatalysis. As shown in Fig. 1, in a PEC cell containing 
water, illumination of a SC containing photoanode that is separated from the cathode 
promotes photocatalysis of the hydrogen evolution reaction (HER) and oxygen 
evolution reaction (OER) simultaneously. The specific electronic band structure of 
the SC, which consists of a full valence band (VB) and an empty conduction band 
(CB) and a small bandgap energy (Eg), is responsible for the chain of events that 
occur after illumination of the cell. Specifically, irradiation of the SC using light 
that has an energy greater than Eg promotes a VB-to-CB (e– CB) transition of an 
electron forming a hole which has a positive charge in the VB (h+ VB) (Eq.  1). The 
photogenerated charge carriers h+ VB and e– CB on the photoanode can be efficiently 
separated by applying a bias voltage. The hole created in this manner migrates to 
the photocatalyst surface, and then it is transferred to aqueous electrolyte solution 
where it initiates water oxidation to produce O2 (Eq. (2)). The remaining electron 
in the CB is also transferred to the electrolyte solution where it promotes reduction 
of protons to form H2 (Eq. (3)) [12, 13]: 

SC + hν → h+ 
VB + e− 

CB (1) 

OER:2H2O (l) + 4h+ 
VB → O2(g) + 4H+ (2) 

HER: 4H+ + 4 e− 
CB → 2 H2(g) (3)

2.3 Features of PEC Water Splitting and Effects 
on the Performance 

PEC methods are highly promising. The PEC performance of a system is often 
evaluated through the rate of hydrogen production and current density that can be 
determined by employing linear sweep voltammetry (LSV). Photogenerated current 
density is a common parameter used to evaluate the PEC performance. Several factors
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Fig. 1 PEC water splitting 
cell based on n-type SC as 
photoanode

govern performances of PEC systems including the SCs used as photoelectrodes, 
properties of electrolytes, bias utilized, and light source. In this regard, a systematic 
understanding of the PEC system and process is needed to develop new approaches 
to promote PEC cells with high performance [14, 15]. 

2.3.1 Photoelectrodes 

In a water-splitting system based on PEC, n-type SCs are often used as photoan-
odes to promote HER and p-type SCs are used as photocathodes to drive OER. 
Several different configurations (presented schematically in Fig. 2), differing in the 
photoelectrode(s) being illuminated, have been employed in the design of PEC cells. 
Another system, using both HEC and OEC, contains two light-absorbing electrodes 
in a tandem, such as photoanode–photocathode cell or a tandem photoanode–photo-
voltaic (PEC-PV) cell to realize unbiased operation. Details about these different 
PEC systems will be given in Part 4.3 [16–18].

2.3.2 Electrolyte 

The composition and pH of an electrolyte influence the performance of a PEC cell. 
When used for SW splitting, a neutral electrolyte comprised of seawater is utilized. 
Studies of the effect of the concentration of NaCl, the main component in natural 
SW, show that a certain range of higher concentrations lead to increase in electrolyte
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Fig. 2 Schematics of various PEC water-splitting systems using, a a photoanode and a counter 
cathode, b a photocathode and a counter anode, and c series-connected photoanode and photo-
cathode

conductivity, the charge transfer rate, and the corresponding photocatalytic perfor-
mance. However, compared with natural SW, NaCl solutions lack other salt compo-
nents, such as MgCl2 and Na2SO4. As a result, the performance of a PEC system is 
always better when it used for natural SW splitting. However, if the concentration of 
electrolyte is too high, the efficiency of hydrogen production will decrease. Finally, 
the temperature of the electrolyte also affects the efficiency of hydrogen production, 
where increases lead to improvement of the efficiency [10, 19]. 

2.3.3 Bias 

When a wide energy bandgap SC (e.g., TiO2) is used, the band edges are not suitable 
for water splitting. In these cases, an additional voltage or bias is often applied to 
simulate the decomposition potential of water under ideal conditions (1.23 V vs 
SHE). In this situation, also the photoelectrode typically contains an electrocatalyst 
with minimal overpotential. Bias potentials, typically in the 0.5–3 V range, promote 
the separation of electron and hole, reduce the recombination rate, and increase the 
photogenerated current density. However, a bias voltage should be sufficiently high 
to bring about optimization of the hydrogen production rate while minimizing energy 
waste [20]. 

2.3.4 Light Source 

While UV–visible light sources have been used in experimental studies, most 
researchers utilize the AM 1.5G system to simulate a solar light source. PEC perfor-
mance is typically higher under UV–visible light rather than sunlight or visible 
illumination because of typical differences in light intensities of the two types of 
sources. The intensity of the light source affects the performance of photoelectro-
chemical catalysts. In an appropriate range of intensities, the hydrogen evolution
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performance increases with increasing light intensity, but this trend does not continue 
when the intensity is too high. Also, not all photocatalytic materials have visible 
light responses, hence they have a higher performance under illumination from a 
UV–visible light source. Hence, the light source and intensity in experimental PEC 
studies are usually selected to be in an economical range. 

3 Materials Used in PEC Seawater Splitting Systems 

3.1 Introduction 

As discussed above, in PEC cells, photogenerated charge carriers on the photoelec-
trodes efficiently separate when a bias voltage is applied, and this leads to increase in 
photocatalytic activity. Also, ideal materials for photoanodes are n-type and p-type 
SCs and they are typically paired with appropriate electrolytes. Light absorption 
ranges of the photoelectrodes are related to bandgap energies of the SCs. Thus, a 
larger photocurrent density occurs when an SC with a narrow bandgap is employed, 
but this is accompanied by a lower photovoltage which needs to be high enough to 
promote water splitting. Thus, the compromise between photocurrent density and 
photovoltage determines the optimum SC bandgap energy for achieving a high STH 
efficiency. The properties of SCs such as TiO2, WO3, BiVO4, Si, and CdS adhere to 
this criterion [21–23]. 

3.2 Understanding the PEC SW Splitting Mechanisms 

3.2.1 Effect of Ions on Activity 

Key technological challenges confront the use of SW as a source of hydrogen in PEC 
systems because of the presence of a wide variety of ions which can affect perfor-
mance (Table 1). The results of studies by Ji et al., testing the effects of NaCl, MgCl2, 
MgSO4, CaSO4, K2SO4, K2CO3, and MgBr2 on a PEC system using simulated sea 
water (SSW), show that, in comparison to pure water, these ions decrease the rates of 
H2 formation, and that K2SO4 and MgCl2 are the most detrimental. A PEC cell has 
lowest activities when ca. 74% and 15% of the respective Mg2+ and Cl– are in SW  
as is reflected in ca.2-fold decreased rate of H2 production by compared to that in 
pure water. This group also found that PEC system in SSW without MgCl2 displays 
a higher performance compared to its use in SW containing all seven salts. Hence, 
it should be beneficial if Mg2+ were absent which despite having membrane-related 
issues can be accomplished using a multilayer membrane that is known to reject 98% 
of this ion from seawater [24, 25].



Photoelectrocatalytic Seawater Splitting 171

Table 1 Ion concentrations 
© in natural SW. Based on 
values from Refs. [7, 24–28] 

Solute (ion) C (g kg−1 seawater) 

Cl– 20.058 

Na+ 11.177 

SO4 
2− 2.812 

Mg2+ 1.331 

Ca2+ 0.427 

K+ 0.414 

HCO3 
– 0.112 

Br– 0.070 

B(OH)3 0.020 

CO3 
2− 0.016 

Sr2+ 0.008 

B(OH)4 – 0.008 

F– 0.001 

The effects of anions on PEC-promoted H2 production have been investigated. 
Although Krivec et al. demonstrated that chloride ion has a detrimental effect by 
blocking active sites on TiO2, the presence of other anions can be beneficial. In 
addition, Cl– inhibits side reactions forming peroxo species which cause significant 
activity decrease. Also, stabilizing co-catalysts such as Co oxides is effective against 
peroxo formation on WO3. As well, peroxide compounds are poisons for C3N4 

photocatalysts. Therefore, Liu et al. developed an extra stabilizing carbon dot (CD) 
co-catalyst, which degrades peroxide species leading to stability for at least 200 
d. Zhu et al. showed that these CDs block the negative effects of various ionic 
species in SW [26]. In addition, they promote efficient charge separation in CDs/CdS 
composites which leads to a H2 evolution rate that is 265 times higher than that using 
unmodified CdS. The large abundance of various ions in SW (Table 1) represents 
a technological challenge to developing efficient PEC water-splitting systems that 
utilize SW [7, 26–28]. 

3.2.2 Effects on Stability 

Detrimental effects of inorganic ions on PEC systems can arise from scaling and 
corrosion which have major impacts on long-term stability. However, Ichikawa 
observed that the surface of a thin anatase TiO2 film remains clean and deposit 
free in SW.  

The effects of photoelectrode materials on PEC activities are highly dependent on 
the nature of the SC used. For both the HER and OER, often chemically stable 
photocatalysts are used in conjunction with co-catalysts. Similar problems exist 
with photocathodes employed for PECs. To stabilize the cathodes, chemically stable 
oxides have been employed as protecting layers. Kawde et al. [29] showed that TiO2
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serves an effective protection layer for p-Si photocathode with NiOx. In the absence 
of the extra layer, silicon oxidizes rapidly, but no decline in activity occurs during 
a 5 h illumination period when the photocathode is protected. As a final remark, in 
several studies, it was shown that salts in seawater can serve as protectants when 
corrosion and scaling issues are resolved [30, 31]. 

3.3 Metal Oxides Materials for Seawater Splitting 

3.3.1 TiO2-based Photoelectrodes 

Titanium dioxide (TiO2) is widely used as an SC for photoelectrodes due to its high 
photostability, low production cost, and eco-friendliness. The protective action of 
TiO2 against corrosion has made its use attractive for PEC systems in seawater. As 
a photoelectrode, titanium dioxide is usually used in the form of anodized titanium 
dioxide nanotubes or nanorods, which have enhanced light absorption and the ability 
to achieve high STH efficiencies. The main strategies employed so far to enhance 
output include element doping, nanostructure control, and using nanocomposites. 
The nanocomposites most wildly used include TiO2 composited with 0D (1D, 2D, 
and 3D) photoactive materials [32–37]. 

Misra et al. used anodized and annealed titanium oxide nanotubes as photoanodes 
for PEC water splitting for hydrogen generation. The photoconversion efficiencies 
of an array of TiO2 tubes (Fig. 3a, b) annealed at 350 °C for 6 h in nitrogen under 
external applied potentials and visible light illumination are about 4% in 1 M KOH 
and 2.5% in NaCl solutions (Fig. 3c). The authors proposed models to describe this 
system and understand its mechanism in terms of VB and CB energy levels at the SC– 
electrolyte interface (Fig. 3d). In the TiO2/KOH system, a maximum band bending 
occurs when the electrolyte’s Fermi level is close to that of the valence band of the 
material in an n-type SC. Thus, maximum band bending will occur in KOH solution 
because its Fermi level is close to that of O2/H2O and the valence band. The degree 
of band bending determines the magnitude of the developed photopotential [27, 38].

Yoon et al. investigated a PEC hydrogen evolution system that contains tubular 
anodized TiO2 electrodes (ATTE) as the photoanode and the cathode (Fig. 4b). An 
immobilized hydrogenase enzyme and external bias are included in this system, 
which functions utilizing various electrolytes composed of SW samples produced 
by membrane desalination (Fig. 4a). The rate of hydrogen evolution of the PEC 
system using nanofiltration (NF) retentate I was ca. 105 μmol cm−2 h−1 (Fig. 4c), 
when enzyme is immobilized on the cathode (ca. 3.66 units per 1 cm2 area) and a 
solar cell derived external bias of 2.0 V (Fig. 4d) [39].

Barreca et al. developed a Fe2O3–TiO2-based PEC system that utilizes SW. 
Fe2O3–TiO2 gas has a nanoscale structure (Fig. 5a), and that of well-developed 
upward growing hematite needles comprise the Fe2O3 nanodeposit whose assembly 
creates an open, porous structure. This unusual texture enabled deposition of an 
ALD TiO2 coating even in inner regions of the nano-heterostructure. J–E curves
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Fig. 3 Morphology of vertically oriented arrays of anodized titanium oxide nanotubes: a top and 
b side views of the surface. c Photoconversion efficiency of annealed (350 °C for 6 h in N2) TiO2 
nanotubular arrays in different electrolytes as a function of anode potential. d Schematic of energy 
levels in SC and electrolyte interfaces

were obtained for specimen 400_H and for bare Fe2O3 using simulated seawater 
and solar illumination. In the latter case, an increase in photocurrent density of 
ca.0.2 mA cm−2 (at 1.23 VRHE) occurs when a potential is applied. Interestingly, 
sample 400_H reached j values of ca. 0.4 mA cm−2 (at 1.23 VRHE) under these 
conditions (Fig. 5b). These result data show that the implementation of the Fe2O3– 
TiO2 materials is a key step in future designs of photoanodes for real-world devices. 
Another interesting observation is that the system’s Fermi level energy is lowered 
with an increase in the positive bias, a change that also enhances band bending at the 
interfaces, which becomes more pronounced when the applied potential is raised. 
We believe that high photocurrents of the cell take place only after the valence band 
energy of Fe2O3 shifts to lower values with respect to the TiO2 valence band edge 
at the electrolyte interface. This change promotes hole transfer from Fe2O3 to TiO2. 
This suggestion gains support from the observation that no photocurrent plateau is 
reached for the TiO2-functionalized specimens (Fig. 5c), which is attributed to an 
enhancement in the driving force for hole transfer through TiO2 upon increasing 
anodic potential [40].

In a recent effort, Li et al. prepare TiO2@g-C3N4 nanorod arrays containing 
different mass ratios of g-C3N4 [7]. The arrays were then decorated with Co-Pi
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Fig. 4 a Schematic representation of the membrane desalination process and the system used for 
the light-sensitized enzymatic production of hydrogen using an anodized tubular TiO2 photoanode, 
solar cell, and enzyme-immobilized cathode. b Characterization of the surface of a tubular TiO2 
electrode anodized at 20 V for 45 min in 0.5% HF at 5 °C and annealed at 650 °C for 5 h. c Effect 
on hydrogen evolution rate of external bias with the different solar cells with the NF retentate as 
electrolyte. d Effect of the amount of Pfu enzyme on hydrogen evolution rate

particles to offset the inadequacy of g-C3N4 (Fig. 6a). The TiO2 nanorods can also 
be grown on the surface of an FTO. As can be seen by viewing Fig. 6b, the pristine 
TiO2 nanorods have a tetragonal shape with an average diameter of about 200 nm, 
and the entire TiO2 surface is evenly covered and forms good interfacial contact with 
g-C3N4. The transient photocurrent response of pristine TiO2 is 0.42 mA cm−2 in 
aqueous 0.1 M Na2SO4 under 100 mW cm−2 (AM 1.5G) intermittent illumination 
at 1.23 V (vs. RHE) (Fig. 6c). The photocurrent density of TiO2@g-C3N4 arrays 
increase during several on–off cycles. The photoresponse of CCNRs in seawater at 
0.63 V (VRHE = 1.23 V) under continuous 10 h illumination (100 mW cm−2, AM  
1.5G) was obtained using photocurrent—time (I–t) measurements (Fig. 6d). Before 
initiation of light irradiation, the photocurrent is almost zero. After illumination 
begins, the photocurrents sharply increase to a maximum of 1.82 mA cm−2, and then 
decease slightly to ca. 1.64 mA cm−2 in a short time. The authors also proposed a 
mechanism for operation of this PEC cell (Fig. 6e) in which the CCNRs composite 
structure functions effectively to suppress charge recombination [7, 41, 42].
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Fig. 5 a TEM of Fe2O3–TiO2 photoanodes. b J–E curves for bare Fe2O3 and 400_H in a simulated 
seawater solution under solar illumination. c Energy level diagrams showing photoactivated charge 
transfer processes and related timescales: a without and b with the application of a positive external 
bias to Fe2O3–TiO2 photoanodes

Using electrochemical methods, Boonserm et al. investigated the PEC response 
and corrosion behavior of CdS/TiO2 nanocomposite films in aerated 0.5 M NaCl 
under white light illumination. The nanoporous TiO2 film has a honeycomb struc-
ture containing 50–100 nm diameter pores (Fig. 7a). CdS/TiO2 nanocomposite films 
created using 10 chemical deposition dipping cycles showed that the CdS nanopar-
ticles are distributed uniformly over the film’s inner and outer surfaces (Fig. 7b). 
The response rank was CdS(10)/TiO2 (494.2 μA cm−2), followed sequentially 
by CdS(15)/TiO2 (117.1 μA cm−2) and CdS(5)/TiO2 (83.8 μA cm−2), and non-
sensitized TiO2 is lowest. The results indicate that the CdS(10)/TiO2 film has an 
optimal amount of CdS on the nanoporous TiO2 surface to effectively enhance effi-
ciency of electron–hole pair separation. The photocoupling current density of the 
CdS(10)/TiO2 film has a maximum at 388 μA cm−2, after which it continuously 
decreases (Fig. 7c) and at 4 h a quasi-steady state between potential and current 
density is attained (Fig. 7d). The diagram in Fig. 7e describes precipitation of the 
corrosion products, during which CdO formed by reaction of cadmium ions with 
superoxide radicals is released from photocorrosion in an aerated environment. In
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Fig. 6 a Illustration of the preparation of CCNRs. b Scanning electron microscope (SEM) and 
transmission electron microscope (TEM) images of TiO2@g-C3N4 NRs. c Photocurrent density 
versus potential curves for pristine TiO2 NRs, TiO2@g-C3N4 NRs, and CCNRs. d Chronoamper-
ometry (I–t) of CCNRs in seawater with a three-electrode system at 1.23 VRHE for 10 h. e Diagram 
of transfer and separation of photogenerated charges and holes in the CCNRs heterostructure

contrast, Cd(OH)2 is produced by hydrolysis of cadmium ions. These processes cause 
reformation of insoluble hydroxides of the metal ions [43].

Messinger et al. carried out a systematic analysis of the PEC for H2 genera-
tion performance of TiO2 coated with CoOx- and NiOx-functionalized microstruc-
tured p-Si photoelectrodes (p-Si/TiO2). After removal of surface SiO2 by reductive 
cleaning of commercial p-Si wafers, wet etching was performed to produce high-
aspect ratio microstructured p-Si electrodes (Fig. 8a). The “as-synthesized” p-Si 
photoelectrodes were subsequently spincoated by treatment first with a TiO2 sol and 
then with either a NiOx or CoOx sol. Each spin-coating step was followed by drying 
at room temperature and calcination at 380 °C. SEM views (Fig. 8b) show that use 
of the combined sol–gel and spin-coating protocols causes formation of a protec-
tive TiO2 overcoating and film of the co-catalysts that completely covers the p-Si. 
PEC cells with p-Si/TiO2/NiOx as photoelectrodes display excellent photoelectro-
chemical performance in simulated seawater (pH 8.4), shown by an unprecedented 
high photocurrent density of 10 mA cm−2 at an applied potential of −0.7 VRHE and 
20 mA cm−2 at −0.9 VRHE (Fig. 8c). When operating in simulated seawater at a
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Fig. 7 a FE-SEM images of anodized nanoporous TiO2. b FE-SEM images of CdS(10)/TiO2 
nanocomposite. c Comparison of PEC activities at various dipping cycles (5, 10 and 15) under 
intermittent visible light (λ > 400 nm) illumination. d photocoupling potential variation test for 
CdS/TiO2 nanocomposite film in 0.5 M NaCl and visible light illumination (λ > 400 nm). e Diagram 
describing precipitation of corrosion products

potential of −0.3 VRHE and 1 sun illumination, the photoelectrode produces H2 at a 
nearly constant rate of ca. −1.5 mA cm−2 over 8 h (Fig. 8d) [43].

Wu et al. designed the photoanode In2S3/ANP/RND array. Inspection of the SEM 
and TEM images (Fig. 9a) shows that it has a core-shell-structured trunk. The high-
resolution (HR) TEM image, given in the inset, shows that the trunk is composed 
of a single-crystalline rutile TiO2 trunk with a growth direction of [001], and that 
the trunk is shielded by NPs that have a lattice spacing of 0.352 nm which is the 
same as that of (101) anatase TiO2. The outer layer covering of the hierarchical TiO2 

nanostructure is NPs with a lattice spacing of 0.328 nm, which is the same as the d 
spacing of (110) crystal planes of rhombohedral β-In2S3. As the J–V curves show, the 
onset potentials of both the ANP/RND array and In2S3/ANP/RND array photoan-
odes in SW are 0.36 V versus RHE. (Fig. 9b). ANP/RND and In2S3/ANP/RND 
array photoanodes at 1.23 V versus RHE have respective photocurrent densities 
of 1.42 and 1.57 mA cm−2. The authors presented band diagrams for the same 
photoanode in alkaline and neutral electrolytes and a schematic of In2S3/ANP/RND 
array photoanode (Fig. 9c). The PEC water oxidation performance of the ANP/RND 
array in the neutral electrolyte can be improved by removing the drawback associated 
with low charge separation efficiency, which corresponds to lowering band bending 
at the TiO2–neutral electrolyte interface [44–48].

Yang et al. devised a simple controlled calcination approach to synthe-
size TiO2 nanofibers enriched with Ti vacancies. The nanofibers display excel-
lent photo/electro-performance and long-term stability as photocatalysts in PEC-
promoted SW splitting. The proposed mechanism for formation of VTi-TiO2, given  
in Fig. 10a suggests that hydroxy groups coordinate to titanium oligomers during 
solvothermal process converting Ti-G/EG I to intermediate II (Fig. 10a). During the
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Fig. 8 a Representation (not to scale) of steps in the preparation of p-Si micro-wires using wet 
etching, coating with TiO2 and subsequent functionalization with NiOx or CoOx via spin coating 
and sintering. b SEM images of planar top and cross-sectional views of as-synthesized and func-
tionalized p-Si. c Linear sweep voltammograms and d photocurrent density of the p-Si/TiO2/NiOx 
photoelectrode recorded under 1 sun illumination in simulated seawater

initial phase of calcination, TiO2 nanoclusters are formed and grow larger. Also, O 
atoms in the thermally unstable hydroxyl groups escape/migrate from the frame-
work upon formation of anatase TiO2 nanocrystals III (Fig. 10a). The relatively low 
calcination temperature enables retention of O species at the interface, which leads 
to distortions and concomitant generation of Ti vacancies at the O-rich interface of 
the amorphous crystalline phase (Fig. 10a IV). VTi-TiO2 has a uniform structure 
containing fibers with 1.5–2.0 μm lengths and 30–50 nm widths (Fig. 10b). The 
fibers are composed of 10–20 nm nanoparticles. Analysis of J–V curves shows that 
under illumination, VTi-TiO2 has the highest photocurrent density at 1.23 V versus 
RHE in both aqueous Na2SO4 (0.5 mol L−1) and SSW. Specifically, the photocur-
rent density is 57.8 μA cm−2 at 1.23 V versus RHE when VTi-TiO2 is used in SSW, 
which is about 26.6-, 7.8-, and 18.9-fold that of Ti-G/EG, N-TiO2 and Comm-TiO2, 
respectively (Fig. 10c). In addition to its good PEC activity, VTi-TiO2 also shows 
significant stability in SSW in that 90.2% of the photocurrent is retained even after 
40 h of continuous illumination (Fig. 10e). Compared with the performance of other 
TiO2-based electrodes, the electrode comprised of VTi-TiO2 supported on a Ni foam 
exhibits a high HER activity under irradiation with an overpotential (η, i.e., E versus 
RHE) of 369 mV at a catalytic current density of 10 mA cm−2 (Fig. 10d). The mech-
anism for photodriven water splitting promoted by the VTi-TiO2 system is shown in



Photoelectrocatalytic Seawater Splitting 179

Fig. 9 a SEM images of an In2S3/ANP/RND array and HRTEM image of an In2S3/ANP/RND 
nanostructure in the inset. b J–V curves of ANP/RND and In2S3/ANP/RND photoanode arrays 
in seawater. c Band diagrams of identical photoanodes in alkaline and neutral electrolytes and a 
schematic of the In2S3/ANP/RND array photoanode

Fig. 10f. Because of the presence of Ti vacancies, valence band undergoes a nega-
tive shift, leading to narrowing of the bandgap of TiO2. Therefore, photogenerated 
electrons undergo rapid migration from the VB to the CB and then transfer from 
the inner lattice to surface Ti vacancies as a result of a unidirectional electron trap 
effect. Electrons on the surface have enhanced electrical conductivity and electron 
transfer rates, resulting in performance enhancement of photodriven SW splitting 
and reduction of side reaction in high salinity systems. Also, fast H+ adsorption on 
the surface caused by the presence of Ti vacancies hinders adsorption of other metal 
ions in seawater and significantly improves durability of the PEC system [49–51].

Metal–organic frameworks (MOFs) are substances that have high porosities and 
diverse photoelectrochemical properties. Afzali et. al used these materials to fabri-
cate the PEC electrodes CoPi/MOF/TiO2 by using a hydrothermal method. UNH and 
CoPi/UNH have octahedral cubic morphologies with average sizes of 90–120 nm, and 
that MNH and CoPi/MNH have truncated bipyramid morphologies with average sizes 
of about 350 nm (Fig. 11a–f). Under visible light irradiation, MOF/TiO2, CoPi/MOF 
and CoPi/MOF/TiO2 have photocurrent densities as high as 1.8 mA cm−2 (Fig. 11g 
and h). The stability of the CoPi/MOFs/TiO2 was assessed by using chronoamper-
ometry at 1.23 V versus RHE for 5000 s. The results show the photocurrent densities 
remain nearly constant during this period (Fig. 11j and l). The band energy diagrams 
of the heterostructured photoelectrodes are given in Fig. 11m [52].
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Fig. 10 a Representation of the mechanism of formation of VTi-TiO2. b STEM, SEM and TEM 
images of VTi-TiO2. c Linear sweep voltammograms at a scan rate of 10 mV/s of Ti-G/EG, VTi-
TiO2, N-TiO2 and Comm-TiO2 in simulated seawater with (L) and without (D) illumination. d 
Current density–time curve of VTi-TiO2 under continuous illumination. e Polarization curves of 
Ni, VTi-TiO2/Ni, and Comm-TiO2/Ni foams for HER in simulated seawater using a potential scan 
rate of 5 mV/s with illumination. f Proposed mechanism of PC H2 evolution and PEC H2 evolution 
over VTi-TiO2 under illumination

Fig. 11 FE-SEM images of a UNH, b CoPi/UNH. d MNH, e CoPi/MNH. TEM images of c 
CoPi/UNH, and f CoPi/MNH (scale bar 200 nm in all micrographs). g and h Linear sweep photo-
voltammograms of MOF composites in artificial seawater under dark and illumination conditions 
at 100 mW cm−2. i and k Theoretical (blue line) and experimental (yellow square) O2 evolution, 
along with Faradaic efficiency (red circles) and j and l Chronoamperometry of the CoPi/MOFs/TiO2 
photoelectrode at 1.23 V versus RHE under constant illumination (100 mW cm−2). m Band energy 
diagram of the CoPi/MNH/TiO2 and CoPi/UNH/TiO2 for water oxidation
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3.3.2 WO3-based Photoelectrodes 

Sun light-promoted PEC water splitting to form H2 and O2 is clean and uses renewable 
resources. Several SC materials are used as photoelectrodes for PEC, and in this 
group tungsten oxide (WO3) has unique advantages in SW splitting because of its 
moderate bandgap (2.5–2.8 eV), excellent charge transport properties, low cost, and 
high stability in acidic environments. Yet, the WO3 photoelectrode is limited by 
high carrier recombination and slow reaction kinetics. Current approaches to solve 
these problems include the formation of type-II heterojunctions and Z-type systems, 
crystal facet control strategies, and creation of porous structures and nanostructures. 

Li et al. reported the preparation of novel inorganic–organic 2D/2D WO3/g-C3N4 

nanosheet arrays, which are grown on a FTO substrate using a hydrothermal growth 
and deposition-annealing procedure illustrated in Fig. 12a. This group also described 
applications of these arrays to SW splitting. TEM images show that in the WO3/g-
C3N4 nanosheet arrays (denoted as WO3/g-C3N4 NSAs) g-C3N4 NSs cover WO3 

NSAs as indicated by the yellow arrow in Fig. 12b. The intimate interfacial contact 
existing between g-C3N4 and WO3, which confirms the formation of the WO3/g-
C3N4 heterojunction, is clearly seen in the image given in Fig. 12c. As shown 
in Fig. 12d, WO3/g-C3N4 NSAs achieves a current density of 0.73 mA cm−2 at 
1.23 V versus RHE, which is two times higher than that of pristine WO3 NSAs 
(0.36 mA cm−2). As depicted in Fig. 12e, the current density of WO3/g-C3N4 NSAs is 
retained after 3600 s of illumination. A possible explanation is illustrated in Fig. 12f. 
In WO3/g-C3N4 NSAs, a well-matched type-II heterojunction exists between WO3 

and g-C3N4. Under illumination, the photogenerated electrons undergo thermody-
namically favorable migration from the CB of g-C3N4 to the VB of WO3, and then 
are transferred through the external circuit to the Pt electrode as part of the process 
for reduction of protons from SW to form H2. Simultaneously, holes in the VB of 
WO3 are transferred to the VB of g-C3N4 and then used to oxidize SW [53].

An efficient and stable photoanode for PEC splitting of natural seawater based 
on earth-abundant materials was developed by Li et al. Hydrothermal growth and 
deposition–annealing (DA) was employed to prepare Fe2O3/WO3 nanorod arrays 
(Fe2O3/WO3 NRs) on the surface of fluorine-doped tin oxide-coated glass (Fig. 13a). 
The WO3 coating forms a film-like nanostructure on the surface of Fe2O3 NRs 
(Fig. 13b). An HRTEM image (Fig. 13c) shows that a clear interface exists between 
Fe2O3 NRs and WO3 films. This observation demonstrates that a heterostructure 
rather than a physical mixture is formed between Fe2O3 NRs and WO3 films. As 
shown in Fig. 13d, the anodes based on Fe2O3/WO3 NRs display higher photocurrent 
densities compared with those generated using other materials and reach a maximum 
of 1.03 mA cm−2 (1.23 V versus RHE), which is 2.9 times higher than that of 
WO3 films (0.36 mA cm−2) and 50 times greater than that of the pristine Fe2O3 

NRs (0.02 mA cm−2). Figure 13e displays the photoresponse of Fe2O3/WO3 NRs 
photoanode in SW at 1.23 V versus RHE for 5 h as determined using photocur-
rent–time (Ie–t) measurements. During the initial phase without light irradiation, the 
photocurrent is close to zero. Upon irradiation, the photocurrent rapidly increases to 
about 1 mA cm−2 and remains at about 65% of the initial value even after 5 h of
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Fig. 12 a Schematic for the formation process of the WO3/g-C3N4 NSAs; b SEM image of WO3/g-
C3N4 NSAs; c HRTEM images of WO3/gC3N4 NSs; d I–V curves ofWO3 NSAs and WO3/g-C3N4 
NSAs measured using chopped illumination at a scan rate of 5 mV s−1; e amperometric I–t curves 
of WO3/g-C3N4 NSAs at 1.23 V versus RHE for 3600 s; f Illustration of the charge transfer process 
in the WO3/g-C3N4 NSAs and the mechanism for PEC seawater splitting

continuous irradiation (100 mW cm−2, AM 1.5G). Based on the above findings, the 
mechanism for operation of Fe2O3/WO3 NRs photoanodes shown schematically in 
Fig. 13f was proposed. In this sequence, a Z-scheme system, formed between Fe2O3 

and WO3 in the hybrid sample, offers an effective channel for transfer of electrons 
from the CB of WO3 to the VB of Fe2O3 followed by recombination of a majority 
of carriers. A minority of the electrons flow to the Pt counter electrode through the 
external circuit and then are used for H2 generation. Simultaneously, photogenerated 
holes in the VB of WO3 diffuse to the interface between WO3 and electrolyte to 
promote the O2 evolution reaction [53].

Liu et al. designed a facet-controlled WO3 array, decorated with a distribu-
tion of dual co-catalysts. The process for fabrication of Ag/WO3/ZnFe-LDH NSAs 
(Fig. 14a) involves initial generation WO3 NSAs oriented perpendicular to the FTO 
substrate using a hydrothermal method. Then Ag NPs and ZnFe-LDH nanosheets 
are deposited on WO3 by using a photoreduction method and an electrochemical 
synthesis process, respectively. SEM (Fig. 14b) and HRTEM image (Fig. 14c) of a 
selective area (red square) shows that the material has single-crystalline character, 
and that ZnFe-LDH nanosheets are attached to WO3 nanosquares. All materials 
were found to have reproducibly rapid photocurrent responses in ON–OFF irradia-
tion cycles, which demonstrates the improved PEC performances of Ag/WO3/ZnFe-
LDH NSAs (Fig. 14d). Furthermore, the results of long-term stability tests (Fig. 14e)
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Fig.13 a Illustration of the process for preparation of Fe2O3/WO3 NRs; b Top-view SEM image 
of Fe2O3/WO3 NRs; c TEM image of Fe2O3/WO3 NRs; d Photocurrent density versus potential 
curves for Fe2O3 NRs, Fe2O3/WO3 NRs and WO3 films; e Photostability of Fe2O3/WO3 NRs 
in seawater (pH = 6.8) under continuous illumination; f Diagram for transfer and separation of 
photogenerated charges and holes in the Fe2O3/WO3 NRs

showed that ca.90% of the initial activity exists after 24,000 s continuous illumina-
tion. Figure 14 f illustrates the mechanism of sunlight-promoted hydrogen production 
from SW in a PEC cell based on a Ag/WO3/ZnFe-LDH NSA. Under illumination, 
photoexcited holes (h+) are produced in WO3 and then concentrate on the dominant 
{002} facet, while electrons (e–) migrate to the edged {200} and {020} facets. This 
results in effective spatial separation of the photogenerated carriers. The plasmonic 
electrons of Ag generated by the LSPR effect migrate to the CB of WO3 [54].

Shi et al. explored fabrication of a porous WO3 film and applying this film as 
a photoanode for SW splitting. A WO3 film was fabricated using the simple DA 
process (Fig. 15a). Inspection of Fig. 15b clearly shows that the surface morphology 
of the WO3 film prepared using 5 DA cycles is smooth and that it contains many 
microspores. After the DA process is conducted for 25 cycles, the WO3 film surface is 
rougher and WO3 particles are larger (Fig. 15c). The WO3 film generates a photocur-
rent density of 1.95 mA cm−2 at 1.23 V versus RHE under AM 1.5G (100 mW cm−2) 
illumination (Fig. 15d). The stability of WO3 film determined at 1.23 V versus RHE 
for 180 min (Fig. 15e) does not decay. In a suggested mechanism for operation of 
the WO3 film under illumination (Fig. 15f), the WO3 film generates electron–hole 
pairs, and the WO3 CB electrons migrate to the FTO substrate, and then to the Pt
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Fig.14 a Schematic of the fabrication of Ag/WO3/ZnFe-LDH NSAs; b SEM images of 
Ag/WO3/ZnFe-LDH NSAs; c HRTEM images of Ag/WO3/ZnFe-LDH NSAs; d Photocurrent– 
potential curves using chopped AM 1.5 G light illumination; e Steady-state photocurrent 1.23 V 
versus RHE for Ag/WO3/ZnFe-LDH NSAs photoanode. f Diagram of a PEC consisting of 
an Ag/WO3/ZnFe-LDH NSAs photoanode, and a Pt counter electrode; the energy diagram for 
Ag/WO3/ZnFe-LDH NSAs photoanode in the square box shows the basic mechanism for PEC 
seawater splitting

electrode, where they are used for reduction of protons in SW to produce hydrogen. 
Correspondingly, the holes in the VB of WO3 promoted oxidation of chloride ions 
in SW to form Cl2 [55].

Jadwiszczak et al. described a seawater splitting PEC cell containing a nanos-
tructured tungsten trioxide photoanode, which has a high and stable photocurrent 
for production of Cl2 with average 70% Faradaic efficiency. An SEM image of a 
ca.3-μm-thick mesoporous WO3 film having pores that extend to FTO substrate 
is shown in Fig. 16a. The film consists of a network of individual particles with 
sizes of 20 to 30 nm and agglomerates including several NPs (Fig. 16b). The crys-
talline nature of the synthesized WO3 was explored using TEM imaging of particles 
removed from the film (Fig. 16c). Figure 16d contains a linear sweep voltammetry 
photocurrent density–potential (j–E) plot for a ca.3-μm-thick WO3 electrode under 
simulated AM 1.5G sun light (100 mW cm−2) in SSW at an initial pH of 6.5. The 
WO3 photoanode attained a large saturation photocurrent of 4.78 mA cm−2 at 0.88 V 
versus Ag/AgCl. Interestingly, the same photocurrent (uncorrected for the light losses 
within the FTO) is reached at the larger potential of 1.1 V when the WO3 electrode 
was illuminated from the back side. Figure 16e shows the result of a WO3 photoanode 
stability test performed in a 0.5 M NaCl at pH 2. The evolution of photocurrent as a 
function of time was followed at a potential of 0.76 V versus Ag/AgCl. The moderate
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Fig.15 a Schematic of the preparation of the WO3 film; b SEM image of the WO3 film (5 DA 
cycles); c SEM image of the WO3 film (25 DA cycles); d I–V curves of the  WO3 film; e Amper-
ometric I–t curve of the WO3 film; f The mechanism of PEC splitting of seawater on a WO3 
electrode

decline of the photocurrent is linked to accumulation of gas bubbles (principally O2 

cogenerated with Cl2) within the WO3 photoanode pores that cause a reduction of 
internal photoactive surface area. The latter electrode, used subsequently in a series 
of experiments, exhibited practically unchanged j–E behavior [56].

3.3.3 Other Metal Oxides-Based Photoelectrodes 

Using Kirkendall diffusion, Patel et. al fabricated a semitransparent film of Co3O4, 
which is an earth-abundant material with a high absorption coefficient (Fig. 17a). The 
porous Co3O4 film enables an IPCE of more than 8% at an overpotential of 0.83 V in 
natural SW. The porous Co3O4 electrode exhibits remarkably high activity with an 
onset potential of ca.850 mV. Because stability of a PEC cell is an important issue, the 
performance of a PEC cell containing a Co3O4/FTO electrode for SW splitting and 
chronoamperometry (current–time characteristics) was determined using −0.34 V 
versus RHE (Fig. 17f). The results show that the Co3O4/FTO electrode has an initial 
current density of 2.7 mA cm−2 at a density of 1.6 mA cm−2 after 1000 s. At a current 
density of 25 mA cm−2, a continuous jet of hydrogen bubbles along with a white 
precipitate is formed (Fig. 17g) [57, 58].
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Fig.16 a SEM cross section and b top-down images of a NS WO3 film; c TEM image of WO3 
removed from the substrate. d Photoanodic current versus potential (j–E) plots for a ca.3-μm-thick 
WO3 electrode in simulated SW under AM 1.5G (100 mW cm−2) illumination from the electrolyte 
side (black curve) and from the back side–through the FTO substrate (green trace). The latter results 
have not been corrected for light loss in the FTO; e SW splitting photocurrent–time curves recorded 
for a ca.1.5 cm−2 3-μm-thick WO3 photoanode illuminated with simulated sun light AM 1.5G 
(70–100 mW cm−2) in a 0.5 M NaCl at pH 2
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Fig. 17 a An illustration of the growth of porous Co3O4 film using Kirkendall diffusion-driven 
thermal oxidation. FE-SEM images of planar and cross-sectioned, b as deposited Co, Kirkendall 
diffusion grown, c porous, and d dense Co3O4 on the Si wafer. e Linear sweep voltammetry 
(LSV) measurements f J–t characteristic at an overpotential of 0.34 V versus RHE (inset shows the 
photoresponse after water splitting over 3000 s), and g J–t characteristic at over potential of 0.58 V 
and 0.83 V versus RHE 

3.4 Non-oxide Photoelectrodes for Seawater Splitting 

3.4.1 BiVO4-Based Materials 

The use of PEC anodes, comprised of n-type SC materials including ZnO, WO3, 
BiVO4, and Fe2O3, has been widely studied in the context of visible-light-promoted 
H2 production systems. In this n-type SC family, bismuth vanadate (BiVO4) is an  
outstanding photoanode due to its narrow bandgap energy (ca.2.4 eV), suitable CB 
and VB separation, earth abundance, and low cost. However, photocurrent densities 
produced by BiVO4 anodes are well below the theoretical value of 7.5 mA cm−2, 
because of a carrier mobility of only ca.4 × 10−2 cm2/V · s and a hole diffusion length 
(Lp) of ca.70 nm. The properties enable efficient electron–hole recombination, which 
inhibits charge transfer and limits PEC efficiency. Doping and surface modification 
have been used to circumvent these hurdles and improve the PEC performance of 
BiVO4 anodes in SW splitting. 

One modification involves doping with Mo. For this purpose, RhO2 nanoparticles, 
serving as a co-catalyst, were dispersed on Mo-doped BiVO4 (Fig. 18a, b). An anodic 
photocurrent occurs with these electrodes, indicating that oxidation takes place under 
illumination (Fig. 18c). Dark currents (not shown here) of the BiVO4, Mo-doped 
BiVO4, and Mo-doped BiVO4 with RhO2 surface modification are approximately
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several mA cm−2, which is negligible compared with the photocurrents (Fig. 18c). 
The photocurrent of pure BiVO4 at 1 VRHE illuminated from the back side is about 
three times higher than when illuminated from the front side. In contrast, the photocur-
rent of Mo-doped BiVO4 illuminated from the back side is about half of the value 
when illuminated from the front side. After Mo doping, the photocurrent is about six 
times higher and it increases after RhO2 modification, especially at low potentials. 
Furthermore, the photocurrent arising from back-side illumination remains lower 
than that from the front side. 

In the absence of RhO2 modification, the photocurrent of Mo-doped BiVO4 anode 
is about 18 mA cm−2 and decreases to about 12 mA cm−2 after 270 min illumination 
(Fig. 18d). After RhO2 modification, the initial photocurrent is about 20 mA cm−2, 
it decreases to 18.5 mA cm−2 within several minutes and then decreases slowly

Fig. 18 a SEM images of Mo-doped BiVO4 film surface. b SEM images of RhO2 particles on 
the surface of Mo-doped BiVO4 film. c Photocurrent–potential curves for BiVO4, Mo-doped 
BiVO4, and Mo-doped BiVO4 with RhO2 surface modification illuminated from the back side (FTO 
substrate/SC interface) and the front side (electrolyte/SC interface); electrolyte: natural seawater, 
a xenon lamp (full arc, λ > 300 nm). d Chronoamperometry (i–t) from the back side of Mo-doped 
BiVO4 electrodes with and without RhO2 modification in natural seawater; full-arc xenon lamp (λ > 
300 nm) with higher light intensity, a three-electrode system, the potential: 1 V versus Ag/AgCl 
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to 16.7 mA cm−2 within 270 min illumination, showing that the photostability of 
Mo-doped BiVO4 is improved by loading with RhO2 [21]. 

Figure 19a and b contains an SEM image of MoB/BVO and a TEM image 
of MoB/BVO. After modification of BVO by MoB, the surface becomes rough 
compared to that of BVO itself. Also, lattice defects exist close to the interface on 
the BVO side of the MoB/BVO sample, which are believed to be formed on the 
surface during cathodic potentiostatic polarization.

The PEC water-splitting performances of these photoanodes were determined 
in SSW under front one sun AM 1.5 G illumination. As can be seen by viewing 
Fig. 19c, pristine BVO in SW has a photocurrent of 1.45 mA cm−2 at 1.23 VRHE 

with an onset potential of 0.5 VRHE. The photocurrent densities of the modified 
Mo/BVO and B/BVO electrodes increase to 2.70 mA cm−2 and 3.75 mA cm−2 at 
1.23 VRHE, respectively. The photoanode obtained by further modification with MoB 
displays a photocurrent density of 4.3 mA cm−2 at the same potential, which is three 
times higher than that of untreated BVO. To corroborate the beneficial effect of 
modifying MoO3, PEC activity and stability in SW were evaluated. Encouragingly, 
MoB/BVO has similar photocurrent densities in SW and SSW (inset of Fig. 19d), 
a 70 stability in SW (Fig. 19d). Note that an obvious fluctuation exists in the J–t 
curve of MoB/BVO as a consequence of alternating corrosion and passivation. In 
contrast, the photoresponse is larger at the initial time, suggesting that a passivated or 
protection layer is formed on the surface. As suggested by these above observations, 
an active surface remains during the entire process, which leads to stable and efficient 
performance. The enhanced PEC performance of MoB/BVO is a consequence of the 
acceleration of carrier separation which reduces electron–hole recombination at the 
surface. 

As shown in Fig. 19e and f, the possible rate-determining steps for the process 
occurring on BVO are generation of *O from *OH (*OH → *O + H+ + e) with
ΔG = –1.19 eV and formation of Cl2 from *Cl and Cl− (*Cl + Cl− → Cl2(g) + 
e) with ΔG = –1.29 eV. The rate-determining step for the process occurring with 
MoB/BVO changes to formation of *OOH from *O (*O + H2O → *OOH + H+ 

+ e) with ΔG = –1.32 eV, and then to Cl2 production with ΔG = –1.66 eV. The 
results suggest that the chlorine evolution reaction (CER) is favored over the OER 
on MoB/BVO and BVO. Varying pH experiments show that Cl2 is still produced in 
SSW using BVO even when the pH is higher than 9. A catalyst corresponding to 
a location closer to the volcano top usually have a higher electrocatalytic activity. 
Thus, B/BVO and MoB/BVO promote faster CERs at low overpotentials (0.10 V 
and 0.15 V) than BVO (0.51 V) and Mo/BVO (0.59 V) (Fig. 19g), showing that dual 
atom doping affects the activity of Bi. 

Mo doping causes a slight change of the oxophilicity of Bi, while B doping greatly 
lowers its oxophilicity and leads to strong Cl adsorption, while Mo slightly tunes the 
adsorption energy. This is consistent with the experimental results and the enhanced 
PEC activity of B/BVO. Furthermore, the effects on dissolving energy of Mo and B 
modification of BVO are shown in Fig. 19h. The dissolving energies are in the order 
MoB/BVO > Mo/BVO > B/BVO > BVO, suggesting that strong bond between Mo 
and B helps to protect BVO from corrosion [58].
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Fig. 19 a SEM images of MoB/BVO. b HRTEM images of MoB/BVO. c J–V curves in SSW (pH 
= 8) under AM 1.5 G (100 mW cm−2) front-side illumination. d long-term durability of MoB/BVO 
at 1.23 VRHE in SW under AM 1.5G (100 mW cm−2) front-side illumination. Inset shows the J–V 
curve of electrode in SW under AM 1.5G (100 mW cm−2) front-side illumination. e Results of 
DFT calculated Gibbs free energies for the four elementary steps of the OER. f Two elementary 
steps of the CER on BVO and MoB/ BVO. g Theoretical volcano plot of CER on BVO, Mo/BVO, 
B/BVO, and MoB/BVO. Left and right branches refer to catalysts that bind strongly and weakly to 
Cl– compared with the optimal adsorption. h Dissolving energy of the corresponding electrodes
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TEM images of NiMoOx/BVO after various times (initial, 20 h) in Fig. 20a–d 
show that with an increase in time, the surface of the material becomes smoother, 
and  after 20 h a smooth amorphous layer covers on the surface (Fig. 20b and d). 
During the entire time, the Mo content on the surface remains relatively unchanged 
at 1.0–3.0 at%, suggesting a slight loss of Mo occurs to passivate the surface for 
protecting the BVO from corrosion. 

Inspection of the linear scanning voltammetry (LSV) curves displayed in Fig. 20e 
shows that MoOx/BVO has a photocurrent density of 2.06 mA cm−2 at 1.23 VRHE, a  
value higher than that of pristine BVO (1.64 mA cm−2). The photocurrent density of 
NiOx-deposited BVO (NiOx/BVO) is 3.02mAcm−2 at 1.23 VRHE, and a negative shift 
of the onset potential from 0.50 VRHE (BVO) to 0.38 VRHE takes place. Furthermore, 
compared to NiOx/BVO, BVO possessing a NiMoOx layer has a photocurrent density 
of 3.30 mA cm−2 at 1.23 VRHE, and the onset potential shifts to 0.50 VRHE. The  LSV  
curve and a stability test (Fig. 20f) demonstrate that NiMoOx/BVO has a photocurrent 
of 3.0 mA cm−2 at 1.23 VRHE in SW (inset of Fig. 20f). Also, NiMoOx/BVO remains 
stable in SW as indicated by maintenance of 91% of the initial photoresponse after

Fig. 20 a–d TEM images of NiMoOx/BVO after various times (initial and 20 h). e LSV curves 
of BVO, NiOx/BVO, MoOx/BVO, and NiMoOx/BVO under back-side illumination. f Current 
density of NiMoOx/BVO at 1.23 VRHE in SW under back-side illumination. Inset is the LSV curve 
of NiMoOx/BVO in SW 
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190 h. This observation suggests that NiMoOx/BVO in a PEC system in SW has the 
highest stability among other state-of-the-art materials. It should be mentioned that 
Ca(OH)2 and Mg(OH)2 deposit on the cathode during long-term operation. Thus, the 
electrolyte needs to be changed and cathode must be cleaned at various times during 
the 90-h period to avoid the deposits from influencing the PEC stability tests [59, 60]. 

A variety of BiFeVO NPs have very large specific surface areas that are connected 
by highly conductive CNTs. These features lead to high light absorption and suppres-
sion of electron–hole recombination, both of which greatly improve PEC efficiency. 
The architectural components of one member of this group, BixFe1−xVO4 @CNT 
(BiFeVO@CNT), are shown in Fig. 21a. The diameters of both MWCNTs and 
BiFeVO NPs are about 20 nm (Fig. 21b, c, and d). 

Fig. 21 a Sketch of the fabrication process and architectural components of Bi0.6Fe0.4VO4 @CNT. 
b SEM images. c Enlarged views denoted by red squares in b. d TEM image of Bi0.6Fe0.4VO4 
@CNT. e LSV curves of BiFeVO@CNT photoanodes. f PEC stability of Bi0.6Fe0.4VO4 @CNT in 
SW
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The plots displayed in Fig. 21e, corresponding to PEC measurements in SW, show 
that Bi0.8Fe0.2VO4 @CNTs and Bi0.6Fe0.4VO4 @CNTs have respective 0.04 and 
0.03 mA cm−2 PEC current densities at about 1.20 V versus RHE. However, gradually 
increasing the applied potential causes the current densities of Bi0.4Fe0.6VO4 @CNTs 
and Bi0.2Fe0.8VO4 @CNTs to become 1.50 and 1.78 V, respectively, which are larger 
than that of Bi0.6Fe0.4VO4 @CNTs. This change may be a consequence of the fact 
that a gradual increase of Fe content brings about formation of higher amounts of iron 
oxide in the independently located electrode-surface regions of FeVO4 and BiVO4. 
The existence of these regions decreases the surface overpotential and causes the 
current density to increase significantly. 

The PEC stability of Bi0.6Fe0.4VO4 @CNTs in SW is indicated by its unchanging 
photocurrent over a 60-min period under a 1.5 V bias versus Ag/AgCl (Fig. 21f). 
Thus, the composite nanostructure composed of BiVO4 mixed with amorphous Fe 
and carbon nanotubes which leads to a higher hydrogen production efficiency and 
stability for PEC in SW. This finding serves as a reference for designs of materials 
for PEC anodes for hydrogen production from SW [61]. 

3.4.2 N, S-Based Photoelectrodes 

Along with metal oxides, different N, S-based materials, which have narrower band 
gaps, have also gained attention for their use in construction photoelectrodes for 
PEC water splitting. This has led to the development of visible light-absorbing metal 
sulfides such as CdS, In2S3, SnS2, Bi2S3, and GaN. In the group of these types of 
metal sulfides [62–64]. 

In2S3 has attracted attention due to its meritorious features including moderate 
band gap, high photogenerated charge-carrier mobility, and large absorption coef-
ficient. Sharma et al. fabricated In2S3/In2O3 nanocomposite (Fig. 22a). FE-SEM 
images show that In2S3/In2O3-B-5 has a uniform nanopyramid-like structure that is 
uniformly distributed on the FTO surface (Fig. 22b). The highly magnified F-SEM 
image is displayed in Fig. 22c, which shows that the bottoms of the nanopyramid 
In2S3/In2O3-B-5 are interlaced. The limiting photocurrent density of In2S3/In2O3-B-
5 is ca. 2.99, a 2.11-fold higher value than those of In2S3/In2O3-A-5 and In2S3/In2O3-
C-5 (Fig. 22f). The In2S3/In2O3 nanocomposite generates a photocurrent density of 
0.83 mA cm−2 at 1.18 V versus RHE in SSW and an unaltered photocurrent density 
of up to 1000 s (Fig. 22g). In Fig. 22h, the charge separation and ready charge trans-
port in this material are illustrated, which further inhibit the recombination process 
[65].
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Fig. 22 a Representation of the creation of In2S3/In2O3 nanopyramids and nanobrick-type In2S3 
nanostructures using the hydrothermal technique. FE-SEM images of the In2S3/In2O3-B-5 nanopy-
ramids: b, c low and high magnification images, respectively, and d, e low and high magnification 
images of In2S3, respectively. f photocurrent densities of the developed photoanodes at a potential 
of 1.23 V versus the RHE in 0.5 M Na2SO4. g PEC stability of In2S3/In2O3-B-5 under an applied 
potential of 0.981 V versus the RHE for 1000 s under continuous illumination in 3.5% saline water. 
h Schematic representation of the band alignment of In2S3, In2O3 in the composite, and the charge 
transport mechanism 

Zhou et. al. carried out studies on an interesting material comprised of few-layer 
cationic vacancy containing T/Td heterostructured ReS2 nanosheets. T@Td-ReS2 
has a sheet-like rectangular structure with a plane size of 4–20 μm and thickness 
of 5–30 nm (Fig. 23a). Inspection of the HRTEM image reveals that a lateral 2D 
heterostructured interface is present between the T and Td phases having lattice 
fringes of 0.285 and 0.296 nm indexed to the respective (100) planes of the two 
phases (Fig. 23a). The nanosheets have very high HER activity with a small overpo-
tential (η) of  −173 mV (vs RHE after iR correction) and catalytic current density of 
−10 mA cm−2 (Fig. 23b, c). Moreover, the HER performance is stable for over 12 h 
in SSW solutions having a wide range of salinities (Fig. 23d). Figure 23e shows  a  
representation of the transfer of “hot” electrons occurring in the lateral T-ReS2 and 
Td-ReS2 heterostructure (T@Td-ReS2) [65].

Some studies indicate that multi-component metal sulfides have higher stabil-
ities than those of binary metal sulfides. In one effort, Cheng et al. constructed 
orthorhombic Ag8SnS6 (Fig. 24a, b). Current density–applied voltage versus time 
plots for Ag8SnS6 in aqueous Na2S (0.35 M) + K2SO3 (0.25 M) is given in Fig. 24c 
and d which contains current density–applied voltage curves for this material in 0.5 M 
NaCl in the range of 0.6–1.6 V versus RHE. The maximum PEC performance of 
Ag8SnS6 in SSW is 2.5 mA cm−2. A schematic diagram describing the PEC SSW 
splitting process using this substance is shown in Fig. 24e [66].
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Fig. 23 a SEM image and HRTEM image of the lateral T@Td-ReS2 heterostructures (the white 
arrow points to the lattice interspacing change from the T to Td phases) and three STEM images 
of T-ReS2, Td-ReS2 phases, and Re vacancies (marked by yellow circles). The red line indicates 
the distance between two adjacent T-ReS2 clusters. b, c LSV curves. d LSV curves in dark and 
light fields. e Schematic of the “hot” electron transfer process between T and Td-ReS2 phases. 
f Free energies of different active sites in the Td-ReS2 and T@Td-ReS2 phases. H ∗ represents 
the intermediate adsorbed state. g Calculated cationic impurity adsorption energies of T@Td-ReS2 
with VS and VRe. h Schematic illustration of cationic adsorption on the T@Td-ReS2 nanosheets 
with VRe in seawater

Fig. 24 FE-SEM (a) and  AFM (b) images of orthorhombic Ag8SnS6. c Current density–applied 
voltage plots in the range of 0–0.9 V versus RHE. d Current density–applied voltage plots in the 
range of 0.6–1.6 V versus RHE. e Schematic diagram of a PEC cell using Ag8SnS6 photoelectrode 
in 0.5 M NaCl solution
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PEC cells with photoelectrodes comprised of III-nitride SCs, e.g., AlxGa1−xN 
and InxGa1−xN, have received attention because their band-edge potentials are in 
the range needed for water splitting. Lee et al. produced a AlGaN/GaN heterostruc-
ture on a sapphire substrate that has production rates of H2 of 95.5 μmol cm−2 h 
in SW. Figure 25a depicted top views of constructs of working electrodes labeled 
WE-I (Al0.2Ga0.8N/GaN heterostructure) and WE-II (u-GaN single layer). These 
electrodes have a working area of 1 × 1 cm2 sliced from respective wafers with u-
GaN layer and undoped Al0.2Ga0.8N/ u-GaN layer, and epoxy glue preventing contact 
between the electrolyte and Ti/Al contact. Inspection of Fig. 25b, d shows that the 
typical photocurrent density of the PEC reaction using WE-I is higher than that using 
WE-II. Besides, a higher H2 and HCOOH production rate is achieved by WE-I than 
WE-II (Fig. 25c, e). A preliminary result of an evaluation of the stability of this 
system is given in 24 d [67] (Table 2). 

Fig. 25 a Schematic of working electrode layer structures: WE-I with Al0.2Ga0.8N/GaN 
heterostructure, WE-II with u-GaN single layer, top view of working electrodes. Arrows indicate 
the incident direction of light during the PEC process. b Photocurrent density (Jph) as a function of 
external bias voltage, d photocurrent density versus time. The applied bias to the working electrodes 
was maintained at 1.0 V versus the reference electrode (Ag/AgCl). c Typical production rates of H2 
and HCOOH for PEC processes conducted at a bias of 1 V. e Production rates of H2 and HCOOH 
when additional biases are supplied by using a-Si solar cell
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4 Implementation 

4.1 Introduction 

Solar energy is a key renewable resource that could meet the world’s energy needs 
in an environmentally sustainable manner. However, the intermittency of sunlight 
requires that cost-effective energy storage methods be incorporated in large-scale 
solar utilities. Ideal approaches that can be utilized for this purpose involving storing 
solar energy in the form of chemical bonds in energy-dense substances, like H2. 
However, another drawback of solar energy facilities is that they are solar flux limited, 
which necessitates the use of large land for them to generate levels of energy. Land 
area is costly and has potential environmental consequences. Thus, the availability of 
affordable land and need for high solar output make desert environments desirable. 
However, the scarcity of water resources in these regions is not compatible with the 
use of water splitting to generate H2 [77]. 

4.2 Efficiency and Cost 

4.2.1 Overall Solar-to-Hydrogen Conversion Efficiency (ηSTH) 

PEC water-splitting cell performance is quantified most often by using solar-to-
hydrogen conversion efficiency (ηSTH). The ηSTH value is directly related to the capa-
bility of a photoabsorbing material to generate hydrogen under unassisted conditions 
and, consequently, it is used to compare the solar-induced water-splitting efficiencies 
of PEC devices. The ηSTH value is defined as the amount of chemical (H2) energy 
produced by incident solar energy. Under these conditions, the voltage versus refer-
ence electrode or the open-circuit potential is insignificant. For a two-electrode PEC, 
ηSTH corresponds to the rate of hydrogen production (mmol of H2/s) multiplied by 
the change in Gibbs free energy required for water splitting (237 kJ/mol of H2 at 
25 °C) divided by the incident solar power density, as shown in Eqs. 4 and 5 

ηSTH(%) =
[

mmol of H2/s × 237 kJ mol−1 × ηF 
PTotal(mW cm2) × Illuminated area(cm2)

]
AM1.5G 

× 100% (4) 

ηSTH(%) =
[

JSC
(
mA cm−2

) × 1.23(V ) × ηF 
PTotal(mW cm2) × Illuminated area(cm2)

]
AM1.5G 

× 100% (5) 

where Jsc is the normalized short-circuited photocurrent density in mA cm−2, 1.23 V  
is the thermodynamic redox potential of water, ηF is the Faradaic efficiency for HER, 
and PTotal is the normalized intensity of incident light illuminating the SC surface, 
in mW cm−2. Faradaic efficiency ηF, related to the ability of a photoelectrode to
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produce the desired gas (H2 or O2), is the ratio of the actual gas generated defined 
time period as expressed in Eqs. 6 and 7, 

ηF = Actual gas generated( mmol 
cm2s ) 

Theoretical gas generated( mmol 
cm2s ) 

× 100% (6) 

ηF = 
Actual gas generated( mmol 

cm2s ) 
Q 
2F 

× 100% (7) 

where Q represents the amount of electrical charge utilized and F is the Faradaic 
constant (ca. 96,500 C/mol). 

For one sun illumination and a Gibbs free energy (237.13 MJ kg−1 at 25 °C 
and 1 atm), ηF corresponds to a H2 production rate of ca. 150 μmol h−1 cm−2 

or a photocurrent density of ca. 8 mA cm−2 for a PEC cell with a 100% theoretical 
maximal Faradaic efficiency. To obtain that level of efficiency, a photocatalysts would 
need to have an absorption edge higher than 600 nm and an apparent quantum yield 
(AQY) of 60%, calculated using Eq. 8, with NH2 and Nphotons being the numbers of 
generated H2 molecules and incident photons, respectively [3, 78]. 

AQY (%) = 
numbers of used electrons forH2 

numbers of incident photons 
= 

2NH2 

Nphotons 
· 100% (8) 

4.2.2 Photocurrent Density (jp) 

The generated photocurrent density (jp), related to the ability of a photoelectrode to 
promote the water-redox reaction, is determined with respect to 1.23 V versus RHE 
for a photoanode and 0 V versus RHE for a photocathode. Before measuring jp–V, 
the electronic-conductivity type of the SC needs to be determined because it governs 
the direction that the potential scan should be swept. Under biasing or illumination 
conditions, a minority of the charge carriers in a p-type SC and n-type SC drive 
the respective HER and OER (Fig. 26, region (III)). Forward biasing results in the 
formation of an accumulation layer in the region of space charge that is unfavorable 
for chemical reactions (Fig. 26, region II). Biasing carried out at a higher reverse 
bias (Vdark-onset) causes the Schottky barrier to lower and/or the breakdown of the 
SC, thereby generating a significant amount of dark current (Fig. 26, region (IV)). 
In this case, the SC behaves more like a metal to produce more dark current than the 
photocurrent. Therefore, biasing should be given from Vdark-onset to Vonset for jp-V 
measurements [79].
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Fig. 26 Influence of biasing on band edges of a photoanode. (I) Electrode at flat band potential; (II) 
Electrode at the potential < flat band potential; (III) Electrode at potential > flat band potential; (IV) 
Electrode at a large reverse-bias potential, causing the saturation of photocurrent. The corresponding 
jp–V plot is given to the right of the figure 

4.2.3 Incident Photon-to-Current Conversion Efficiency (IPCE) 

The incident photon-to-current conversion efficiency (IPCE) is the ratio of the output 
flux of electrons producing hydrogen to the incident photon flux when an electrode 
is illuminated by using monochromatic light. IPCE data, accumulated using zero-
bias or short-circuit conditions, can be integrated over the wavelength range of the 
solar spectrum to determine the highest STH efficiency possible. IPCE is experimen-
tally determined using a potentiostat in a chronoamperometric mode and measuring 
photocurrent densities at different wavelengths. At a given wavelength, IPCE is 
expressed in Eq. 9, 

I PC  E(λ) = 
|jp

(
mA/cm2

)| ∗  c1239.8(V × nm) 
Pmono

(
mW cm−2

)
λ(nm) 

(9) 

where 1239.8 (V × nm) is the product of the speed of light (c) and Planck’s constant 
(h), Pmono is the power density of the monochromatic light, and λ is the wavelength 
of incident light at which Pmono is observed. Alternatively, IPCE can be expressed in 
Eq. 10 

I PC  E(λ) = 
no. of electrons generated/cm2/s 

no. of photons incident/cm2/s 
. (10) 

The assumption is that all generated electrons (and holes) produce H2 (and O2) 
instead other by-products, which means that the Faradaic efficiency, ηF, for  gas evolu-
tion is ca. 100%. However, it has been recommended that H2 and O2 evolution be 
quantified to determine the ηF for overall water splitting. IPCE is useful in evalu-
ating device performance in terms of electrons generated per incident photon when 
the spectral variation of the photon energies is considered. IPCE is best described
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by using the following example. When equal numbers of photons at two different 
wavelengths are incident on two photoactive materials, and an equal number of elec-
trons are generated at both wavelengths for both materials, then the IPCE of both 
materials is the same independent of whether differences exist in their energy levels 
[78]. 

4.2.4 Applied Bias Photon-to-Current Efficiency (ABPE) 

When a bias is applied to the photoelectrode, the efficiency characterization param-
eter becomes the applied bias photon-to-current efficiency (ABPE). ABPE is the 
photocurrent density per incident photon absorbed as given in Eq. 11, 

ηABPE =
[

|jp
(
mA cm−2

)| × [1.23 − |Vb|] × ηF 
PTotal

(
mWcm2

) × Illuminated area(cm2)

]
(11) 

where jp represents the photocurrent density and Vb is the potential applied between 
the WE and the CE. In determining the inherent performance of an electrode, ABPE 
can be used to determine the optimum existing between the maximum path corre-
sponding to the photon absorption and the effective charge transfer diffusion length 
of a material. 

The IPCE and ABPE parameters are diagnostic of the efficiencies of the PEC 
systems that are related by the expression in Eq. 12, 

ABPE  = I PC  E  

absor ptance 
(12) 

where absorptance is the ratio of e–/h+ pairs produced per photon per area, which is 
measured using the Beer–Lambert law. 

Using the characterization parameters described above, it is possible to create a 
fundamental flowchart (Fig. 27) that can be used for the design of industrial-level 
PEC system for photoelectrochemical hydrogen production [80].
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Fig. 27 Possible flowchart for a single photoelectrode-based PEC device 

4.3 PEC Systems and Devices 

4.3.1 Types of PEC Systems 

PEC cells, having the possible configurations summarized in Fig. 28, contain either 
an n-type photoanode–H2 evolution catalytic cathode (HEC) (Fig. 28a) or a p-type 
photocathode–O2 evolution catalytic anode (OEC) (Fig. 28b). The single light-
absorbing PEC systems require bias voltages to compensate for over voltages and 
other losses. For water splitting in which both the HER and OER occur, a light 
absorber is employed in a tandem photoanode–photocathode cell (Fig. 28c). In 
contrast to employing an electrocatalytic system for water splitting, using a PEC cell 
enables reduction or possible elimination of the externally supplied power (external 
bias) through use of a photoelectrode generated voltage (V ph). If the sum of V ph is 
larger than E(H2/H2O) + overpotentials of HER/OER (ca. 1.6 V), the PEC cell can 
promote water splitting without using an applied bias (Fig. 28c) [16].
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Fig. 28 Types of PEC cells for water splitting. a Photoanode–HEC cathode, b photocathode–OEC 
anode, and c photoanode–photocathode tandem cell for unbiased overall water splitting. Description 
and denotation are reproduced from Ref. 49 with permission from Elsevier B.V., copyright 2017 

4.3.2 Scale-Up Devices 

Owing to cost competitiveness concerns, criteria used to select materials for large-
scale devices could be different from those employed to create laboratory devices. 
Complexity is the major difference between PV–EC and PEC systems, which often 
employ similar materials. Jacobsson et al. established a criterion for accessing 
whether the photoelectrode or light absorber functions inside or outside the elec-
trolyte. Recently, Yao and Li suggested that materials such as c-Si, a-Si, GaAs, 
GaP, CdS, CdSe, ZnTe, and CuInGaSe2 should be classified as PV grade, and TiO2, 
Fe2O3, BiVO4, TaON, Ta3N5, Cu2O, and CaFe2O4 as non-PV grade. The classifica-
tions result from the fact that PV-grade material-based photoelectrodes often have 
similar or the same structures and geometries as those of PV materials. Ronge et al. 
also cited lower complexity as a potential merit of a PEC over PV–EC system, which 
would directly affect costs of a large-scale system [81]. 

The complexity of a material can be represented by numbers of “layers”, where 
reducing the number of layers would reduce complexity and the cost in developing 
a PEC system. As shown in Fig. 29, highly active photoelectrodes (photocurrents 
above ca. 10 mA cm−2 at short-circuit voltage) always comprised of more than two 
layers (protection + electrocatalyst). Use of a light absorber that is more air- and 
water-stable would be one approach to reducing the complexity of a photoelectrode 
because it would not require use of a protection protocol. Hence, capital costs of 
a materials which are directly related to complexity should be balanced by their 
efficiencies so that an efficient, stable, and cheap material would be ideal. However, 
materials of this type are not yet available [82].

To obtain ηSTH values above 10%, Jph of ca. 8.13 mA cm−2 needs to be generated 
by the water-splitting reaction, so that the bandgap needs to be smaller than ca. 2.3 eV. 
But materials other than those of PV grade that achieve Jph above 8.0 mA cm−2 are 
rare (Fig. 29). For example, the best metal oxide-based photoanode developed so far,
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Fig. 29 a Reported photocurrent densities under short-circuit conditions (Jsc) of photoelectrodes 
for PEC water splitting under standard conditions: 1.0 sun, short-circuit condition of 1.23 VRHE for 
photoanode and 0.0 VRHE for photocathode. b Known composition of photoelectrodes in a

BiVO4, has a value that is lower that this theoretical limit. The Cu2O photocathode 
has the highest Jph (10 mA cm−2 at 0.0 VRHE) as well as a photovoltage of ca. 
1.0 V, which are excellent for a light-absorbing metal oxide. Semi-stable Ta3N5 has 
Jph ca.12 mA cm−2 at 1.23 VRHE. Besides these materials, most others that lead to 
photoelectrodes that have Jph above 8.0 mA cm−2 employ PV-grade light absorbers 
with buried junctions and protection layers, which makes the system have a degree 
of complexity. 

As mentioned above, most high-performance PEC water-splitting systems utilize 
PV-grade light absorbers and noble metal-based electrocatalysts. Even if a high-
efficiency system were to be developed, it might not be practical if it is composed of 
rare and precious materials. Hence, element abundance is an important criterion to 
use when creating scaled-up systems. In Fig. 30a, data for Earth crust abundances, 
annual production levels, and pure form costs of common elements are given. The data 
demonstrate that global production levels of materials (from U.S. Geological Survey 
2018) do not necessarily parallel their abundances, but rather they reflect demand. 
Since renewable H2 production will create an enormous market, current research in 
this area should give more attention to substituting highly functional earth-abundant 
materials for those that have high value. Figure 30b summarizes the three important 
aspects of elements in materials used in PEC water-splitting systems. Moreover, it has
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Fig. 30 a Annual production, abundance, and cost (pure form) of common elements in materials 
employed in PEC water splitting. b Relation between earth abundance, available reserves, and 
supply risk of photoactive materials used for energy production 

been proposed that a relationship exists between sustainable clean energy production, 
and availability and earth abundance of photoactive materials [34, 83]. 

In addition to the choice of materials, fabrication methods need to be care-
fully selected for designing a suitable scaled-up PEC system. First, it is important 
to consider the applicability of laboratory fabrication techniques including metal– 
organic chemical vapor deposition, atmospheric pressure chemical vapor deposition, 
atomic layer deposition, sol–gel or solution-based coating via spray pyrolysis, and 
spin coating. In general, solution-based methods are carried out under ambient condi-
tions, and that do not require very high or low pressure, temperature, and a desirable 
vacuum or inert gas environment. Large-scale fabrication of PV-grade materials (GaP, 
a-Si, CIS, etc.) requires development of strategies that are well established in other 
PV applications. However, III/V materials are typically generated using MOCVD 
and similar methods that require an O2-free atmosphere, a cost-related issue that 
needs to be considered. 

Many metal oxide-based SCs are air stable meaning that the process needed for 
fabrication can be conducted using ambient conditions. The hydrothermal method 
was employed to prepare a WO3 nanoparticle array film with sizes above 400 cm2 

(Fig. 31a). Also, the hydrothermal method was used to synthesize FeOOH from Fe 
salts at 80–120 °C. This substance is then converted into Fe2O3 which is widely
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used for Fe2O3 nanorod film fabrication (Fig. 31d). Figure 31e shows a schematic 
for sequential electrodeposition to produce Cu2O films ca.50 cm2 FTO [84]. 

Fig. 31 Solution methods for photoelectrode preparation on a modest scale (>5 cm2). a 
Hydrothermal synthesis of WO3 NPA films on substrates of various sizes. b Metal–organic decom-
position deposition of BiVO4 on FTO. c Electrodeposition of BiOI (red) and thermal conversion to 
BiVO4 films (yellow). d Hydrothermal synthesis of Fe2O3. d Spray pyrolysis deposition of Fe2O3 
in a large area (>100 cm2). e Electrodeposition of Cu2O films with a sequential deposition process
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Metal–organic decomposition (MOD), a scalable fabrication method devised by 
Galembeck et al., was first used to prepare BiVO4 by Sayama et al. This approach 
utilizes metal precursors (e.g., acetate, acetyl acetate, or oleate) that are decomposable 
in organic solvents (e.g., acetylacetonate, acetic acid, or methanol). Materials made 
by using MOD can be used for deposition through a variety of methods including 
drop casting, spin coating, screen printing, and spray pyrolysis. Yao et al. described 
fabrication of BiVO4/WO3/FTO employing drop casting MOD BiVO4 on substrates 
with areas as large as 25 cm2. This group also found that the efficiency of the process 
dropped by 50% when the film size is 2.0 cm2. Kim and Lee described a microwave-
assisted method for a short time (5–8 min) requiring synthesis of BiVO4 using a 
MOD precursor which contrast with the typical 60–300 min requiring traditional 
thermal synthesis method (Fig. 31b). MOD is a sol–gel method that has been widely 
applied on a variety of scales. 

Electrodeposition is a useful method to produce light-absorbing materials. As 
described in a recent review by Kang and Choi, electrodeposition is one of the most 
useful methods for generating non-PV-grade photoelectrodes, such as TiO2, WO3, 
Fe2O3, BiVO4, CuWO4, CIGS, and CZSS. Electrocatalysts such as MOOH (M = Co, 
Fe, Ni, Mn, etc.), RuO2, various metal alloys, and Pt can also be deposited on large 
scales using electrodeposition. Specifically, Choi and co-workers used electrodepo-
sition and thermal conversion of BiOI to create highly porous BiVO4 on FTO which 
has an extremely high efficiency for use in PEC water oxidation (Fig. 31c) [85, 86]. 

The overall efficiency for producing a scaled-up device will be lower than that 
involved in generating a corresponding small-scale laboratory device owing to unique 
factors involved that are qualitatively pictured in Fig. 32. Figure 32a and b shows a 
photoanode and photocathode pair with respective bandgaps of 1.84 eV and 1.23 eV 
and their tandem cell (D4), which was calculated by Pinaud et al. The value of ηSTH 

is 22% [87].
When a device is scaled up to ca.1 m or larger sizes, problems not usually encoun-

tered in small scales arise (Fig. 32c, d). First, fabrication of larger devices requires 
different methods and is usually accompanied by introduction of spatial defects that 
lead to increase in total ohmic resistance which lowers the efficiency. Another poten-
tially problematic issue with large solar hydrogen production systems is separation 
of gases, which is usually performed using a membrane. Unlike the extensive efforts 
that have been given to developing fuel cells and PEM electrolyzers, only a few 
studies have been carried exploring membranes that can be utilized for PEC cells. 
The results of these investigations showed that a surprisingly high fuel separator 
derived high energy loss which is incurred when even a high-quality membrane is 
used.
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Fig. 32 a Device model on the experimental scale. b J–V curves of an ideal device with no energetic 
loss and a real experimental device with known loss mechanisms. c Scaled-up tandem photoelectro-
chemical device based on cell architecture. d J–V curves of the experimental device and the scaled-
up device with expected energy losses. e Efficiency loss in scaled-up photoanode–photocathode 
tandem cells

PV–EC methods have already been demonstrated to be applicable to large-scale 
solar H2 production, but it is unusual to find actual demonstrations of the large-scale 
effectiveness of PEC cells. Owing to rapid developments in laboratory-scale PEC 
water-splitting technologies taking place in the past decade, small but increasing 
numbers of PEC demonstration projects have been carried out. These case studies 
are invaluable in developing prototypes that can be employed to evaluate the techno-
economic feasibility of larger PEC water-splitting plants or solar H2 production 
farms. 

As mentioned above, the first problem confronting in scale-up of a PEC system 
is the need for large photoelectrodes in which efficiencies in a two-electrode mode 
will be lowered owing to the sheet substrate resistance. In this regard, mimicking the 
production of solar cells, covering a substrate with a conductive grid, should reduce
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efficiency loss. Lee et al. fabricated 130 cm2 WO3/FTO films by screen printing a 
WO3 nanoparticle paste synthesized by sol–gel precipitation (Fig. 33a). Enlarging 
the size of the WO3/FTO caused decrease in Jph at 1.23 VRHE from 2.63 mA cm−2 

to 1.5 mA cm−2 to 1.18 mA cm−2 for 0.36, 4.8 and 130.6 cm2 photoanode. In 
contrast, embedding an Ag grid in the film was beneficial, as exemplified by the 
observation that the 4.8 cm2 photoanode experiences a 130% enhancement in its 
photocurrent density over a photoanode of the same size without an Ag grid. However, 
the efficiency is large in contrast to those of similarly sized photoanodes described so 
far. Under 1 sun, the tandem cell containing a photoanode with a large area (130.56 
cm2) produced 3 mL min−1 of H2 [88]. 

A detailed study of the operation of an actual large-scale PEC cell, which addresses 
majority of issues of scaled-up PEC cells discussed so far, was conducted by Vilanova 
et al. (Fig. 34). These workers created a planar PEC cell, called a “Cool PEC cell”. 
The cell containing a large Fe2O3/FTO photoanode (50 cm2) was found to function 
for 1008 h, which is one of the longest operation times for a-Si solar cell-based 
photoanode with 0.45 mA cm−2 at 1.6 V. This effort demonstrated that the cool PEC 
cell has only negligible effects on blocking of light by gas bubbles, a serious problem 
in large-scale systems [89].

Fig. 33 Large-scale WO3 photoanode-DSSC tandem cell. a Schematic diagram of small area WO3 
photoanodes with Ag grid-embedded FTO as substrate. b J–V curves of photoanodes in 0.5 M 
H2SO4 electrolyte under 1 sun illumination. c Experimental PEC set-up with WO3 photoanode, 
platinum counter electrode, and calibrated cylindrical syringe for gas collection immersed in 0.5 M 
H2SO4. d Operating point of a scaled-up WO3 photoanode 
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Fig. 34 a Cool PEC cell. 1—acrylic embodiment; 2—front window; 3—front stainless steel frame; 
4—internal acrylic plate dividing the WE compartment; 5—main electrolyte inlet; 6—external 
screw; 7—back stainless steel frame; 8—back window; 9—acrylic cap; 10—electrolyte outlet; 
11—internal gasket; 12—external gasket; 13—platinized-Ti mesh; 14—ion-exchange membrane; 
15—acrylic holders; 16 and 17—metal connectors between the Pt–Ti mesh and the external screw. b 
Assessment of light trapping due to bubble accumulation inside the PEC cell. 1—simulated sunlight 
(1000 W m−2); 2—front window; 3—back window; 4—electrolyte outlet; 5—electrolyte inlet; 6— 
Si calibrator used to monitor the solar irradiance reaching the outer surface of the back window. c 
Long-term stability of a hematite photoelectrode under a constant bias of 1.6 V 

The reactor by Vilanova et al. was used in a PECDEMO’s demonstration of a large-
scale PEC cell, which investigated many issues facing scale-up including develop-
ment of photoelectrode materials. For this purpose, large photoelectrodes comprised 
of BiVO4, Cu2O, and Fe2O3 were fabricated. A Mo metal grid was deposited on FTO 
glass to create a large area BiVO4 electrode (>50 cm2) (Fig. 35a). The BiVO4-based 
system with dimensions of 3.6 × 3.6 cm2 and with a grid produced using repetitive 
mosaic spray pyrolysis with mask generated at a modest current of ca. 70 mA at a 
bias of 1.23 VRHE (Fig. 35b), which is much lower than that obtained using a 1.0 cm2 

scale device. Also, a four-stripe-type Cu2O photocathode with metal grid lines was 
generated by the PECDEMO project group (Fig. 35c). The large-scale system with 
two grids comprised of Au and Ag was shown which had a significantly improved 
performance demonstrating the importance of the substrate design.
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Fig. 35 Fabrication of a large-scale photoelectrode conducted by PECDEMO. a Large area BiVO4. 
b J–V curve of large area BiVO4. c Large area Cu2O photocathode with grid lines (50.4 cm2 active 
area). d Linear sweep voltammetry scans of large area Cu2O photocathode for the vertical PEC cell 
under chopped illumination (0.6 sun) in the pH 5 electrolyte 

As expected, photoanodes with large areas (50 cm2) have slightly lower perfor-
mances than their laboratory (ca.1.0 cm2) counterparts, but they are plagued by the 
high instability of BiVO4. For example, etching of BiVO4 on FTO occurs, which is 
an indicator of corrosion. But replacement of a W:BiVO4 photoanode with Co-Pi 
as OEC in 0.1 M KPi as electrolyte by a Co-Ci/W:BiVO4 photoanode led to a near 
70–100 h stability in aqueous bicarbonate. This finding emphasizes the importance 
of choosing the OEC and electrolyte. Moderate stability with the same OEC and 
electrolyte on a laboratory scale was also observed by Kim et al. 

BiVO4-heterojunction tandem cells containing an intrinsic thin layer (HIT) Si 
PV or Fe2O3–HIT Si PV were tested using outdoor sunlight and a planar “vertical” 
or solar concentrator with angled illumination (Fig. 36). The device, tested at the 
SoCRatus facility of the German Aerospace Center (DLR), had a maximum unbi-
ased current density of 1.88 mA cm−2 (ηSTH = 2.3%) for BiVO4–HIT Si PV and 
0.52 mA cm−2 (ηSTH = 0.74%) for Fe2O3–HIT Si PV. For the “angled” device tested 
at UPorto, the actual illumination area was much larger (ca. 200 cm2) because a 
reflection concentrator was used (Fig. 36a and b). Operation for 15–48 h led to no 
significant degradation of efficiency, but the efficiency of 50 cm2 laboratory devices
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are much higher. Thus, the BiVO4–HIT Si PV tandem cell has ηSTH = 0.2% and 
the Fe2O3–HIT Si PV tandem cell has only ηSTH = 0.058% in the “angled” device 
(Fig. 36e and f). Even though the light concentrator-based system was expected to 
achieve a much higher level of operation, observation made on III/V light absorbers 
showed that this level was not reached. One of the numerous issues confronting 
scale-up of PEC cells is the large intermittence of illumination, which is exemplified 
by the variation of ηSTH ranges from 0.42% to 0.12% for 8 d (Fig. 36f) [90]. 

In addition, Tolod et al. used the Artiphyction project to investigate a new 
approach, which they called TRL5 development. In this effort, they explored a 
1.6 m2 scale-up BiVO4-based photoelectrodes in PEC–PV tandem cells (Fig. 37). 
A smaller 64 cm2 module in a BiVO4-Si tandem cell had a ηSTH of 3%, which 
decreased to 2% during the long-term operation because of several factors including 
bubble formation [90].

Fig. 36 Demonstration of operation of a PEC cell with a solar concentrator based on angled illu-
mination. a DLR’s test facility SoCRatus with its main components. b Prototype module in acrylic 
embodiment composed of four individual 50 cm2 PEC cells mounted in the focal plane of the 
SoCRatus (here without reflective shields). c Modular prototype with Fe2O3 and d BiVO4 photo-
electrodes. e Total irradiation on the prototype, average current density, and hydrogen flow relative 
to the respective mean values as well as average ηSTH without and with bias voltage associated 
with Fe2O3 photoelectrodes. Gray field refers to test of single compartments. f Total irradiation on 
the prototype, average current density, and hydrogen flow relative to the respective mean values as 
well as average ηSTH associated with BiVO4 photoelectrodes. The ηSTH achieved from the device 
is marked on the upper side of the graph 
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Fig. 37 a Large-scale PEC cell device from the Artiphyction prototype. b Photograph and magni-
fied view of the  1.6 m2 prototype comprised of 100 PEC cell modules. c J–V plots for a single PEC 
window
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5 Challenges 

5.1 Unassisted STH Conversion Inefficiency 

Low STH conversion efficiencies of PEC cells arise because of three main 
reasons including (1) high recombination rates of charge carriers and low elec-
trode/electrolyte interfaces catalytic activities, (2) improper band-edge positions of 
the SC, and (3) low or inappreciable generation of depletion regions owing to poor 
crystallinity. An effective approach to enhance conversion efficiency involves modi-
fication of the properties of the SC/liquid junction. Chen and co-workers showed that 
increase of photocurrent density and efficiency occurs when the morphology of α-
Fe2O3 is changed into nanorods and the bandgap energy is tuned with Sb2S3 doping 
[91]. Boda et al. [92] showed that tuning the bandgap energy of TiO2 through addition 
of ZnFe2O4 led to a three times larger current density. The conversion efficiency of 
InP was also enhanced by scaled addition of Pt nanoparticles. It has been shown by 
recent studies that N doping influences the performance of photoelectrodes signifi-
cantly. Replacement of O by N atoms in some metal oxides using anionic substitution 
resulted in lowering bandgap energies and enhancing stability. The reason for this 
effect is that energies of N orbitals are higher than those of 2p O orbitals. In one 
example, the bandgap energy of Ta2O5 was transformed from 3.9 eV to 2.4 eV due 
to increasing nitridation (Fig. 38) [93].

5.2 Self-oxidation/reduction Promoted Photocorrosion 

Besides the need for performance improvement, the important goal is the approaches 
that enhance the stability of a PEC cell. Except for a few studies which show that 
the stability of a PEC device is about 50 h, most others indicate that the PEC devices 
are stable for only 25 h. The use of organometal halide perovskites (OMHP) could 
be an approach to improve device stability. Non-PV-grade materials have higher 
inherent stabilities than their PV-grade counterparts. However, the passivation layer’s 
sensitivity to the SCr/electrolyte junction might lead to electrode degradation. This 
problem could be avoided by preventing direct contact between the electrode and 
aqueous electrolyte using a HER/OER catalyst overlayer. Catalysts such as NiCrOx 

improve interfacial charge transfer and serve as an anti-corrosion layer. Transition 
metal oxides such as ZnFe2O4 also stabilize BiVO4, and up to 50–100-nm-thick TiO2 

coatings have been recently used for photocathode stabilities. This type of coating 
introduces electronic defects and enhances hole conduction, while being sufficiently 
transparent [94, 95]. 

Another approach to address the photocorrosion issue is to optimize tuning of 
the electrolyte composition. This process can be blocked by V5+ ion saturation of 
the electrolyte. Similar methods can be applied to other materials only when the
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Fig. 38 Bandgap energy change by N replacement in a photoactive SC material

electrochemical phenomena responsible for material instability in the liquid medium 
can be identified. 

5.3 Scale-Up for Creating Practical PEC Devices 

From the time of the early studies by Fujishima and Honda in 1972, advances have 
not been made in the development of a practical scaled-up PEC system. Although 
research aimed at efficiency and stability enhancement needs to continue, an effort 
is needed for scale-up of some of the more promising PEC devices developed so 
far. Some of the important issues that should receive attention in this regard are the 
absorption/collection and intensity of incident light. Note that, at this time, current 
densities of commercial electrolyzers are in the range of 0.5–2 A cm−2, and that 
these values are higher than the highest level in PEC devices (ca.10 mA cm−2). 
These data suggest that generating the same level of current would require use of a
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Fig. 39 Diagram of a PEC system developed by Turan and co-workers 

PEC device having an electrode-active area that is 50–200-fold larger than those of 
currently developed systems (ca.1 cm2). One of the most cost- and efficiency-affective 
solar–hydrogen generators are integrated systems comprised of an electrolyzer and 
group III–V PV-based solar concentrator. Also, effective scale-up can be brought 
about by using multiple repetitive cycles in a continuous flow and electrode-surface 
regeneration system rather in a one-cycle batch reactor, and to use. For example, 
Turan and co-workers created a PEC water-splitting device, the area of which is 64 
cm2, in which 13 continuous base modules are connected by laser patterning. The 
resulting large-scale devise had a stable STH efficiency of 3.9% and worked for 40 h 
(Fig. 39) [96]. 

Reactors having multiple porous electrodes or reflectors could also be applied in a 
PEC devise to enhance light absorption. In this way, unabsorbed light can be diverted 
into another electrode or a PV unit. A multi-tube, multi-pass reactor, comprised of 
optical fibers coated with a photocathode material, which has an effective surface 
area that is larger than that of the photoactive material, is developed by Ray and 
Beenackers [97]. 

6 Summary and Outlook 

Solar energy-promoted water splitting using photovoltaic-, photocatalyst-, and 
photoelectrode-driven systems has been profoundly studied during the past 50 years. 
Efforts in this area during the last 10 years have led to the discovery of significantly 
improved systems that have STH levels close to 2% (PC), 3% (PE–PE), 8% (PEC– 
PV hybrid), 19% (buried junction PV), and 30% (PV–EC with PEM electrolyzer). 
Moreover, rapid progress is being made in studies of other PC and PEC technologies. 
In recent years, PEC SW splitting is attracting increased attention, and its practical 
use for hydrogen production has great potential. 

In current research studies, the utilization of natural light has not been empha-
sized and most of the systems probed still utilize both co-catalysts and sacrificial 
agents to improve photocatalytic performances. Moreover, conversion efficiencies 
of most PEC systems remain low and most lack high stability. It is worth noting that
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although H2 production efficiencies are lower in SW, this source should be employed 
in continuing studies. At present, the great attention given to assessing the influence 
of ions in seawater on the photoelectrode has created a firm foundation for the mech-
anism of H2 production by seawater splitting. We propose that two issues should be 
given greater attention when designing efficient seawater H2 production photocata-
lysts. These include (1) stabilities of materials in that they should resist oxidation by 
Cl2, ClO4 

–, and other agents and (2) materials that take advantage of ions in SW to 
generate high value-added products. 

In consideration of practical applications, it is necessary to develop scale-up tech-
niques for PEC SW splitting. Several demonstration projects to scale up PEC solar 
hydrogen production systems are ongoing. Thus far, investigations of PEC cells have 
been carried out only on ca.1 m2 scales. In spite of this, the efforts have led to the 
identification of many problems and challenges associated with material scale-up, 
and system balancing and operation. The results of these projects along with techno-
economic assessments indicate that PEC water splitting by systems developed so far 
is not competitive with PV-EC devices. Their STH should be above 10% and their 
lifetimes need to be >10 years for PEC cells to be competitive, suggesting that mate-
rial development needs to occur in parallel with scale-up and demonstration efforts 
[98–101]. 

Scientific breakthroughs are still needed in this area. The revelation of developing 
low-cost, high-efficiency SCs will be of great significance, not only for PEC water-
splitting hydrogen production, but also for PV and other solar energy conversion 
approaches. Great challenges exist in this area, but the benefits are even greater. We 
believe that continuing in-depth research in the future will make H2 production by 
PEC SW splitting a practical alternative for producing fuels. 
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Photovoltaic Electrocatalytic Seawater 
Splitting 

Yu-Xuan Xiao, Fei Yu, Xiong Yang, and Xiao-Yu Yang 

Abstract Hydrogen generation through photovoltaic electrocatalytic seawater split-
ting is a highly desirable for economically and cleanly harvesting solar energy. Impor-
tant developments have come from studies of this technology that focus on enhancing 
the efficiencies and stabilities of these systems for solar-to-hydrogen (STH) appli-
cation. Herein, we introduce the fundamental principles of photovoltaic electrocat-
alytic seawater splitting, and discuss recent progress that has been made in devel-
oping improved photovoltaic electrocatalytic seawater splitting strategies for STH 
conversion, giving major attention to studies aimed at developing the novel electro-
catalysts. Finally, some of the remaining challenges in this area and the outlook for 
future advances are presented. 

Keywords Photovoltaic electrocatalysis · Seawater splitting · Solar energy ·
Hydrogen production · Materials characterization · Mechanism research ·
Sustainable energy cycle · Hydrogen energy industrialization 

1 Introduction 

Water splitting driven by sun light is a highly desirable technology for sustainable 
hydrogen (H2) generation [1–4]. Photovoltaic electrocatalytic water splitting is an 
interesting method for clean generation of H2 because it overcomes the shortcomings
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of nonstorable electricity power [5]. Moreover, hydrogen is directly produced in these 
systems by using only economical solar energy and water. However, industrial level 
photoelectrolysis requires a huge amount of freshwater, which is unfriendly to the 
already limited water resources [6]. Although seawater is available in near limitless 
quantities on the earth, its employment in the water-splitting process presents many 
challenges owing mainly to the instability of component materials [7, 8]. One of the 
greatest challenges to utilizing seawater in the splitting process is the presence of 
chloride anions that lead to electrochemical chlorine evolution as well as corrosion 
of the metal electrocatalysts [9]. Thus, developing novel materials for photovoltaic 
(PV) electrocatalytic (EC) seawater splitting devices is an important goal. In addition, 
wide application of PV systems for solar-to-hydrogen (STH) conversion is severely 
restricted by the low power conversion efficiencies (PCE) of the PV component 
and the high prices and low stabilities of noble-metal ect [10]. As a result, large-
scale application of photovoltaic electrocatalytic (PVEC) seawater splitting systems 
remains problematic. 

2 Principles 

With the continuing population growth and economic development of society, tradi-
tional energy production mainly based on fossil fuel combustion is encountering 
many problematic issues, such as high cost, low storage amount of resources, 
high pollution and greenhouse emission [11–14]. Hydrogen possesses advantageous 
features as a fuel that are associated with the cleanliness of its combustion, high 
storage capacity and heating value [15–20]. As a result, this gas could soon become 
a competitive alternative to fossil fuels. Because sun light and water are two of the 
inexhaustible and evenly distributed resources available, H2 production from water 
has become a major goal of several efforts. Importantly, a combination of sunlight 
conversion and water splitting systems is highly attractive for this purpose. Because 
seawater is the most abundant water form on the earth [21, 22], electrolytic splitting 
form seawater is the most desirable method for large-scale H2 generation. Below, we 
describe the underlying principles for operation of photovoltaic and electrocatalytic 
components of systems to carry out solar based seawater-to-hydrogen conversion. 

2.1 PV Cells 

A PV system designed to generate electrical power is comprised of multiple compo-
nents including a solar energy collection unit and a light-to-electricity converting 
unit. PV systems are rated in terms of their peak kilowatt (kWp) output, which is the 
amount of electrical power delivered when the sun is directly overhead on a clear 
day [23, 24]. Owing to the importance of this technology, extensive research has
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Fig. 1 Schematic illustration for different kinds of semiconductors 

been carried out to develop devices that have enhanced efficiency. This has become 
a rapidly growing industry whose size since 2002 has doubled every two years. 

The physical basis for the operation of PV cells, which convert sunlight into elec-
tricity directly, is the promotion of an electron in a semiconductor material from a 
lower energy state to a higher one by absorbing a photon of light. In semiconduc-
tors, bonding and antibonding molecular orbitals formed by the overlap of atomic 
orbitals have closely spaced energies in regions called valence bands corresponding 
to the highest energy occupied molecular orbitals (HOMOs) and conduction bands 
(corresponding to lowest energy unoccupied molecular orbitals (LUMOs) [25, 26]. 
The difference between the energies of the valence and conduction bands is called 
the bandgap energy. At 0 K, electrons will fill the valence band of a semiconductor, 
whereas a large electron deficiency for the conduction band. Upon excitation caused 
by the absorption of a photon of light, electrons will transfer from the valence band 
to the conduction band, leaving a hole in the valence band creating what is known as 
charge carriers. Pure semiconductors usually own poor conductivity, thus doping to 
the semiconductors is often applied to form extrinsic semiconductors. As shown in 
Fig. 1, donor-doped (for example, P into Si) n-type semiconductors have heteroatoms 
that possess more valence electrons than the host ones, while acceptor-dope (for 
example, B into Si) p-type semiconductors have heteroatoms with fewer valence 
electrons [24]. 

2.2 Electrocatalytic Seawater Splitting 

In the hydrogen generating component of a PVEC device, electricity produced in 
the PV cell is used to drive EC hydrogen production from seawater, a process that 
takes place via two redox half-reactions including the cathodic hydrogen evolution 
reaction (HER) and the anodic oxygen evolution reaction (OER) [27–34]. A two 
electron-proton transfer process is involved in HER, while a multi-electron transfer 
process for OER involving loss of four protons for each evolved oxygen molecule 
and occurring through several intermediates. Depending on the pH of the medium,
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the redox processes involved in water splitting take place by two different pathways 
[35, 36]. In an acidic electrolyte, the coupled redox reactions are those given in the 
equations below [37–39], 

Cathode: 2H+(aq) + 2e− → H2(g) (1) 

Anode: H2O(1) → 2H+(l) + 0.5O2(g) (2) 

while in an alkaline electrolyte and neutral seawater, the redox reactions are those 
depicted in Eqs. (3) and (4) [39–41]. 

Cathode: 2H2O(l) + 2e− → 2OH−(aq) + H2(g) (3) 

Anode: 2OH− → H2O(l) + 2e− + 0.5O2(g) (4) 

Under standard conditions, the Gibbs free energy (ΔG) for water electrolysis will 
change 237.2 kJ mol−1, which corresponds to an equilibrium potential of 1.23 V. 
Nevertheless, the voltage required for water electrolysis is practically higher than 
1.23 V due to the existence of kinetic barriers and poor energy efficiencies for the 
catalytic processes [42]. Though many catalytic electrode materials have good perfor-
mance towards water electrolysis, many factors, including high onset potentials, low 
mass diffusion rates, solution concentration, electrode resistances, etc., still limit the 
wide application of water electrolysis. The factors will usually result in high overpo-
tentials to drive the catalytic reactions or poor durability during the splitting process 
[43]. As a result, a major challenge in investigations of seawater electrolysis lies in 
the design of scalable ECs with outstanding efficiencies and durabilities. 

A significant problem facing the HER at the cathode is the existence of dissolved 
cations (Na+, Mg2+, Ca2+ etc.), bacteria/microbes and small particulates for direct 
seawater splitting. These factors will poison the electrode, degrade the catalysts, 
thus leading to poor durability [22, 38, 44–46]. For example, when the electrolysis 
current increases, the pH near the electrode surface dramatically increases, leading to 
precipitation of metal hydroxides (such as Ca(OH)2 and Mg(OH)2) which will clog 
the active sites of catalysts. Even at moderate current densities, an increase of 5–9 
pH units will occur near the electrode surface (Fig. 2) [47]. To address the negative 
effects of pH fluctuation, buffers or additives are usually required to stabilize the pH 
of the electrolyte. In addition, other strategies like those using electrolysis cells that 
contain membranes to separate the precipitates from the cathode have been employed 
to overcome this problem.

In addition, reactions at the cathode of metal ions dissolved in seawater can also 
take place at certain electrocatalytic potentials (Fig. 3a). Hence, it is of great signif-
icance to limit the harmful electrochemical processes in ECs for HER in seawater. 
For this purpose, utilizing membranes to separate catalysts and seawater (Fig. 3b),
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Fig. 2 The relationship between the current density with the surface pH [47]

utilizing catalysts with high corrosion resistance (Fig. 3c), or incorporating permse-
lective blocking layers on catalysts (Fig. 3d) are possible approaches to instill high 
stability of ECs for seawater HER [38]. 

On the other hand, there are large number of anions (such as Cl−) that are electro-
chemically active to interfere with the anodic OER. Considering all possible anions 
and their corresponding standard redox potentials, chloride oxidation should be the 
major process competing with the OER at the anode [22]. This issue was revealed 
by Bennett in 1980, who found direct seawater electrolysis will result in high current

Fig. 3 Problems occur for HER in seawater and their possible solutions [38] 
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efficient formation of hydrogen at the cathode, along with a large quantity of chlo-
rine at the anode in the form of hypochlorite. Redox reactions of chloride ion in 
aqueous solution can follow several pathways that depend on pH, applied potentials 
and chloride concentration. 

Strasser et al. conducted detailed analysis of seawater electrolysis, giving rise to 
a calculated Pourbaix diagram for OER and chloride chemistry (Fig. 4) [9]. The 
diagram shows that the chlorine evolution reaction (ClER) taking place mainly at 
a pH less than 3 and hypochlorite occurring predominantly at a pH higher than 
7.5 are the main competitive reactions with OER [9, 22]. Moreover, under high 
anodic potentials, generation of hypochlorous acid is the dominant reaction for pH 
3–7.5. Under acidic conditions, ClER occurs by the pathway given in Eq. 5, while 
hypochlorite will form in alkaline conditions by the route displayed in Eq. 6 [48, 49]. 

2Cl−(aq) → Cl2O(g) + 2e−(E0 = 1.36 V versus SHE) (5) 

Cl−(aq) + 2OH−(aq) → 2ClO−(aq) + H2O(l) + 2e− 

(E0 = 0.89 V versus SHE) 
(6) 

It can be found from Eqs. 5 and 6 that both processes are two-electron transfer 
reactions, which means they are more kinetically favorable compared to OER with 
four electrons transferred. Even though OER is more thermodynamically favorable, 
ClER has a much larger rate, which is responsible for a higher overpotential required 
for OER than ClER. As a result, a high selectivity of materials for OER is required 
for the seawater electrolysis.

Fig. 4 OER Pourbaix 
diagram in artificial seawater 
[9] 
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2.3 Historical Development PVEC Seawater Splitting 
Systems 

As mentioned above, harvesting energy directly from sunlight is highly desirable 
to fulfill the World’s clean energy needs. Solar energy is an inexhaustible natural 
resource that is available on the earth’s surface [50]. But some earth criteria should 
be noticed to fully utilize solar energy worldwide. Firstly, environmentally benign 
means should be used for the conversion, storage and distribution of solar energy. 
Next, energy provided in this manner must delivered with a stable and constant flux. 
Thirdly, a steadily conversion efficiency is vital in regards to the daily and seasonal 
variability of sunlight. Finally, perhaps the most important criteria are that the energy 
production goals should be cost-effective [51]. 

Several different approaches to convert solar energy into other forms of energy 
have been explored. PV and photoelectrochemical (PEC) cells, and solar-thermal 
systems are being developed to produce electricity from sunlight [50]. Alternatively, 
sunlight can be used to generate fuels either directly by using PEC cells or indirectly 
by using sunlight to generate electricity to drive the EC process [52–54]. The latter 
technology utilizes either discrete, stand-alone units or integrated systems called 
PVEC hybrid systems. Fuels can also be generated by using thermochemical systems 
[55]. 

PVEC systems have the highest STH conversion efficiency among the three solar 
hydrogen production protocols. Integrated, partially integrated and non-integrated 
strategies have been employed for coupling the PV and electrolytic water splitting 
components of PVEC systems (Fig. 5) [56]. Khaselev and Turner first fully inves-
tigated the PVEC device to produce hydrogen through water splitting in 1998 [57]. 
This system has greater than 10% STH efficiency. A self-operating integrated photo-
electrocatalytic device comprised of a photoanode and a double junction solar cell 
was found to have a 8.1% increased STH efficiency [58]. Luo et al. used a hybrid 
system comprised of a perovskite PV cell and NiFe oxides as the EC with a 12.3% 
STH efficiency [59]. Bonke et al. fabricated a PVEC based on a multi-junction solar 
cell with Ni electrodes with a STH efficiency as high as 22.4%.

The efficiencies of PVEC systems are determined by the performance of the PV 
cell and the EC component. Although the overall hydrogen production efficiencies 
of hybrid PVEC systems are already at industrial levels, the solar cells employed in 
these devices are relatively complicated and expensive making the cost far greater 
than that of hydrogen generated from fossil fuels. Neglecting costs, PVEC systems 
have the highest feasibility for generation of hydrogen needed in special aerospace, 
navigation and military applications.
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Fig. 5 Three methods to fabricate the photovoltaic and electrolytic water splitting system

3 Progress Made in Designing Efficient PVEC Seawater 
Splitting Systems 

PV cells in PVEC devices for EC seawater splitting usually utilize monocrystalline, 
polycrystalline and triple-junction amorphous silicon, perovskites, and composite 
films. For example, an integrated PVEC system designed by Hsu et al. contained a 
PV cell comprised of a triple-junction solar cell connected to an electrocatalytic cell 
[60]. In addition, Kuang et al. [61] fabricated a perovskite based PV cell using a spin 
coating and thermal evaporation method. Briefly, an organic solution was spin coated 
on ITO-coated glass. Then spin-coating was employed to deposit the perovskite, and 
then a 130 nm layer of silver was applied thermal evaporation through a shadow 
mask.Wu et al.  [62] designed an efficient solar-driven self-powered seawater splitting 
system composed of a Si PV cell, connected via a micro-array zinc-ion battery (m-
ZIB) to an electrolytic cell containing a NiCo-layered double hydroxide (LDH) 
cathode and Zn anode. In the device, the Si PV cell absorbs sunlight to produce 
electricity to power the battery, and then drives the electrocatalytic HER and OER. 

The development of PV cells is at a highly mature state. At this time, commercial 
silicon and perovskite-based PV cells are widely used for many light conversion 
purposes. Thus, PV cells of these types have been employed to simplify experimen-
tation that is greatly needed to better understand materials and conditions required 
to optimize EC seawater splitting. Thus, in the discussion below, we do not describe 
recent investigations of the PV systems. Rather this section mainly discusses recent 
advances made in the development of electrode materials and conditions used for 
EC seawater splitting. Coverage of the electrode materials is divided into four metal-
based categories, including platinum and nickel-based materials, metal containing 
compounds, and metal/metallic compound composites.
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3.1 Metals 

3.1.1 Platinum 

Kumari et al. [63] developed a PVEC system that produces hydrogen by solar energy 
induced splitting of water vapor present under near-surface ocean conditions. In this 
effort, an amorphous-Si (a-Si)-based PV cell was utilized to drive electrolysis of 
water in humid air (80% relative humidity). The reversible fuel cell contained a 
membrane electrode assembly (MEA) with Pt/C catalyst particles deposited using 
a standard hot press method on both sides of a Nafion proton-exchange membrane 
(Fig. 6) [64–67]. The anode and cathode were comprised by stainless steel grids 
with, and the gas diffusion part was comprised by carbon Toray paper sheets with 
separate gas inlet and outlet ports at both anode and cathode. 

Plenty of studies have been conducted to assess various features of the system 
developed by Kumari et al. In Fig. 7a is shown the J–V behaviors of the proton 
exchange membrane (PEM) electrolyzer using liquid deionized (DI) water and 
seawater as feedstocks. The plots show that the system displays that the initial J–V 
performances using both feedstocks are similar in association with a current density 
of ~60 mA cm−2 under a potential of 1.6 V. Potentiostatic measurements showed that 
after 60 h operation at 1.6 V, the feedstock system experiences only a small change 
while the electrolyzer using seawater displayed an apparent decline in current density. 
After 60 h, seawater fed PEM electrolyzer had a nearly negligible electrolysis current 
of <2 V.

The J–V behavior with water vapor in N2 saturated seawater fed to both electrodes 
(Fig. 7b) showed that with an increasing N2(g)/H2O(g) flow rate, the mass-transport-
limited electrolysis current density increases. Meanwhile, with a 20 sccm flow rate 
applied to each electrode, the faradaic efficiency for cathodic H2 production was 
93%, and the H2:O2 production ratio was 2:1.15.

Fig. 6 Schematic illustration of the junction of MEA with a-Si-based PV cell 
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Fig. 7 J–V behaviors of the a-Si-based PV cell driven electrolysis system

The J–V behaviors to investigate the effects of using seawater humidified air 
versus N2 as the carrier gas were also evaluated. Negligible current densities were 
found at <0.75 V in each case. When the humid air and N2 carrier gas were present 
at both electrodes, the current density was still low until V > 1.5 V where J increased 
to and plateaued at ~11 mA cm2 at >1.7 V. Nevertheless, when humid air was fed to 
both electrodes, the onset potential for generating an observable current decreased 
to ~0.7 V, after which it rises rapidly and reaches a density of ~70 mA cm2 at >1.5 V. 
The PEM electrolyzer behaved similarly when N2 gas was fed to the anode and air 
to the cathode. 

The performance of the PEM electrolyzer as a function of humid air flow at the 
anode and N2 at the cathode was also evaluated (Fig. 7d). At a 10 sccm flow rate to the 
anode, a limiting current density of ~8 mA cm2 was found and it rose to over 18 mA 
cm2 with the increase of the flow rate to >50 sccm. A decrease in relative humidity 
at the anode caused a decrease in the limiting current density. With a 20 sccm flow of 
humidified air to the anode and 10 sccm of dry N2 to the cathode, the current density 
>12 mA cm2 is produced at a relative humidity (RH) ~80% (RH80) and <4 mA cm2 

at RH ~20% (RH20). The J–V performance of one sun illuminated a-Si-based PV 
was evaluated to assess operation of the solar-driven electrolysis system (Fig. 7e). A 
power-conversion efficiency of 7.9% was found for the system. 

In Fig. 8a, plots of electrolysis current densities vs time are given for a system 
with dry N2 flow to the cathode and RH80 air to the anode humidified by seawater 
or DI water. In these experiments, a steady potential of 1.6 V was applied to the 
PEM electrolyzer, which is close to the expected operating potential when driven 
by the a-Si-based PV cell. The initial current density for electrolysis of water in 
seawater humidified air was high, but after 50 h it continuously dropped to <2 mA 
cm2. In contrast, when electrolysis was conducted using either air humidified by
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Fig. 8 Durability tests of the a-Si-based PV cell driven electrolysis system 

using seawater or DI water (80% relative humidity), the current density quickly rose 
and stabilized for >50 h at ~7–8 mA cm2. 

Comparisons between the J–V behaviors of a PEM electrolyzer with seawater, or 
seawater or DI water humidified air, before and then over an extended time period are 
given in Fig. 8b. In liquid seawater, the initial current density at 1.6 V was 56.5 mA 
cm2 and it decreased to 0.2 mA cm2 after 50 h. In contrast, the limiting current 
density with seawater vapor feedstock reached ~11 mA cm2 initially and dropped 
modestly to ~8 mA cm2 after the 50 h. However, the current density of the seawater 
vapor-fed remained 6–7 mA cm2 at 1.6 V during the measurement time. 

3.1.2 Platinum/Titanium 

Davis et al. developed a scalable PVEC device for solar-driven H2 production from 
water [68]. The electrolyzer in this device produces high purity H2 without needing 
active pumping of the electrolyte. An important feature governing the operation of 
this system is the use of novel Pt coated Ti mesh electrodes. They put forward a design 
of membraneless PV-electrolyzer prototype that can potentially be further assembled 
into a large-scale, floating solar hydrogen producing rig, as displayed in Fig. 9a. 
This novel device enables efficient H2 and O2 separation and collection without 
using membranes. The side-views of electrolysis cells are displayed in Fig. 9b, c. 
The small angle between the electrodes and the presence of the active EC only on 
the outer surfaces of the mesh electrodes are two notable features. These types of 
electrodes, called “asymmetric electrodes”, in contrast with symmetric electrodes 
have catalysts coated on both sides. In this way. separation of the produced gas is 
improved by directing bubbles to float upwards in an unimpeded manner.

The membraneless mesh electrode was tested in an electrochemical cell. The 
electrolyzer shown in Fig. 10a comprised by a rectangular container holding the 
electrolyte that has two glass windows on the front and back sides to allow for in situ
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Fig. 9 Schematic illustration of the membraneless PV-electrolyzer prototype

high speed video side-view imaging of gas bubble evolution. The second component 
located in the cell body, is a lid through which mesh electrodes are inserted. The lid 
contains two 3 mL gas collection chambers above the anode and cathode that are 
separated by a 1 mm barrier. Although the two opposing mesh electrodes span the 
cell from top to bottom, electrolysis only takes place in the lower portion where the 
electrodes are submerged in electrolyte. Each collection chamber is capped with a 
rubber septum to exclude surrounding air. Prior to operation of the cell, the electrolyte 
is syringed into the collection chambers. During the electrolysis reaction, product 
gas bubbles flow into and displace the electrolyte in the collection chambers.

The separation process utilizing an asymmetric mesh electrode was visualized by a 
high-speed video camera. An image of the operation of an “asymmetric” electrode, in 
which the Pt coated sides face outwards, is shown in Fig. 10b. When the electrolyte has 
sufficiently conductivity and the gap between the two electrodes is small, low solution 
resistance occurs because dissolved ionic species which do not experience buoyancy 
forces readily pass through the mesh holes. Inspection of the image in Fig. 10b 
shows that bubble nucleation primarily occurs on the outside faces of the asymmetric 
electrodes. When the bubble size grows to a point at which the buoyancy force exceeds 
that of surface adhesion, it detaches from the electrode and rises into the overhead
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Fig. 10 Photographic image of an electrolysis cell and the bubble growth image on asymmetric 
and symmetric electrodes

collection chamber. Passive membraneless electrolyzer containing asymmetric mesh 
electrodes operate with minimal product “cross-over”, which is defined by the event 
involving transport of the product generated at one electrode across the electrode gap 
and collected in the other collection chamber. A still frame image of bubble formation 
on symmetric electrodes, having Pt deposited on both sides, is given in Fig. 10c. 
In contrast, bubble growth on asymmetric electrodes takes place primarily on the 
outside surfaces. In the latter case, after arriving at the region between electrodes, 
the bubbles experience local convection causing them to rise into either collection 
chamber, resulting in loss of product purity. 

The voltage efficiency associated with electrolysis by both the asymmetric and 
symmetric electrodes can be assessed using two-electrode current–voltage (IV) 
curves. For the trigger of electrochemical water splitting, the applied voltage should 
be larger than the potential difference between OER and HER (ΔE0 = 1.23 V at stan-
dard conditions). The voltage efficiency of the electrolyzer is equal to ΔE0 divided 
by the operating voltage. The IV characteristics of parallel (θ = 0°) asymmetric and 
symmetric electrodes in 0.5 M H2SO4 are displayed in Fig. 11a. At 100 mA cm−2 

current density, the electrolysis efficiencies are 50.6 and 53.4% for the asymmetric 
and symmetric electrodes, respectively. The symmetric electrodes have relatively 
higher efficiency, which is owing to the existence of higher active surface area. 
When difference in the Pt surface areas is accounted for, the I–V curves for the 
asymmetric and symmetric electrodes are coincident (Fig. 11b). IV characteristics 
of asymmetric electrodes that have different separation angles are given in Fig. 11c. 
At 100 mA cm−2 current density, a decreased efficiency to 48.8% was found at an 
angle of 30°. The loss is associated with an increased solution resistance as the sepa-
ration distance increases. When the curves are ohmic resistance corrected, the plots 
become coincident.

The product collection efficiency of an electrolyzer can be less than 100% because 
of several factors, including dissolution losses, back reaction and H2 bubbles that are
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Fig. 11 OER tests of the membraneless electrolyzer

not collected. In this study, the membraneless electrolyzer H2 collection efficiency 
was determined by measuring the time dependent increase in the volume of H2 

collected in the overhead chamber. The time dependence of volumes of H2 and O2 

arriving in the lid during constant 40 mA cm−2 current electrolysis, using asymmetric 
electrodes held at a separation angle of 30°, is displayed in Fig. 12a. The error bars in 
the plot are 95% confidence intervals at each average collection time of collection in 
three independent measurements. According to the stoichiometries of the processes, 
the ratio of the relative rates of H2 and O2 collection is 2:1 ratio. In the plot, solid 
lines are theoretical rates of product generation. A comparison of the slopes of plots 
of experimental and predicted data shows that the volumetric collection efficiencies 
for H2 and O2 are 83.0% and 83.8%, respectively (Fig. 12b).

A successful demonstration of the viability and selectivity of buoyancy driven 
product separation, the membraneless design was used to construct a bench scale 
floating PVEC module. As shown in Fig. 13a, the system is comprised of two sets of 
asymmetric electrodes with an angle of 30°, wired in parallel and connected to four 
parallel-connected c-Si PV panels, each of which consisted of 6 sub-cells that are 
connected in series. The entire module was then placed in a 1 L reservoir of 0.5 M 
H2SO4 (Fig. 13b), where it floats on the surface as a result of the high buoyancy of the
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Fig. 12 Hydrogen production of the membraneless electrolyze

void-containing 3D-printed raft. H2 collected in the interior reservoir was sampled 
through a sealed port and subjected to GC analysis. 

Figure 13c shows the predicted performance of the PVEC device, estimated by 
using the intersection of individually generated IV curves of the electrolyzer and PV 
panels. The performance of the four PV was determined under illumination using

Fig. 13 The floating PVEC module and its solar driven hydrogen production performance 
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an unfiltered halogen lamp with a solar AM 1.5 power intensity (100 mW cm−2). 
Analysis of the resulting IV curve shows that the system has a photovoltaic efficiency 
(ηPV) at the maximum power point of 10.0%. The 2-electrode IV curve for the two 
pairs of asymmetric electrodes indicates that the water electrolysis current begins to 
increase at an applied voltage of ~1.7 V, and then exponentially rises as the voltage 
is increased above this voltage. The electrolyzer (ηe), coupling (ηc), and solar-to-
hydrogen (STH) efficiencies (ηSTH) can be determined from the intersection of the 
two IV curves. The efficiency of the electrolyzer is calculated to be ηe ≈ 54%, and 
the coupling efficiency is calculated to be 98%. These observations indicate that 
the PV and electrode arrangements are almost perfectly matched. Combining all 
these efficiencies, the STH conversion efficiency (ηSTH) is predicted to be 5.3%. The 
floating PVEC module was tested under continuous illumination in 0.5 M H2SO4 for 
75 min. The plot of the operating current of the device as a function of time given 
in Fig. 13d reveals that the system experiences stable operation. During operation, 
H2 was collected underneath the central lid while O2 was allowed to vent to the 
atmosphere. After the H2 collection chamber was filled, the gas was analyzed using 
GC. After subtracting the O2 component associated with air (based on an N2:O2 ratio 
of 79:21), the purity of the collected H2 gas was determined to be 98%. 

3.2 Intermetallic Compounds 

3.2.1 Nickel 

Gao et al. developed a nickel foam (NF) based monolithic electrode that has extraor-
dinary performance for both HER and OER in neutral aqueous media [69]. The 
electrode, which has karst landform features, has a surface that is composed of 
metallic Ni valleys and Ni/α-Ni(OH)2 heterostructure towers. It is worth noting that 
the electrode can reversibly and flexibly switch between the HER and OER with long-
term stability. Combined with a PV cell, this bifunctional electrode containing EC 
cell exhibited a high STH conversion efficiency of 16.5% towards natural seawater 
splitting. 

As shown in Fig. 14, to prepare the karst NF electrode, a piece of the NF was 
directly etched in 0.5 M H2SO4, which created a karst landform-featured surface of 
NF within minutes with a Ni/α-Ni(OH)2 interface.

Figure 15 shows the scanning electron microscope (SEM) characterization of karst 
NF. Compared to the original NF (Fig. 15a–c), the as-prepared karst NF inherits the 
3D skeleton of NF and contains metal domains that are roughened to produce a typical 
karst morphology comprised of arrays of tall towers and deep valleys. Transmission 
electron microscope (TEM) images indicate that the towers have a length of ~500 nm 
and width of 100–200 nm. High resolution TEM (HRTEM) images show that the 
lattice spacing of 0.205 nm in the central region can be ascribed to metallic Ni (111) 
facets, and the lattice fringes with spacing of 0.159 nm are indexed to the (110) facets 
of α-Ni(OH)2, which arises from the epitaxial conversion of Ni.
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Fig. 14 Illustration of the synthesis of karst NF electrode

Fig. 15 SEM characterization of karst NF electrode
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Fig. 16 Raman and XPS spectra characterization of karst NF 

As shown in Fig. 16a, Raman bands at 460, 2910 and 3628 cm−1 correspond 
to the respective lattice 2nd order O–H bending and O–H stretching modes of α-
Ni(OH)2. The additional peaks at 636 (v4) and 995 (v1) cm−1, associated with vibra-
tional modes of SO4 

2−, are shifted to higher frequencies in contrast to those of 
free SO4 

2− as a result of adjacent cations interactions. Moreover, the weak band at 
804 cm−1 corresponds to surface NiOx. As shown in the X-ray photoelectron spec-
troscopy (XPS) spectra in Fig. 16b, Ni 2p3/2 main peaks at 852.0 and 855.6 eV in 
the Ni 2p region confirms that Ni0 and NiII states exist on the surface of the catalyst. 
Notably, the Ni0 binding energy is slightly lower for Ni–Ni(OH)2 than that it is for 
Ni metal (~852.6 eV), indicating charges are present in the Ni side. Furthermore, the 
binding energy of Ni(OH)2 is slightly higher for Ni–Ni(OH)2 than it is for Ni(OH)2 
(~854.9 eV), indicating a deficiency of charges on the Ni(OH)2 side. 

The electrochemical performance of the karst NF in 1.0 M phosphate buffered 
saline (PBS) solution was determined by using linear sweep voltammetry (LSV) 
(Fig. 17). Compared with blank NF that has a very low activity, karst NF exhibits 
a much lower overpotentials (at 10 mA cm−2) of 110 mV for HER and 432 mV 
for OER. In contrast to most electrocatalysts that do not promote both the HER 
and OER in neutral solutions, karst NF has superior bifunctional activity in near 
neutral solutions. The karst NF achieves larger currents than does Pt/C, indicating 
the existence of enhanced mass diffusion. Moreover, the Tafel slopes for HER and 
OER are 99 and 249 mV dec−1, the former of which indicates that the Volmer step 
is rate-limiting, while the latter indicates a slow discharge process occurs, as a result 
of the occurrence of strong pre-catalytic events.

The durability of the karst NF electrode was also tested and shown in Fig. 17d. 
The steady current densities during 10 h for HER and OER confirm its stability 
under neutral conditions. The decrease in signals for Ni(II) and increase for those 
of Ni(0) in the XPS spectrum shows that 10 h after the HER was promoted by 
chronoamperometry at −0.21 V without iR compensation, a portion of α-Ni(OH)2 
is transformed to metallic Ni. The weak Raman peaks also indicates that reduction
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Fig. 17 HER and OER electrocatalytic performance tests of karst NF

of α-Ni(OH)2 after the HER. Finally, after 10 h durability test, the surface Ni(II) was 
transformed to γ-NiOOH as reflected in Raman peaks at 479 and 545 cm−1. 

To demonstrate an application to EC STH, a karst NF||karst NF two-electrode cell 
was fabricated for water and seawater splitting. In regards to the Pt/C||Ir/C coun-
terpart, the much inexpensive NF based cell requires much lower voltages of 2.2 V 
to drive current densities of 100 mA cm−2 in PBS solution (Fig. 18a). In natural 
seawater, 10 mA cm−2 current density was obtained at an applied bias of 1.79 V, a 
value that is superior to even that in PBS solution. An evaluation of the long-term 
stability of this cell at a constant current density of 10 mA cm−2 (Fig. 18b) showed 
that compared with the attenuation of activity occurring with the Pt/C||Ir/C cell, a 
stable cell voltage was maintained for the karst NF||karst NF cell after 24 h electrol-
ysis. However, in natural seawater, the cell voltage has a dramatical decline owing to 
the complex composition of seawater. The karst NF-based cell was then connected 
to a commercial silicon solar PV cell to create a PVEC device for seawater split-
ting (Fig. 18c). The Si solar cell exhibits an open-circuit voltage of 2.3 V with a 
photon-current conversion efficiency of 25.5% at a sun radiation of 70 mW cm−2. 
A current density of 9.4 mA cm−2 was generated in the integrated seawater split-
ting process with oxygen and hydrogen produced on each electrode (Fig. 18d). 
The electric-to-hydrogen conversion efficiency was 64.7%, and the overall STH 
conversion efficiency was 16.5%.
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Fig. 18 Solar driven water splitting tests of karst NF electrode 

The Peak Force scanning electrochemical microscope (PF-SECM) schematic and 
images of karst NF shown in Fig. 19a–d indicate that the 3D topographical profile of 
the electrode surface has valley (dark) and tower areas (bright). Peak currents for the 
HER occur mainly in valley areas of the karst NF, as reflected by the presence of dark 
areas in the topographical profile and blue-white areas in the electrochemical profile. 
In contrast, as indicated by bright areas in the topographical profile and the pink-red 
areas in the electrochemical profile, peak currents for the OER are present in tower 
areas. The deep valley areas correspond to exposed metallic sites at which formation 
of Ni–Had takes place, and the tower areas contain hydroxides for oxygen evolution. 
Thus, different locations in the Ni/α-Ni(OH)2 heterostructures are responsible for 
promoting the individual HER and OER. Ni–Had generated by the metallic sites 
for subsequent hydrogen formation and the other site assists water dissociation by 
accepting the leaving hydroxide anion, giving hydroxides that are the evolution sites 
for the OER. Finally, polarization of the electrodes at the interface between the sites 
helps electron depletion to occur on the NiII to boost OER.

Figure 19e shows the density of states (DOS) associated with different models. 
For Ni–Ni(OH)2 heterostructure, a strong metallic nature was found as expected. On 
the other hand, the partial DOS of the α-Ni(OH)2 in the Ni/α-Ni(OH)2 has continuous 
spin-up bands through the Fermi level, illustrating some semi-metallic nature on the 
surface of Ni(OH)2. As a contrast, the DOS of pure Ni(OH)2 indicates that it has the 
normal semiconductor properties, which could enhance electrolysis by improving
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Fig. 19 SECM characterization and DOS calculation of the karst NF

charge transfer. The band structures and electrostatic potential calculations enable 
determination of the energy levels of the Ni metal and the Ni(OH)2 semiconductor 
(Fig. 19f). Because the work function of the n-type semiconductor is smaller than 
the metal, a zone of charge and upward band bending occurs along with a depletion 
of electrons in the semiconductor to maintain the same of the Fermi level positions. 
Electron polarization happens when a heterostructure between the two components 
forms, which is consistent with the results shown in Fig. 19g. The redistribution 
of electrons at the Ni/α-Ni(OH)2 interface causes upward band bending to occur 
in the semiconductor. Metal becomes more negatively charged, which is favorable 
for formation of the key M–H intermediate. Also, electron redistribution away from 
Ni(II) at the heterojunction interface enhances accumulation of positive holes to 
boost the OER. 

3.2.2 Metal Sulfide 

Gnanasekar et al. [70] developed the vanadium disulfide (VS2)/amorphous carbon 
(AC) heterostructure as the seawater splitting electrode. To construct this electrode, 
two-dimensional VS2 nanoparticles were highly uniformly deposited on AC using 
an optimized one-step chemical vapor deposition method (Fig. 20).

SEM (Fig. 21a, b) shows that the growth of VS2 on AC takes place in a uniform 
manner to produce VS2 particles with a size range from 50 to 200 nm, which is owing 
to the coalescence and Oswald ripening (Fig. 21c). HRTEM confirms the presence of 
a layered structure of VS2 grown on AC, which can be seen through the selected area 
electron diffraction (SAED) patterns in Fig. 21d. Element mapping images shown in 
Fig. 21e–i shows the homogeneous distribution of V and S on the carbon skeleton.

The Raman spectrum of bare AC exhibits fingerprint D-, G-, and 2D-band carbon 
vibrations at 1350, 1576 and 2704 cm−1, respectively. In contrast, the spectrum of the 
VS2/AC heterostructure contains characteristic VS2 peaks at 140, 281 and 405 cm−1,
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Fig. 20 Schematic illustration for the synthesis ofVS2/AC

Fig. 21 SEM characterization of VS2/AC

which are attributed to E1g, E2g and A1g in-plane and out-of-plane VS2 vibrations, 
respectively (Fig. 22a). Furthermore, the X-ray diffraction (XRD) patterns of the 
VS2/AC electrodes in Fig. 22b contain peaks at 17.9, 32, 37.2 and 41.4° that can 
be indexed to (001), (100), (101) and (011) planes of VS2, respectively, along with 
characteristic carbon diffraction peaks associated with AC. The XPS results show that 
the characteristic C peaks are located at 285.0 and 286.0 eV, which correspond to sp2 

and sp3 hybridized carbons (Fig. 22c). In addition, the presence of a band associated 
with C–O bonds at 288.3 eV indicate the occurrence of surface oxidation, which is 
corroborated by the presence of absorbed of oxygen on the AC surface (Fig. 22c). 
Similarly, prominent divalent core level orbital peaks at 165.5 and 164.5 eV are 
associated with S 2p1/2 and S 2p3/2. On the other hand, the presence of two peaks 
at 166 and 169.3 eV are attributed to the low-coordinate-state sulfur ions and metal 
sulfur species (Fig. 22d). In addition, strong binding energy peaks are present for
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Fig. 22 Structural characterization of VS2/AC 

V 2p3/2 and V 2p1/2 at 517.4 and 522.0, corresponding to the V4+ and V2+ valence 
states, respectively (Fig. 22e). 

Figure 22 shows the HER performance of VS2/AC. MoS2/AC, bare AC and a 
commercial Pt rod were also tested for comparison. VS2/AC exhibits a low onset 
potential of −11 mV, much lower than those of MoS2/AC (−75 mV) and pristine 
AC (−127 mV) but slightly higher than that of commercial Pt (−7 mV) (Fig. 23a). 
Moreover, the overpotential (a current density of −50 mA cm−2) of VS2/AC elec-
trocatalyst is −61 mV, while −299 mV for MoS2/AC and −1.01 V for pristine AC, 
respectively. Both VS2/AC and Pt have small Tafel slopes of 28 and 22 mV dec−1, 
respectively, while there are relatively large ones for bare AC (105 mV dec−1) and 
MoS2/AC (245 mV dec−1), respectively (Fig. 23b). These results suggested that the 
Volmer–Heyrovsky kinetic mechanism is the main kinetic-limiting step. An electro-
chemical impedance spectroscopy (EIS) study was conducted to probe the charge 
transfer characteristics of the VS2/AC electrode. The Nyquist plot (Fig. 23c) and 
fitting analysis indicate the existence of a low charge transfer resistance (Rct) of 6.7  
Ω, which is 12 and 70 times lower than that of MoS2/AC and pristine AC, respectively. 
The small Rct indicates that the source of the superior HER performance of VS2/AC 
is the high availability of multiple active sulfur sites. In addition, the Nyquist plot 
reveals that interfacial resistance (RS) at the AC–VS2 junction is absent, confirming 
the monolithic nature of the heterostructure. The Cdl of VS2/AC is estimated to be 
27.44 mF/cm2 (Fig. 23e), a value that is seven times larger than that of standalone 
AC (5.03 mF/cm2). This observation confirms that the presence of abundant VS2/AC 
heterostructure active surface sites is responsible for the sustained EC hydrogen
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production. The durability results over 1500 cycles demonstrate that VS2/AC has 
superior stability under acidic electrolyte conditions, with a negligible shift taking 
place in the onset potential and a minor shift of overpotential at 200 mA/cm2 of − 
81 mV (Fig. 23f). Further, the J–T graph in Fig. 23g demonstrates that the heterostruc-
ture has long-term stability, and the HER performance of the VS2/AC heterostructure 
is comparable to those of previously described VS2-based electrocatalysts (Fig. 23h). 
The results highlight that the VS2/AC electrode has an outstanding performance 
comparable to Pt electrode. 

First-principles calculations were performed to gain information about hydrogen 
adsorption by the electrode. A model with single layer of VS2 on a graphite stack 
(VS2/graphite) was established to represent VS2/AC. A comparison of various sites 
on the VS2 side of the VS2/graphite shows that hydrogen prefers to adsorb on the 
top of sulfur sites (Fig. 24a). The Gibbs activation free energy for hydrogen (ΔGH 

*) 
obtained are given in Fig. 24b. Compared to the ΔGH 

* of 1.62 eV for graphite and 
2.13 eV for MoS2/graphite, the small ΔGH 

* of 0.24 eV for VS2/graphite indicates 
a fast charge transfer between the VS2/graphite and the adsorbed hydrogen. Bader 
charge analysis suggest that sulfur atoms are electron sufficient in the VS2/graphite 
(−0.68 e) than in the MoS2/graphite (−0.54 e), as displayed in Fig. 24c.

To further analyze the solar driven HER performance in seawater, VS2/AC was 
tested and it showed an onset potential of−56 mV, and a potential of−0.53 V to reach 
−200 mA/cm2 (Fig. 25a). In this regard, LSV using a two-electrode configuration

Fig. 23 HER performance of VS2/AC 
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Fig. 24 First-principles calculations of VS2/graphite

with VS2/AC as the cathode and AC as the anode, and seawater as the electrolyte 
was investigated. The results show that VS2/AC with iR (without iR) exhibits an 
onset potential of −0.26 (−0.11) V and achieves η250 at −1.06 (−2.1) V. More-
over, to determine that chlorine evolution and hypochlorite formation do not take 
place during the EC reaction, and to quantify hydrogen production, GC analysis 
was conducted during a 30 h process using a constant applied bias of −50 mA/cm2 

(Fig. 25b). Most importantly, the ratio of O2/H2 generated by seawater splitting 
is near the standard calibration ratio of 1:2. A HER rate of ~0.97 mmol/cm2 was 
observed for each 6 h reaction periods. The EC system has a Faradic efficiency (FE) 
of 62.7% in natural seawater. Chronopotentiometry studies were performed to eval-
uate long-term, large-scale HER production of VS2/AC at a constant current of − 
250 mA/cm2 in a two-electrode configuration for 21 d (Fig. 25c). Moreover, solar 
powered chronopotentiometry at −250 mA/cm2 was monitored daily for 9 h periods 
for 21 d to evaluate the real-time HER performance (Fig. 25d). A commercial solar 
cell was used as the power. The performance of VS2/AC is much higher than those 
reported for other seawater electrocatalytic systems in Fig. 25e. Besides, VS2/AC 
exhibits excellent stability with nearly unchanged potential (Fig. 25f).

3.2.3 Metal Phosphate 

Kim et al. [71] developed a method of synthesizing the cobalt–iron–phosphate 
((Co,Fe)PO4) EC based on phosphidation, as shown in Fig. 26. To create this mate-
rial, (Co,Fe)OOH was first grown on iron foam by means of surface corrosion in 
a CoCl2 aqueous solution. Then (Co,Fe)OOH was transformed to (Co,Fe)3O4 by 
high-temperature treatment, and nanoneedle shaped (Co,Fe)PO4 was generated by 
phosphidation.

Morphology characterization of (Co,Fe)PO4 were analyzed by using SEM. The 
results show that (Co,Fe)PO4 exits as thin nanosheets after phosphidation (Fig. 27a, 
b). TEM images were recorded to obtain information about surface morphology and 
phase changes taking place in the synthetic process. The results show (Co,Fe)PO4 

that has a nanoneedle shape (Fig. 27c). Furthermore, phase information was gained 
by analysis of SAED patterns. As shown in Fig. 27d–g, Fe3O4 and FePO4 phases
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Fig. 25 Solar driven HER performance of VS2/AC in seawater

can be clearly seen. Moreover, Co, Fe, O and P elements are uniformly dispersed 
from the EDS mapping result on (Co,Fe)PO4 (Fig. 27h).

The XPS results of (Co,Fe)3O4 and (Co,Fe)PO4 are shown in Fig. 28. The  XPS  
survey spectra in Fig. 28a clearly displayed that Co, Fe, P and O elements are 
contained in (Co,Fe)3O4 and (Co,Fe)PO4. High-resolution XPS of the these elements 
are displayed in Fig. 28b–e. Obviously, the binding energies of O 1s, Co 2p and Fe 
2p increase upon phosphidation, indicating an electron transfer from (Co,Fe)3O4 to 
(Co,Fe)PO4. The change in the local charge-density distribution will be beneficial 
for reducing the energy barrier, and facilitate the adsorption and desorption processes 
during HER.

The HER performance of (Co,Fe)PO4 in different electrolytes (alkaline condi-
tion, alkaline artificial seawater and alkaline seawater) was carried out and shown 
in Fig. 29a. (Co,Fe)PO4 exhibits a higher HER activity than Pt/C at a high current 
density in real alkaline seawater (Fig. 29b). Faraday’s efficiencies (FE) were deter-
mined using the amount of H2 gas generated (Fig. 29c). The FEs of (Co,Fe)PO4 are
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Fig. 26 Schematic for pathway used to synthesize (Co,Fe)PO4 grown on iron foam

>98.6, 96.5, and 96.3% in alkaline condition, alkaline artificial seawater and alkaline 
seawater, suggesting that most electrons participating in the reaction are consumed 
during the HER. The durability of (Co,Fe)PO4 for the HER was tested by applying 
a constant current density in different electrolytes for periods over 72 h (Fig. 29d–f). 
The constancy of the potentials indicate that this material has high stability in all 
electrolytes during the continuous operation.

To further evaluate the solar driven seawater splitting applications, an EC system 
comprised of a two-electrode alkaline water electrolyzer, with (Co,Fe)PO4 and 
NiFeOOH, which is known to be an optimal OER catalyst, serving as the respec-
tive cathode and anode was used for alkaline natural seawater splitting (Fig. 30a). 
A cell voltage of 10 mA/cm2 was utilized via reverse-sweeping CV to avoid oxida-
tion current interference. The plot in Fig. 30b shows an excellent activity for overall 
seawater splitting in alkaline natural seawater for the NiFeOOH||(Co,Fe)PO4 elec-
trolyzer. Only a low voltage of overpotential of 395 mV was required to drive the 
current density of 10 mA cm−2 for the electrolyzer, demonstrating that it has a 
better overall water-splitting activity than the benchmark of IrO2||Pt/C electrolyzer 
in both alkaline condition and alkaline seawater (Fig. 30b). Moreover, the FEs of 
the NiFeOOH||(Co,Fe)PO4 electrolyzer are 97.4 and 99.0% for the respective HER 
and OER in alkaline seawater (Fig. 30c). Compared to recently reported transition 
metal-based electrolyzers, NiFeOOH||(Co,Fe)PO4 electrolyzer exhibits a compa-
rable or even better performance in alkaline seawater (Fig. 30d). The durability of
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Fig. 27 Morphology characterization of (Co,Fe)PO4

the (Co,Fe)PO4 based electrolyzer was confirmed by the observation that the voltage 
at a constant current density for 50 h in alkaline seawater, and negligible decline 
of potential can be found for the (Co,Fe)PO4 electrolyzer (Fig. 30e). To test its use 
in a PVEC seawater splitting system, a commercial silicon solar cell was wired to 
the NiFeOOH||(Co,Fe)PO4 electrolyzer (Fig. 30f). In Fig. 30g the J–V curve of the 
commercial silicon solar cell is shown. A 12.8% of STH efficiency was calculated 
for the electrolyzer. When PVEC seawater splitting device is driven using natural 
sunlight, a continuous release of H2 and O2 bubbles occurs from both electrodes 
(inset of Fig. 30f).
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Fig. 28 XPS analyses of (Co,Fe)3O4 and (Co,Fe)PO4

Fig. 29 HER performance of (Co,Fe)PO4

3.2.4 Metal Carbide 

By using density functional theory (DFT) calculations to predict the selectivity of 
gas-evolving catalysts, Hsu et al. [60] designed a seawater-splitting device equipped 
with an economical electrocatalyst comprised of transition metals Fe, Co, Ni and Mo. 
Guided by this information, nanoneedles of basic cobalt carbonate (BCC) were first 
grown on carbon cloth (CC) by a facile chemical bath deposition method (Fig. 31a, 
b). Then a thin layer of zeolite imidazole framework (ZIF-67) was grown on the
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Fig. 30 Solar driven seawater splitting application of (Co,Fe)PO4 based electrolyzer

surface of BCC nanoneedles (z-BCC, Fig. 31c), followed by converting ZIF-67 to 
Co2[Fe(CN)6]·nH2O (MHCM-z-BCC, Fig. 31d) by dipping in sodium ferrocyanide 
solution. Inspection of TEM images revealed that MHCM-z-BCC has an obvious 
core–shell structure with a 20 nm thick shell covered on BCC nanoneedles (Fig. 31e– 
h). The EDS mapping results indicate that the nanoneedle center is Co- and O-rich 
and the surface is Fe-, N- and C-rich.

Analysis of the X-ray diffraction patterns (Fig. 32a) showed that all major diffrac-
tion peaks of BCC and MHCM-z-BCC can be indexed to those of basic cobalt 
carbonate, and that diffraction peaks associated with metal hexacyanometallate are 
absent. The presence of CN-ligands in MHCM-z-BCC was confirmed by inspecting 
its FT-infrared spectrum (Fig. 32b). which contains a characteristic peak at 2100– 
2200 cm−1. X-ray photoelectron spectroscopy (XPS) measurements (Fig. 32c–f) 
further demonstrate that elemental Co, Fe, O, and N are present in MHCM-z-BCC.

The as-prepared MHCM-z-BCC was incorporated with NiMoS to form a MHCM-
z-BCC||NiMoS device for HER application. In Fig. 33a are displayed the HER perfor-
mance of MHCM-z-BCC||NiMoS water splitting device in a neutral-buffered elec-
trolysis. The results indicate that MHCM-z-BCC||NiMoS drives a small overall water 
splitting applied voltage of 1.7 V compared to Pt||Pt (2.0 V), but larger than what
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Fig. 31 Morphology characterization of MHCM-z-BCC

IrO2||Pt drives (1.6 V). However, MHCM-z-BCC||NiMoS displays the smallest over-
potential of 2.1 V at the current density of 10 mA cm−2, which is 100 and 320 mV 
smaller than those of the IrO2||Pt and Pt||Pt systems. As shown in Fig. 33b, c, the 
MHCM-z-BCC/NiMoS device has high stability with nearly 100% retention of its 
initial current density occurring after 10 h in a neutral-buffered electrolysis. The 
IrO2||NiMoS device created by substituting the MHCM-z-BCC electrode with IrO2, 
undergoes a substantial current decay at the beginning, and only a 33% current density 
remained after 10 h. Similarly, the analogous MHCM-z-BCC/Pt system undergoes 
50% decay in current density during the first hour, and finally retained only 36% 
of its initial current density. On the other hand, the Pt/IrO2 system has the lowest 
stability with its catalytic current density being 18% lower than its initial value. These 
results show that noble metal-based electrocatalysts are ineffective for seawater split-
ting in a neutral pH medium. During water electrolysis, H+ and OH− ions are rapidly 
consumed at the cathode and anode, respectively, which leads to localized changes in 
pH that can lead to performance attenuation caused by corrosion or even destruction 
of the electrode materials. As shown in Fig. 33c, the extraordinary electrochemical 
stability of the MHCM-z-BCC/NiMoS based system was verified by the finding that 
the pH of the buffered electrolyte is well maintained at ~6.8.

Studies were then conducted on the MHCM-z-BCC||NiMoS system in seawater, 
collected from a nearby coastal site with its pH adjusted to 8 using the 
NaH2PO4/Na2HPO4 buffer. The results show that anode only produces O2. Moreover, 
o-tolidine tests were performed to determine if free chlorine is present in the elec-
trolyte during long-term seawater electrolysis. Three different electrodes, including 
MHCM-z-BCC||NiMoS, IrO2||Pt and Pt||Pt, were used and compared. After contin-
uous operation for 12 h, IrO2/Pt and Pt/Pt systems produced Cl2 of 50 and 22 μmol 
L−1, respectively. However, MHCM-z-BCC||NiMoS did not generate any Cl2 even 
after 100 h. Similar trends are seen in o-Tolidine tests on the three different elec-
trode combinations at an applied voltage of 2.5 V. The results are consistent with 
those arising from computational studies and confirm the superior selectivity of the 
MHCM-z-BCC electrode toward the OER in seawater (Fig. 34a). The FE of the



256 Y.-X. Xiao et al.

Fig. 32 Structural characterization of MHCM-z-BCC

system in seawater was evaluated by concurrently collecting the evolved H2 and O2 

over the cathode and anode, respectively. Both MHCM-z-BCC and NiMoS electrodes 
demonstrate near 100% FE with a stoichiometric H2:O2 ratio of 2:1 (Fig. 34b).

To create an integrated PVEC system containing this electrode combination, the 
MHCM-z-BCC||NiMoS cell was wired to a triple-junction solar cell (Fig. 35a). Under 
natural solar irradiation, such integrated systems can promote spontaneous H2 and O2 

evolution. As shown in Fig. 35b, by using the intersection of the J–V curve of the solar
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Fig. 33 Electrochemical performance of MHCM-z-BCC||NiMoS device for water splitting

Fig. 34 Comparison of Cl2 production of different electrodes

cell and the polarization curve of the electrolysis device, the operating current density 
of the system was estimated to be 14.6 mA cm−2. The actual operating current density 
under chopped simulated solar illumination is ~14.6 mA cm−2, which corresponds 
to a high STH efficiency of 17.9%. After over 15 consecutive on/off illumination 
cycles, the system still remains a constant outstanding performance (Fig. 35c), and
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Fig. 35 Solar driven hydrogen production application of MHCM-z-BCC||NiMoS cell 

the absence of spike-like features indicates that photogenerated charge carriers are 
utilized efficiently. Moreover, the durability test showed after 100 h of continuous 
illumination, ~90% of its initial activity was retained (Fig. 35d). 

To further get insight into the mechanisms of the processes promoted by MHCM-
z-BCC anode/NiMoS cell, the OER and ClER catalyzed by Fe4[Fe(CN)6]3·nH2O 
(Prussian blue, PB) and its analog Co2[Fe(CN)6] as the model MHCM catalysts were 
explored using DFT calculations (Fig. 36). A well-established four-step mechanism 
was employed as a model to investigate the OER kinetics (Fig. 36a–c). Thermody-
namic analysis suggests that formation of intermediate *OOH is rate-determining 
in the OER on both Fe centers (Sites A and B) in pristine PB crystals. This corre-
sponds to a theoretical overpotential (ηOER) of 0.61–0.85 V. In contrast, forma-
tion of the metal–oxo intermediate is rate limiting in the OER at the Co centers in 
Co2[Fe(CN)6], leading to an apparently reduced ηOER of 0.46–0.67 V. Meanwhile, 
the CER promoted by the four catalysts were studied using the two-step Volmer– 
Heyrovsky mechanistic model, which involves Cl− adsorption followed by release 
of Cl2 (Fig. 36d–f). The results show that, unlike processed promoted by precious 
metal-based catalysts, evolution of O2 is favored over Cl2 evolution on the surface 
of PB and its analog.
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Fig. 36 DFT calculations results for OER and ClER 

3.2.5 Metal Phosphide/Metal Hydroxide 

In an interesting study, Wu et al. [62] developed a solar-driven self-powered PVEC 
water splitting system that uses a PV cell to provide stable voltage to drive a m-
ZIB array in the seawater electrolyzer. The new miniature energy storage device 
not only harvests light efficiently, it also reduces the bulky connections of non-
integrated systems. More impressively, electrodes based on earth-abundant mate-
rials have advantageous features that are reflected in the electrochemical perfor-
mance of the ZIB including impressive electrocatalytic activity toward overall water 
splitting and robust resistance to corrosion in alkaline seawater. In the effort, a Co-
based metal–organic framework zeolitic imidazole framework (ZIF-L) array was 
uniformly grown on the surface of pre-treated Ni foam using a co-precipitation 
method. The formed Co-MOF was used as an in-situ sacrificial template to construct 
NiCo-LDH having a three-dimensional network architecture via an ion exchange 
process. Upon thermal annealing at 300 °C under a PH3 atmosphere, NiCoP/NiCo-
LDH@NF having a retained network structure is produced (Fig. 37a). The highly 
integrated, hierarchical heterostructure facilitates carrier transport and electrolyte 
penetration.

The fabrication process was monitored using TEM. Inspection of TEM images 
show that NiCoP/NiCo-LDH has a thin nanosheet texture (Fig. 38a–d). Moreover, 
it can be clearly found from the HRTEM image that the lattice fringes correspond 
with the (111) plane of NiCoP and (110) plane of NiCo-LDH (Fig. 29e). EDS results 
verify that Ni, Co, P and O are homogeneously distributed (Fig. 38e). XPS spectra 
shows a Ni 2p peak is present in the spectra for NiCo-LDH and NiCoP/NiCo-LDH 
but absent in that for ZIF-L. For Co 2p spectrum displayed in Fig. 38g, peaks at 793.5 
and 778.9 eV can be assigned to the Co 2p1/2 and Co 2p3/2 of Co species involved in 
Co–P bonding. Oxidized Co species can be found at the peaks of 798.3 and 782.1 eV
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Fig. 37 Schematic illustration of the synthesis of NiCoP/NiCo-LDH@NF

and the two satellite peaks at 802.7 and 785.6 eV. Two main signals at 853.5 and 
876.2 eV in the Ni 2p spectra matches Ni 2p1/2 and Ni 2p3/2 in the Ni–P compound, 
and peaks at 855.2 and 874.6 eV along with satellite peaks at 861.9 and 880.6 eV are 
associated with the corresponding oxidized species (Fig. 38h). The P 2p spectrum 
of the as-obtained heterostructure shown in Fig. 38i contains peaks at 129.3 and 
129.8 eV ascribed to P 2p3/2 and P 2p1/2 in Ni–Co–P. That the binding energies of 
phosphorus atoms in this species are slightly lower than that elemental P (130.0 eV), 
suggests a small degree of charge density is transferred from Ni/Co centers to P. The 
peak at 133.5 eV is associated with the oxidized form of P, which might arise by 
exposure to air. As shown in Fig. 38j, a strong peak located at 532.8 eV is present in 
the O 1 s spectrum, implying the presence of a P–O bonding. 

Fig. 38 Morphology and structural characterization of NiCoP/NiCo-LDH
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To determine if NiCoP/NiCo-LDH heterostructures have outstanding catalytic 
performances, they were used to promote the HER and OER in an alkaline simulated 
seawater electrolyte. As can be seen by viewing the LSV curves in Fig. 39a, d, the 
NiCoP/NiCo-LDH@NF catalyst has excellent activity for the HER and OER, in 
association with overpotentials of 213 and 350 mV to maintain a current density 
of 50 mA cm−2, respectively. The impressive HER and OER performances were 
verified by the observation that the Tafel slopes are small (65 and 73 mV dec−1 for 
the respective HER and OER 9, Fig. 39b, e) indicative of rapid catalytic kinetics. 
Despite the fact that the performance in simulated seawater is close to that in 1 M 
KOH, both the HER and OER activities are slightly lower. The decrease might be 
due to the interference caused by chlorides in the active sites of the electrodes. 
Also, the EIS testing results display the same trend (Fig. 39c, f) by showing that the 
heterostructure catalyst has larger Rct values for both the HER and OER in simulated 
seawater compared to those in alkaline freshwater. 

To gain more information about the electrocatalytic activity of the NiCoP/NiCo-
LDH heterostructure toward water splitting, DFT calculations were carried out. 
Specifically, the free energy for oxygen redox in the OER occurring NiCo-LDH 
(110) surface in an alkaline environment was calculated. At steady state, all surface 
O sites of NiCo-LDH (110) in an alkaline environment are saturated by H and the 
metal sites in this material are saturated by top OH (Fig. 31a (1)). Thus, two types 
of surface hydroxides exist on the edge, one being two-metal coordinated bridged 
(M–OH–M) and the other one-metal top coordinated (M–OH), both of which play 
an important role in the OER. The reaction begins by deprotonation of a two-metal

Fig. 39 HER and OER tests for NiCoP/NiCo-LDH 



262 Y.-X. Xiao et al.

coordinated bridge OH via a Mars van Krevelen-type mechanism to form an O-
bridged center (M–O–M) (Fig. 40a (2)). This bridge *O radial is stabilized by the 
neighboring Co and Ni atoms, which lowers the free energy barrier for the process to 
ΔGlimit = 1.53 eV (Fig. 40b). The *O radials then react with additional OH−, forming 
the surface *OOH species (Fig. 40a (3)), which reacts further with OH−, giving an  
intermediate that undergoes deprotonation to produce O2 (gas) and a vacancy (VO) 
(Fig. 40a (4)). Note that the vacant O site ‘hops’ from the original bridge site (M– 
VO–M) to the left top site (M–VO), which stabilizes the vacancy site and lowers 
the free energy barrier of the reaction to only 0.76 eV. In Fig. 40c the free energy 
diagram of the HER promoted on a NiCoP (111) surface in an alkaline environment 
is given. In the process, H2O is activated on the Co top site of the NiCoP (111) in 
association with a bond angle change from 104.45 to 105.38° caused by the existence 
of states with a Co d orbital that is emptier than the Ni d orbital. Thus, a relatively 
low barrier of 0.14 eV is found for water dissociation, indicating that NiCoP has a 
good water splitting performance. The energy for *H desorption taking place after 
*OH desorption is 0.58 eV, indicating an excellent catalytic ability. In Fig. 40d the  
projected DOS on the semiconducting NiCo-LDH (110) surface and the metallic 
NiCoP (111) surface is shown. The d orbitals of Co and Ni atoms close to the Fermi 
level benefit charge transport and which is a reason why the catalysts have excellent 
oxidation and reduction ability for the OER and HER. 

A prototype PV-mZIB-OWS hybrid PVEC system was then constructed to assess 
the efficiency for production of hydrogen. The photo-charge/discharge curves of the 
PV-mZIB integrated device with increased current densities under simulated sunlight, 
given in Fig. 41a, show that when the current density returns to 1 mA cm−2, the  
discharge behavior of the integrated device returns to the initial state, demonstrating

Fig. 40 DFT calculation results of NiCoP/NiCo-LDH 
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Fig. 41 Solar driven hydrogen production application of the PV-mZIB-OWS system 

its excellent rate performance. Inspection of Fig. 41a, b further shows that photo-
charge/discharge cycle performance of this system at a light intensity of 4 W cm−2 

and a discharge rate of 1 mA cm−2 remains high. As such, the integrated energy 
unit has good stability over many cycles, reflected by the observation that it retains 
a high capacitance retention rate of 97.3% after 100 charge/discharge cycles. This 
finding ensures that the system has a stable output voltage for the HER and OER. 
In Fig. 41c the voltage-current–time curve of the overall system is presented, which 
demonstrates that the device functions continuously for at least 8 h. The inset in 
Fig. 41c contains a conceptual diagram of the device and the photographic images 
of the working system. 

3.2.6 Metal Disulfide@Metal Carbide 

Wang et al. [72] developed a novel electrocatalytic material VS2@V2C, which 
they prepared by a simple hydrothermal method. In the sequence, fewer layer V2C 
nanosheets, produced by liquid-phase etching and ultrasonic-assisted vacuum freeze-
drying, were subjected to a simplified one-step hydrothermal process, which was 
then used to prepare VS2@V2C composites in which V2C nanosheets are uniformly 
coated by VS2 nanosheets. The synthesis process and surface morphology are shown 
in the schematic diagram (Fig. 42).
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Fig. 42 Schematic illustration of the synthesis and surface morphology of the VS2@V2C 

XRD spectra given in Fig. 43a indicate the pure-phase of VS2, accordion-like 
V2C, V2C nanosheets and VS2@V2C. VS2@V2C contains a sharp peak near 7.5°, 
which can be indexed to V2C. The (002) crystal plane of the nanosheets with a small 
number of layers are responsible for shift of this peak as compared to one in the 
spectrum of the accordion multilayer V2C obtained by liquid-phase etching. This 
change might be owing to the periodic changes of the original crystal structure. The 
results of XPS analysis of the catalyst materials are shown in Fig. 43b–d. Two peaks 
at 517.1 and 524.4 eV are found to be V4+ ions, corresponding to the 2p3/2 and 2p1/2 
orbital split spin states in V2C and VS2, respectively. The S2− ion, derived from 
VS2 nanosheets, is associated with characteristic peaks in the XPS spectrum at 163.2 
and 162.1 eV, respectively. The absence of other sulfur peaks shows that that the 
composite has a good correspondence with 1T-VS2. In addition to participating in 
bonds with vanadium atoms in the V2C nanosheets, carbon atoms also involved in 
planar C–C bonds with the carbon atoms in adjacent cells, C–O double bonds. As 
seen in Fig. 43d, the spectrum contains characteristic peaks at 284.8 eV for the C–C 
bond, 286.4 eV for the V–C bond and 288.8 eV for the C–O bond. Analysis of the 
environment in which the carbon atoms are located shows that the V2C nanosheets 
are retained in the composite material without oxidation or decomposition. More-
over, the pore diameter of ca. 18 nm is found for both V2C and VS2@V2C, and a 
higher porosity of VS2@V2C compared to that of V2C is due to the large number 
of vertical inlays of VS2 nanosheets which cause widening of the specific surface 
area (Fig. 43e). Viewing Fig. 43f, which contains a diagram of the crystal struc-
ture of VS2@V2C along the V2C (101) crystal plane, shows that a one-by-one-layer 
interface is composed of 8 layers of atoms.

TEM image in Fig. 44a shows that few layers of V2C nanosheets were produced 
by the synthetic method. Also, some thin nanosheets of V2C created in this way are 
completely mutually separated, but vulnerable to easy agglomeration due to the van 
der Waals force which tends to reduce the overall specific surface area. By viewing



Photovoltaic Electrocatalytic Seawater Splitting 265

Fig. 43 Structural characterization of VS2@V2C

the image in Fig. 44b of the surface morphology of VS2@V2C, it is observed that 
large numbers of VS2 nanosheets are uniformly and vertically inlaid on the V2C 
nanosheets. The V2C matrix has a thickness of ca. 50 nm, which is close to the 
width of the VS2 nanosheets. This type of vertical mosaic structure is beneficial for 
avoiding stacking of V2C matrices and increasing the specific surface area of the 
composite material enabling formation of a stable cross-mechanical structure. Also, 
this structural feature hinders reunion of sheets on the electrode, creates channels 
for electron migration, reduces interface resistance, and promotes mass and proton 
exchange during the catalysis. TEM image of the phase interface of the composite 
displayed in Fig. 44c shows areas labeled 1 and 2 that correspond to the respective 
vanadium carbide matrix and VS2 nanosheets. Figure 44d shows the more detailed 
phase analysis, where the red lines correspond to the uniformly arranged 8 atomic 
layers of V2C corresponding to the (002) crystal plane. The V2C has a single-layer 
thickness of 0.62 nm and the interlayer separation of 0.45 nm. As can be seen by 
inspecting region 2 in the diagram, VS2 corresponds to the (102) crystal plane. The 
yellow lines in Fig. 44e connects 20 corresponding atomic layers, with the distance 
between the layers being 0.2 nm. The element mapping of VS2@V2C in Fig.  44f–i 
shows that V is distributed uniformly throughout the composite, and carbon in the 
matrix layer is more prevalent. Also, the sulfur distribution is larger than that of C 
and this element is positioned in the nanosheet perpendicular to V2C. The electron 
diffraction pattern in Fig. 44j indicates the (102) crystal plane of VS2, whereas the 
diffraction ring of V2C is blurred by covering on the matrix material.

Inspection of the HER curves of the catalyst materials shows that the catalytic 
activity of VS2@V2C is greatly enhanced in contrast to when V2C is not in the 
composite (Fig. 45a). V2C, OG-VS2@V2C and VS2@V2C display the overpoten-
tials of 572, 304, and 164 mV at the current density of 20 mA cm−2, respectively. 
Moreover, Pt/C, VS2@V2C, OG-VS2@V2C and V2C electrodes exhibit the Tafel
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Fig. 44 Morphology characterization of VS2@V2C

slopes of 30.4, 47.6, 84.7 and 119.0 mV dec−1 at a pH of 13.8, respectively (Fig. 45b). 
According to this result, Tafel process is the main catalytic kinetic reaction during 
the HER, in which two adsorbed hydrogen atoms combine on the electrode surface to 
produce hydrogen. The Tafel slopes in seawater at various pH values and the overpo-
tentials of VS2@V2C for HER are summarized in Fig. 45c, d. The results show that as 
pH increases, the Tafel slope and hydrogen evolution overpotential first increases and 
then decreases. This behavior is a result of the low degree of spontaneous hydrolysis 
in neutral seawater and a rapid increase in reaction resistance. Figure 45e, f, which 
contains a list of the electrocatalytic performances of VS2-based materials observed 
in studies during recent years. The data show that the new VS2@V2C heterogeneous 
catalyst has excellent performances in both acidic and alkaline environments.

As the graph in Fig. 46a shows, under conditions where the overpotential is 
maintained at 500 mV, the VS2@V2C having different thicknesses have significantly 
different in catalytic performances, and abilities to maintain stable current densities. 
VS2@V2C films with different catalyst loadings were prepared by using the spin 
coating method. When the loading is increased to 0.4 mg cm−2, current densities are 
obtained up to 152 mA cm−2. However, with increasing loading, the overpotential 
of the electrode decreases and the current density increases, due to the decrease in 
the square resistance of the film (Fig. 46a). As shown in Fig. 46b, the results of 
durability tests were performed with an overpotential of 500 mV for 200 h show that 
stable current densities are maintained. The inset in Fig. 46a shows that surface of 
a 0.4  mg  cm−2 VS2@V2C film is flat, uniformly thick and mechanically flexible. A 
comparison of square resistance of the as-prepared V2C and OG-VS2@V2C films  
under the same conditions shows that VS2@V2C has the best conductivity. Also, a
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Fig. 45 HER performance of VS2@V2C

PVEC device, comprised of a solar cell, a VS2@V2C electrode, a reference electrode, 
a counter electrode, and a hydrogen collecting device were assembled in Fig. 46c. 
Moreover, Fig. 46d shows that as the reaction continues the Faraday efficiency of 
the catalyst gradually increases and stabilizes at about 99.2%.

The improved catalytic performance of VS2@V2C can be ascribed to its 
higher electrical conductivity and carrier mobility. To further get insight into the 
high catalytic performance of the material, crystal models representing VS2 and 
VS2@V2C were built for simulation studies (Fig. 47a, b). In the model, 1T-VS2 crys-
tals cover the vanadium carbide surface, and oxygen are the functional atoms on the 
V2C surface. The band structure diagrams of the above two models for the situation 
were calculated and compared where hydrogen atoms are not absorbed, (Fig. 47c, d). 
Through calculation, it is found that 1T-VS2 has a semi-metallic energy band char-
acter shown in Fig. 47d. Owing to the component of a conductor and a semi-metal, 
different band dispersions exist near the Fermi level of VS2@V2C, resulting in the 
altering of band structure and electron transport at the interface. To further investi-
gate the reason for high HER performance of VS2@V2C, the Gibbs free energies 
associated with adsorption of hydrogen atoms were calculated. It was showed that 
VS2@V2C has a significantly reduced energy required for hydrogen atom adsorption, 
thereby promoting the binding of active hydrogen atoms and facilitating the desorp-
tion of hydrogen molecules from the surface. Further, the charge-density distribution 
on the (101) plane of VS2@V2C was also calculated (Fig. 47f).  The blue areas  in  
the plot corresponds to the charge depletion, the red area represents the charge accu-
mulation region, and the green area represents the vacuum layer. V2C is the  main  
electron donor, and the inner V atom provides the charge required for electron migra-
tion. In Fig. 47g a flow chart for the heterogeneous catalytic HER on VS2@V2C is  
shown. In the process, V2C provides a rapid and continuous supply of electrons for



268 Y.-X. Xiao et al.

Fig. 46 Solar driven hydrogen production application of VS2@V2C

the VS2 nanosheets. Such accumulation of electrons on VS2 induces rapid hydrated 
protons adsorption, and hydrogen is produced by the Heyrovsky pathway on the VS2 
nanosheet surface.

3.3 Metal/Intermetallic Composites 

3.3.1 Metal/Metal Sulfides 

Kuang et al. [61] devised a multilayer anode comprised of a uniform layer of nickel– 
iron hydroxide electrocatalyst on a NiSx layer on NF (denoted as NiFe/NiSx-NF). 
The NiFe/NiSx-NF (Ni3 for brevity) anode was prepared by first transforming the 
surface of NF to NiSx by solvothermal reaction with elemental sulfur in toluene. 
Then, NiFe hydroxide was electrodeposited via reduction of nitrate in a solution of 
Ni(NO3)2 and Fe(NO3)3 (Ni:Fe = 3:1) (Fig. 48).

SEM characterization clearly shows that a rough surface was formed after the 
surface sulfidation and the NiFe deposition (Fig. 49a–c). The cross-sectional EDS 
revealed that the NiSx layer on the Ni foam is as thick as ~1–2 μm, and the NiFe 
layer on the top of the NiSx layer is as thick as ~200 nm (Fig. 49c, d).
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Fig. 47 DTF calculation results of VS2@V2C

Fig. 48 Schematic illustration of the synthesis process of NiFe/NiSx-NF

To test the surface chemical bonds, the Ni3 electrode was first activated in alkaline 
simulated seawater (1 M KOH and 0.5 M NaCl). The Raman spectrum of the Ni3 

electrode contains two characteristic peaks of NiFe LDHs vibrational modes centered 
at 470 and 540 cm−1 and S–O vibrations peaks centered around 1,230, 1,440 and 
1,590 cm−1 (Fig. 50a). This observation suggests that Ni3 anode went through etching 
during the activation process, which caused the oxidation of the sulfides, leading to 
the formation of sulfate ions that migrate to the NiFe catalyst layer. Together with 
carbonate ions known to exist in KOH solution, sulfate ions intercalate into the NiFe 
LDH. Note that the NiFe-LDH is nearly amorphous in nature having only a low
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Fig. 49 SEM characterization of NiFe/NiSx-NF

degree of crystallinity. Moreover, the secondary ion mass spectrometry mapping 
shows that both sulfate and carbonate species are present, proving the formation of 
a NiFe-LDH layer intercalated with two types of polyanions (Fig. 50b). 

The OER performance in alkaline simulated seawater, was measured using anod-
ically activated Ni3 and in a three-electrode configuration (Fig. 51a). CV analysis 
showed that the electrode has an onset potential of 30 mV and a high current density 
of 400 mA/cm2 at an overpotential of η = 510 mV, which are better than those of 
electrodeposited NiFe and NiFe-LDH (Fig. 51b). The observed oxidation peak at 
~1.44 V of Ni2+ → Ni3+ suggests that increased numbers of electrochemically active 
sites for OER are created by anodic activation. The Ni3 anode was then paired with a

Fig. 50 Structural characterization of the Ni3 electrode 
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highly active Ni-NiO-Cr2O3 HER cathode (a ~0.37 V overpotential to drive a HER 
current density of 500 mA/cm2) in a two-electrode device to split alkaline seawater. 
The electrolyzer was found to operate continuously (current density of 400 mA/cm2 

under a voltage of 2.12 V, Fig. 51c) without decay for more than 1,000 h in alkaline 
simulated seawater (Fig. 51d). In addition, the activity of this electrode pair in elec-
trolytes with higher NaCl concentrations (1.0 or 1.5 M NaCl) than those in seawater 
were assessed (Fig. 51d). Due to the higher NaCl concentrations, the electrolyzers 
showed lower resistance and a lower respective cell voltages of 2.02 V at a current 
density of 400 mA/cm2. The electrolysis system does not corrode or undergo a voltage 
increase over more than 1,000 h of operation under these conditions, suggesting that 
the anode possesses impressive activity and stability anode for electrolysis in high-
salinity water. Furthermore, the system functions in a stable manner under conditions 
that are typically used in the industry (1.72 V at a current density of 400 mA/cm2 in 
6 M KOH  + 1.5 M NaCl at 80 °C (Fig. 51c, d)). 

Tests showed that activated Ni3 electrode in simulated alkaline seawater elec-
trolyte has a 750 mV overpotential in order to reach the high OER current density of 
1,500 mA·cm−2 (Fig. 52a). After iR compensation, the actual overpotential is ~0.38 V 
(Fig. 52b), which is 110 mV lower than chloride oxidation potential (0.49 V). Relative 
Faraday tests running at different current densities show that the oxygen generation 
efficiency is nearly 100% (Fig. 52c). Moreover, the two-electrode electrolysis in 
simulated alkaline seawater displays cell voltages of 2.44 V for current densities of 
1000 mA cm−2 without apparent decline for over 500 h (Fig. 52d). To assess whether 
this EC system can be used for hydrogen generation when coupled with an inexpen-
sive solar cell, the activated Ni3 anode and a Ni-NiO-Cr2O3 cathode in simulated 
alkaline seawater operating for 5 h at 20 mA/cm2 was connected to a perovskite 
solar cell in a side-by-side tandem cell. The tandem cell (without electrolyzer) has

Fig. 51 OER performance of Ni3 electrode in alkaline simulated seawater 
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a maximum power conversion efficiency of 16% under a simulated sunlight of 100 
mW cm−2. The operating current density of the solar cell–electrolyzer combination 
is a 9.7 ± 0.1 mA cm−2 (Fig. 52e). A STH efficiency of 11.9 ± 0.1% was obtained 
for the light-driven electrolysis, which is comparable to those of similar systems that 
utilize pure water. Furthermore, the integrated solar-driven seawater-splitting system 
operates stably for 20 h without obvious decay in its STH efficiency (Fig. 52f). A 
high-current test of the electrolyzer paired with a commercial Si solar cell (5 V, 1 A) 
using real sunlight and seawater, showed that the system operates at the impressively 
high current of ~880 mA under a photovoltage of 2.75 V (Fig. 52g). 

It is interesting to note that activation of Ni3 electrode in simulated alkaline 
seawater plays a key role in forming a chloride-repelling passivation layer. This 
conclusion is based on the observation that multivalent anion (sulfate and carbonate) 
passivated Ni3 layers on hydrous metal oxide surfaces enhance cation selectivity 
and repel chloride anions. Hence, it appears that by using carefully designed anodes 
and electrolytes the chloride corrosion problem can be avoided without the need for 
desalination procedures.

Fig. 52 Solar driven hydrogen production application of Ni3 anode 
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3.3.2 Metal/Metal Oxide 

Liu et al. [73] used systematic DFT calculations to predict that hydroxylation (OH−) 
and the heterointerface existing on NiO coupled with metallic Cu will results in 
a reduced energy barrier for water dissociation and an enhanced HER. Motivated 
by these results, an electrochemical method was developed by this group to carry 
out KOH induced OH− modification of NiO to form HOM-NiO. Rapid hydrogen 
spillover occurs at the heterointerface between HOM-NiO and Cu, leading to an 
enhancement of the rate of the HER. A study of this HOM-NiO/Cu couple using 
in situ XAS and electrochemical simulations verifying that it has advantageous 
properties for HER including enhanced water dissociation, reduced oxophilicity 
that enable efficient adsorption of water and accelerated hydrogen spillover. These 
properties are responsible for the superb HER activity of the HOM-NiO/Cu couple 
reflected in 33 and 310 mV overpotentials at respective current densities of 10 and 
1000 mA cm−2 in 1.0 M KOH. 

A working model for the operation of a three-electrode system based on this 
material is displayed in Fig. 53a, b. Specifically, when the counter electrode releases 
oxygen and protons into the solution, the working electrode, NiO/Cu2O/Cu gains 
electrons that are used to preferentially reduce surficial Cu(I) to produce Cu(0). 
Meanwhile, OH− spontaneously adsorbs on cationic Ni species. 

Notably, analysis of SEM images shows that the reductive CV process does 
not significantly change the morphology of NiO, which is comprised of interacted 
nanowires with a diameter of about 200 nm. Moreover, NiO nanoclusters exist on the 
Cu surface in an irregular manner along with a crystal heterointerface (Fig. 54a–d).

Before structural characterization, the catalyst was first treated by applying 15 
cycles of cyclic voltammetry in a 1 M KOH. HOM-NiO/Cu show an unusual 
onset potential, which then gradually decreases until overlapping occurs around 
the HER potential range, and no hydrogen bubble evolution occurs (Fig. 55a). This 
phenomenon is associated with irreversible reduction of Cu2O, which occurs first 
due to its higher redox potential (0.3168 V). After that, HER takes place if all 
active components are thoroughly exposed, and finally HOM-NiO/Cu is produced

Fig. 53 Schematic illustration of the formation of NiO catalyst through three-electrode system 
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Fig. 54 SEM characterization of HOM-NiO/Cu

Therefore, overlapped cyclic voltammetry scans are generated during the subsequent 
15th through 30th cycles, and then hydrogen generation begins (Fig. 55b) when the 
active electrocatalyst is fully formed. Impressively, the HOM-NiO/Cu has a highly 
enhanced HER performance, with a smaller Tafel slope than those of NiO/Cu and 
Cu individually (Fig. 55c). 

Fig. 55 Structural characterization of HOM-NiO/Cu
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XRD analysis was used to follow evolution of the catalyst during the first 15 CV 
cycles by monitoring the retention of crystalline NiO retaining metallic Cu and the 
disappearance of CuI 2O (Fig. 55d). The results are identical to those arising from Cu 
2p XPS under Ar gas etching and, as a result, show that the major event at the surface 
is transfer of an electron between Cu and NiO at the heterointerface with consequent 
conversion to Cu(0) having a lower binding energy (Fig. 55e), indicating that an. The 
oNi 2p spectra show that a band associated with the binding energy in NiOOH/Cu 
is preserved throughout the process. In addition, a positive shift of the Ni2+ band 
toward a higher binding energy occurs after activation (Fig. 55f), demonstrating 
that electrons are lost from Ni sites as adsorption of additional OH− occurs. The 
respective absence and rise of –OOH and –OH bands in O 1s XPS spectra before and 
after hydroxylation (Fig. 55g, h) and the emergence of the Ni2+–OH vibrational band 
in the FT infrared spectrum (FT-IR) of HOM-NiO/Cu (Fig. 55i) further confirms that 
extrinsic OH− is absorbed on Ni centers. 

X-ray absorption energy near-edge structure (XANES) spectroscopy was carried 
out to evaluate the surface composition of the Ni. The Ni-edge XANES spectra of NiO 
in Fig. 56a contains a typical adsorption feature of Ni. For NiO/Cu, the absorption 
edge occurs at a higher energy than NiO, suggesting that the oxidation state of Ni in 
NiO is larger than +2 because of the heterointerface with Cu (Fig. 56a). Pre-edge 
adsorption of Ni in HOM-NiO/Cu is more positive after electrochemical adjustment, 
revealing that hydroxylation increases the valence state of Ni (larger than +2) by 
withdrawing electrons from the Ni center, an observation that is consistent with the Ni 
2p XPS results. In addition, information about the coordination environment of these 
materials comes from analysis of Fourier transforms of extended X-ray absorption 
fine structure (EXAFS) (Fig. 56b). The coordination numbers of Ni in the Ni–O 
and Ni–M bonds increases upon hydroxylation from 5.6 and 12.3, and NiO/Cu to 
6.0 and 13.6, respectively. This is caused by formation of an additional bond with 
OH− and the presence of a heterointerface between NiO–Cu, which can be distinctly 
differentiated from NiOOH/Cu. Similar results come from the wavelet transforms of 
EXAFS of the Ni K-edge, especially informative is the observation of slightly more 
intense Ni–O (4 Å−1) and Ni–Ni(Cu) (7 and 10 Å−1) scattering in the HOM-NiO/Cu 
contour map relative to that of NiO/Cu (Fig. 56c–f).

The effects of altering several controllable parameters during the synthesis of 
HOM-NiO/Cu were explored. In Fig. 57a HER polarization curves of HOM-NiO/Cu 
produced under optimal conditions are shown. Cu and NiO/Cu exhibit inferior HER 
activity, with a high overpotential of 106 mV at 10 mA cm−2 and a high Tafel 
slope of 120 mV dec−1. The activity of HOM-NiO/Cu is significantly higher, with 
an overpotential of 33 mV and a Tafel slope of 51 mV/dec, which is smaller and 
comparable to that of Pt/C/Cu (39 mV, 46 mV/dec) (Fig. 57b). The efficient HER 
kinetics of the HER promoted by HOM-NiO/Cu is proved by a higher turnover 
frequency. Impressively, HOM-NiO/Cu shows an enhanced activity over that of Pt/C 
and it even exceeds those of most reported Ni-based catalysts under 1 M KOH 
conditions at a high overpotential (250 mV) (Fig. 57c). The polarization curve of 
HOM-NiO/Cu, along with its morphology and chemistry remain nearly unchanged 
after 3000 cycles, showing that this material has high durability (Fig. 57d).
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Fig. 56 XANES characterization of HOM-NiO/Cu

Because NiOOH/Cu has excellent activity for the OER, a coupled cell of HOM-
NiO/Cu||NiOOH/Cu was assembled. This coupled cell has an overall water split-
ting performance that is superior to that of Pt/C||RuO2 (Fig. 58a). This cell has a 
Faraday efficiency of nearly 100% with a stoichiometric H2:O2 ratio of 2:1, and 
excellent long-term stability in both alkaline condition and simulated seawater for 
100 h and. The PVEC device, created by connecting this electrode combination to a 
solar cell illuminated by simulated sunlight, has a predicted operating current density 
of 16.8 mA cm−2 (Fig. 58b). The PVEC device was found to have a STH efficiency 
of 20.7% in 1 M KOH, 20.63% in simulated seawater, and 15.25% in PBS. Also, that 
unassisted photocurrents are produced during illumination by using 1600 s highlights 
the continuity and steadiness of this electrolyzer.
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Fig. 57 HER performance of HOM-NiO/Cu electrode

Fig. 58 Light driven hydrogen production application of HOM-NiO/Cu||NiOOH/Cu cell 

In situ XAFS was performed on HOM-NiO/Cu under working conditions to deter-
mine the structural change of the material and XANES spectra at the Ni k-edge were 
recorded at various overpotentials (Fig. 59a). The adsorption edge of Ni shifts to 
a higher energy upon application of the external overpotential, suggesting that the 
higher oxidation state of Ni is a result of water adsorption. Upon further increasing 
the overpotential, the higher oxidation state remains in a defined range, which is in
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accordance with the slight fluctuation of Ni adsorption edge occurring at −0.05 and 
−0.1 V. As shown in Fig. 59b, the EXAFS spectra show that the Ni–O shell during 
the EC reaction remains unchanged even over long periods at various potentials even 
though the Ni–Ni bonding strength slightly increases. This phenomenon is ascribed 
to the strong interaction between NiO and Cu, in which Cu transfers electrons. These 
observations suggest that the active material in this system might be NiO at the surface 
and bulk phase of HOM-NiO/Cu and also stable with reasonable changes. To gain 
information about the source of the improved HER kinetics of HOM-NiO/Cu, the 
consequence of hydroxylation and the heterointerface were investigated in detail. 
The obtained electrochemical data strongly indicate that OH− promotes dissociation 
and weakens oxophilicity, further reinforcing the validity of the DFT predictions. 

Fig. 59 Mechanistic investigations of the hydrogen spillover on HOM-NiO/Cu
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The kinetic-determining step of the HER in this electrocatalytic process is the H* 
coupling (Heyrovsky–Tafel step) that proceeds on Cu sites. As a result, channeling 
H* migration from the original sites (O in NiO) to Cu through the interfacial pathway 
is significant. EIS analysis was employed to track the migration of H* over the active 
surface centers during the HER (Fig. 59c). The first parallel components in the 
plots, Q and R1, where Q is an imperfect capacitor and is a Cdl reflect charge transfer 
kinetics. Larger Q and smaller R1 values indicate greater active surface area and faster 
charge-transfer kinetics for the HER, respectively. Apparently, HOM-NiO/Cu has the 
highest intrinsic active surface area and lowest charge-transfer resistance. The second 
parallel components, Cϕ and R2, where Cϕ and R2 represent the respective pseudo 
capacitance and hydrogen adsorption resistance, reflect the charge (majority being 
H*) adsorption behavior on the catalyst surface. The derived curves of hydrogen 
adsorption capacitance (Cϕ) versus overpotential are given in Fig. 59d. Notably, 
current development increases when the overpotential is less than 200 mV until a 
slightly fluctuating region is reached, indicating that hydrogen adsorbed on catalyst 
surfaces becomes saturated at a higher overpotential. Greater hydrogen adsorption 
values occur with smaller R2 values in all HOM-NiO/Cu samples. This indicates 
the largest hydrogen coverage on the HOM-NiO/Cu surface, which is similarly seen 
in previous studies. As a result, the spillover of hydrogen from HOM-NiO toward 
coupling centers (Cu) is thermodynamically spontaneous (Fig. 59e). 

4 Industrialization 

4.1 PV Cells 

Most solar cells manufactured at the current time are composed of single crys-
talline silicon and have efficiencies at a production-scale level as high as 23%, while 
most have efficiencies that fall in the 17–19% range. However, Graetzel et al. have 
discussed how solution-processed solar cells could become competitive if they could 
have a lower cost and a higher efficiency, which is one important approach that will 
be competitive with other rapidly advancing techniques. Polycrystalline-silicon PV 
systems usually have efficiencies of 14–16%, although the results of recent efforts 
indicate that refinement of bulk polysilicon production could lead to efficiencies that 
are similar to that of single-crystal silicon at a lower cost. Half the cost of a solar PV 
module lies in the cost of PV-grade silicon. In conventional cell production, about half 
the silicon is lost in transforming bulk silicon to 150–200-μm-thick wafers. When 
modest light-trapping techniques are used, functional wafers can be less than 50 μm 
thick. Other approaches to lowering the cost of silicon-based PV devices include the 
use of single-crystal epitaxial growth and a lift-off process pursued by Solexel of 
Milpitas, California, and kerf-less manufacturing that enables direct fabrication of 
this wafers from large and aligned grains.
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The other competitive PV systems utilize direct-gap semiconductors such as CdTe 
or copper-indium-gallium-selenide (CIGS), in which only a thin film (less than 1 μm) 
is needed to absorb solar radiation. Thin-film solar cells, deposited on light and 
low-cost substrates, have advantages associated with transportation and installa-
tion. Nevertheless, thin-film deposition on the heterosubstrate introduces defects, 
greatly limiting the production-scale efficiency of CdTe and CIGS thin-film solar 
cells to 12–14%. If production introduced defects in CdTe thin films can be elim-
inated carrier lifetimes and efficiencies would be enhanced. An understanding of 
the origins of defects, as well as ways to reduce and control them are required for 
such reduction. The role of interfaces is a crucial aspect of solar cells and gaining a 
thorough understanding of this issue requires significant investment in research and 
development. 

Despite the improvements in materials, online monitoring and control systems 
are needed to improve quality control. Currently, panels comprised of CdTe thin 
films have the lowest cost (~$0.70 W−1). Owing to the financial discount applied 
to new solar systems that are expected to have 20–25 year performances, new PV 
technologies need to be created that remain competitive with advances made in 
more established technologies. When the efficiency is increased from 17 to 20%, 
the costs of panels and others would significantly be reduced, which could have 
a transformative effect on the market similar to that expected for polycrystalline 
silicon cells with an efficiency of over 18%. In the United States in 2011–2012, 
utility-scale solar photovoltaic systems are being installed at an unsubsidized cost 
of about $150 MWh−1 (Fig. 60), which is consistent with Bloomberg News Energy 
Finance estimates. Utility scale solar photovoltaic systems are projected to produce 
between $60 and 120 MWh−1 in ideal areas. The lowest levelized cost of energy 
(LCOE) for combined-cycle natural gas at a cost of $3–4 per million British thermal 
units is about $50–60 MWh−1 in the United States. Although LCOE is important, 
other significant issues are time of delivery, LCOE at various size scales and the 
potential for energy storage. 

Fig. 60 Levelized costs of energy for quarter three of 2012 (dollars/megawatt-hour) [75]
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Thin-film solar cells composed of direct-gap III–V semiconductors are attractive 
because of their high carrier mobilities and their previously demonstrated superior 
optoelectronic properties. This enables III–V semiconductor cells to achieve a high 
efficiency that is close to the practical upper limit. For example, III–V devices have 
solar-cell efficiencies of about 29%, which approaches the Shockley–Queisser limit 
of 33.5% for a single bandgap material [74]. Although high-quality films have been 
created on crystalline substrates, solar applications of these types of bulk materials 
would be cost-prohibitive. Thus, a major challenge is to develop methods to create 
crystalline III–V thin films on low-cost substrates such as plastics or sheet metals. 
Good progress is being made in devising methods for large scale manufacturing 
of solar cells that are generated by lift-off of thin crystalline GaAs layers grown 
epitaxially from bulk crystals. 

4.2 Electrocatalytic Seawater Splitting 

While hydrogen could have an impact on the transportation sector, its sustainable 
production will have a far greater short-term effect on decarbonizing the industrial 
sector [16, 27, 76–78]. Indeed, pure and mixed forms of hydrogen play key roles in 
energy-demanding industrial chemical processes [64, 79–83]. At the current time, 
more than 110 Mt of hydrogen is produced per year, 95% derived by CO2 emitting 
reforming of fossil fuels and only 4% through electrolysis of water. The overriding 
reason for the low market penetration made by water electrolysis is associated with 
the price for hydrogen production. Hydrogen produced by reforming fossil-fuels has 
a cost of $1.3–1.5 per kg, while green (renewable-powered) water electrolysis now 
has a cost >$4 per kg of H2 and needs to be ~$2 per kg to become cost competitive. 

At the current time, the two main EC technologies employed commercially utilize 
alkaline electrolysis and proton exchange membrane (PEM) systems [13, 84, 85]. 
However, PEM water electrolysis commercialization has encountered large hurdles 
[86]. For example, PEM electrolyzers usually include noble metals, such as Pt as the 
cathodic catalyst and Ru/Ir-based oxide as the anodic catalyst, because of their corro-
sion resistance in acidic media [65, 87, 88]. Other less expensive transition-metal-
based catalysts have poor anti-acid corrosion properties. Although many efforts have 
been made for the design of new inexpensive catalysts for PEM water electrolysis, 
the efforts face considerable challenges owing to the need to maintain high current 
densities, especially at high operational potentials and temperatures. Moreover, the 
instability of catalysts and polymer membranes in acidic media shortens lifetimes 
of PEM water electrolysis systems, further increasing investment costs (Table 1). 
Hence, the cost will be greatly increased and the widespread application of PEM 
water electrolysis will be limited due to the inevitable use of noble metal catalyst 
[81, 89–91].

The International Renewable Energy Agency put forward a report in which the 
total capital expenditure for an alkaline electrolysis system, including the power 
supply and installation, in 2017 is about $787.5 per kW, a value that is much lower
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Table 1 Comparisons of the 
parameters, pros and cons of 
alkaline and PEM water 
electrolysis systems [39] 

Parameter Alkaline water 
electrolysis 

PEM water 
electrolysis 

Catalysis Ni-based catalysts Pt-, Ru-, Ir-based 
catalysts 

Electrolytes 20–40 wt% KOH Nafion membrane 

Cell temperature 
(°C) 

50–80 50–80 

Cell voltage (V) 1.8–2.4 1.8–2.2 

Current density 
(mA cm−2) 

200–400 600–2000 

Voltage 
efficiency (%) 

60–80 60–80 

System lifetime 
(y) 

20–30 10–20 

Advantages Non-noble metal 
catalysts 
Long-term stability 
Low capital cost 
Mature 
commercialization 

High current density 
High-purity 
hydrogen 
Compact device 

Disadvantages Low current density 
Corrosive electrolyte 
Noncompact device 

Noble metal 
catalysts 
Poor durability 
High capital cost 
Initial 
commercialization

than $1260 per kW for a PEM electrolysis set-up. Although a rapidly decreased 
cost of PEM electrolysis systems can be expected by 2025, alkaline electrolysis still 
holds the economic high ground $504 per kW versus $735 per kW. An overview of 
commercial systems indicates that about 13 manufacturers of electrolyzers that utilize 
alkaline media could have single-stack capacities up to 6 MW, whereas only three 
manufacturers of PEM electrolysis systems can generate stacks that operate on the 
MW scale [92]. Moreover, the hydrogen production capacity of alkaline electrolyzers 
is ten times higher than that of PEM electrolyzers (hundreds of Nm3 h−1 vs tens of 
Nm3 h−1). Therefore, alkaline water electrolysis has clear advantages over acidic 
water electrolysis utilizing a PEM system for large-scale and low-cost hydrogen 
production by water splitting [8, 93]. 

Owing to factors associated with the water feed, maintenance and capital costs, a 
direct seawater electrolyzer (DSE) will have a lower efficiency and higher cost than 
those of a conventional electrolyser (see Fig. 61) [94]. Firstly, there are complicated 
compositions in natural seawater, including ions, bacteria/microbes and solid impuri-
ties, which inevitably lead to either the low catalytic efficiencies or physical/chemical 
interference with the components. As a result, it is necessary to filtrate or purify the



Photovoltaic Electrocatalytic Seawater Splitting 283

Fig. 61 Ways to generate hydrogen from seawater and green electricity 

seawater before its direct use in seawater splitting. Secondly, HER and OER electro-
catalysts with long-term durability are challenging because the active sites suffer from 
blockage and corrosion during seawater splitting. On this point, identifying suitable 
membranes to separate the catalyst from the seawater source or developing catalysts 
that have inherent anti-corrosion properties are potential approaches to improve the 
long-term stability of HER/OER ECs in seawater. Thirdly, the OER selectivity in 
seawater splitting faces great challenges due to the competing ClER [95]. 

4.3 Photovoltaic Electrocatalytic Seawater Splitting 

Module efficiency is a useful parameter when comparing different hydrogen produc-
tion technologies and purities of final products. Module efficiency is the module label 
power divided by the product of module area in meters and the irradiance at standard 
test conditions (1000 W/m) (module label power/(module area × 1000 W/m)). In 
Fig. 62 the efficiencies for best research level PVEC cells developed to date are shown. 
However, these efficiencies may be lower in the context of industrial manufacturing. 
In current module data sheets, module efficiency of 20% corresponds to a module 
area efficiency of 200 W/m. In Fig. 63 the expected average module efficiencies for 
modules under mass production using different cell technologies are displayed. The 
voltage efficiency of water electrolysis is 60–80% as discussed in Sect. 4.2 and Table 
1. Considering the above data, the STH of photovoltaic electrocatalytic seawater 
splitting is 12–16%.

The global weighted average LCOE of utility scale solar PV derived energy fell 
by 7% from $0.061/kWh to $0.057/kWh in 2020, and the global weighted-average 
installation cost of utility-scale solar PV fell by 12% in 2020 to $883/kW. The 
percentage reduction in LCOE was lower than the 13% reduction occurring in 2019 
because the large decline in total installation costs occurring in 2020 was partially 
offset by a reduction in the global weighted average capacity factor of new projects.
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Fig. 62 Highest research-cell efficiencies 

Fig. 63 Average module area efficiencies of different c-Si solar cell technologies under mass 
production [96]

The capacity factor reduction was driven by the fact that deployment in 2020 was 
greater in areas with poorer solar resources than in 2019. Similar to the situation for 
consumption of onshore wind derived energy, China was the largest market for new 
PV technologies, accounting for an estimated 45% of the new utility scale capacity 
added in 2020 [96].



Photovoltaic Electrocatalytic Seawater Splitting 285

Fig. 64 Dissection of the energy input for production of hydrogen by electrolysis [98] 

Hydrogen can be readily produced via electrolysis using only water and electricity 
as inputs on almost any scale. This process is well-established but requires a high 
input of electrical energy to produce hydrogen. From a thermodynamic perspective, 
1 L of hydrogen at 25 C requires a minimum input of 3.55 kWh of electrical energy, 
and this quantity increases to around 4.26 kWh when electrochemical cell losses are 
taken into account [96]. If the electrolysis process is carried out at high temperatures 
(HT), solar derived heat can be utilized. In this case, solar energy can contribute 
up to 1/3 of the energy required to produce at around 1000 °C [97]. Under ideal 
conditions, 3.55 kWh electric power is required to produce 1 L of hydrogen, which 
becomes 4.26 kWh when energy losses are taken into consideration. The cost of one 
kilogram of hydrogen produced through water electrolysis in China is estimated to 
be $4, slightly higher than the contemporary market price (Fig. 64) [98]. The cost 
goal of overall commercial power in China is $0.028–$0.079. Considering all the 
above factors, the price of hydrogen derived from renewable sources is $3.01–$4.14, 
which has met the standard put forward in G20 ($2.5–6.0/kghydrogen). However, this 
price is much higher than that of hydrogen produced by steam reforming of methane. 

Even though present in seawater, carbonate and borate ions have concentrations 
that are too low to sustain high current densities [11]. In most cases, industrially 
relevant current densities have been reached using seawater containing a borate buffer 
or additives. Furthermore, seawater is essentially a non-buffered electrolyte. Thus, 
a change in pH takes place near the electrode surface during electrolysis, resulting 
in precipitation of salts as well as degradation of the catalyst and electrode. Other 
issues involved when direct seawater electrolysis is employed include the presence 
of other ions or impurities which limit the long-term durability of catalysts and 
membranes. Direct seawater splitting still remains at the initial stage and far removed 
from commercialization, despite large efforts that have been devoted to developing 
this technology. However, the direct seawater splitting technology could be a sole 
alternative in areas inaccessible to fresh water, while accessible to seawater and 
renewable solar, wind and geothermal derived electricity [22, 99]. Over the past 
few decades, lots of research has been conducted on direct seawater electrolysis
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Fig. 65 a Annual number of 
publications and patent 
applications [11] 

(Fig. 65). In the last decade, >700 scientific publications and >340 patent applications 
have arisen from these efforts, which translate into funding allocations amounting 
to millions of dollars. Therefore, hydrogen production using a combination of solar 
cell and direct seawater splitting has a large potential for future use in commerce. 

5 Conclusion 

A strategy to facilitate low cost and high STH efficiency is a fundamental goal of 
studies aimed identifying renewable and sustainable energy sources. In order to attain 
the US. Department of Energy’s device efficiency target of over 10%, new stable, 
efficient photocatalyst materials that operate under solar irradiation are required.
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The fundamentals of PVEC seawater splitting and recent progress made in devel-
oping novel electrocatalysts are described in this chapter. The ultimate target of the 
research field is to design and construct a cost-effective, highly efficient and stable 
solar-driven system comprised of a PV cell and an electrocatalytic seawater splitting 
system for seawater hydrogen production. In the device, the PV cell that converts 
solar energy to electricity and the electrocatalytic seawater splitting system utilizes 
electricity for electrocatalytic hydrogen production. To achieve high STH efficien-
cies, dual component systems of this type need to be highly efficient in promoting 
photovoltaic power conversion and highly durable during electrocatalytic seawater 
splitting. Owing to their highly mature nature, commercial silicon or perovskite-
based PV cells are widely used in greatly needed experimental investigations aimed 
at gaining a better understanding of and designing new materials for electrocatalytic 
seawater splitting step. 

The past several years have witnessed many innovations that have been made 
in devising new electrode materials, nanoarchitecture designs which address the 
main hurdles facing development of this technology. During this period, Noble and 
transition metal, metallic and metal-metallic composites have been developed for use 
in electrodes for efficient photovoltaic electrocatalytic seawater splitting. Pt-based 
electrodes, the first to be highly investigated for this purpose, have STH efficiencies of 
5–6% together with a hydrogen production durability of 50 h. It should be noted that 
the fact that PV cells with a relatively low PCE of 7.9–10% were employed in these 
studies and this might be the main reason for the relatively low STH efficiencies of the 
Pt based devices. In any event, despite their use of expensive Pt, these efforts provided 
new ideas that stimulated the development of new electrocatalytic seawater splitting 
systems. For example, Karst landform-featured nickel foam (NF) was developed as 
a monolithic electrode for high performance photovoltaic HER and OER of neutral 
seawater. The karst NF was easily fabricated by using chemical and electrochemical 
etching, which formed Ni/amorphous Ni(OH)2 heterostructures. This NF derived 
electrode, which can reversibly and flexibly switch between HER and OER, has 
long-term viability and a high STH efficiency of 16.5%. This inexpensive, flexible, 
robust and easily obtained bifunctional electrode was demonstrated to have great 
potentials for water splitting applications. 

Although less costly transition metals can be used as substitutes for the Pt elec-
trode, they are often vulnerable to corrosion in seawater. Novel metallic compounds, 
including metal carbides, phosphorites, hydroxides and sulfides, were developed as 
electrocatalysts for efficient and durable PVEC seawater splitting. These materials, 
which have special electronic structures, highly efficiently facilitate water splitting 
with high STH of 17.9% and have superior durabilities of 200 h. Inspired by the prop-
erties of these materials, substances in which transition metals are combined with 
metallic compounds have attracted increasing attention. The studies revealed that 
combining a high activity transition metal with a highly stable metallic compound 
leads to a catalyst that displays excellent PVEC seawater splitting performance that 
have STH efficiencies as high as 20.63% in simulated seawater.
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6 Perspectives 

Before presenting our thoughts about the aims of future research in the area PVEC 
seawater splitting, it is significant to note that the various metrics employed for 
evaluation serve as the basis for critical evaluations of the comparative advanta-
geous and disadvantageous features. We believe that it is imperative that researchers 
utilize a common set of appropriate metrics to describe the performances of new PV 
and electrocatalytic devices along with those of PVEC systems derived from these 
components. Moreover, the methods used to measure and/or calculate STH efficien-
cies need to be properly described to facilitate accurate comparisons of data between 
laboratories. 

Hydrogen production from photovoltaic electrocatalytic seawater splitting is an 
effective renewable energy conversion process. Despite tremendous achievements 
accomplished thus far, more progress is needed before the commercialization of 
PVEC water splitting technology with economically beneficial. As discussed above, 
hydrogen is produced in these systems through a two-stage process in which the 
photovoltaic process converts solar energy to electricity and then the electrocatalytic 
process uses the electricity for seawater splitting. As a result, the overall STH effi-
ciency of a PVEC system is a multiple of the PCE with electric-to-hydrogen (ETH) 
efficiencies. Currently, the efficiency for seawater hydrogen production is in the 
75–85% range, or even over 90%, while photovoltaic PCE is only 20–30%. When 
combined, these results show that the current STH efficiency level is ~20%. Since 
the photovoltaic cells are already commercialized, it is difficult to imagine that a 
great breakthrough will be made to significantly increase PCE. Therefore, persis-
tent efforts in this area should focus on device design, and on understanding the 
fundamentals of the electrocatalytic seawater splitting process and developing new 
electrode materials. Some of the suggestions for studies that are needed for these 
purposes are given below. 

(1) Electrolyzers. The complicated composition of natural seawater that contains 
a variety of dissolved ions, bacteria/microbes and solid impurities/precipitates 
inevitably leads to either decreased efficiency of electrocatalysts in seawater 
electrolyzers, and/or physical/chemical interference with the electrolysis 
components. As a result, new filtration/purification systems should be developed 
for use in pretreatment procedures in direct seawater splitting systems. 

(2) Durability. Long-term stability for the HER and OER is an important feature 
because they suffer from blockage and corrosion during seawater splitting. 
On this point, developing suitable membranes that separate the catalyst 
from seawater is an important goal as is designing catalysts with inherent 
anti-corrosion abilities. 

(3) ClER. It is challenging to promote the OER in seawater splitting due to compe-
tition with the ClER. Studies are required to devise ways of overcoming this 
problem. Some possible approaches that address this issue are employing alka-
line seawater electrolytes, developing catalysts that have selective OER active 
sites, and/or using Cl− blocking layers over the electrocatalysts.
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(4) Mechanism. To gain more insight into the reaction mechanisms for the processes 
involved in seawater splitting, developing advanced characterization techniques 
is necessary, especially in situ microscopy, spectroscopy and chromatography. 
In addition, studies that combine in situ characterization data and theoretical 
calculations are required to understand the dynamic evolution of electrocatalysts 
under real working conditions. 

(5) Commercialization. At present, most studies focus mainly on laboratory level 
systems of seawater splitting. A significant effort is needed to design and 
scale-up novel electrocatalyst and PVEC systems for seawater splitting to meet 
the requirement of industrial-scale H2 production. Hence, already successful 
industrial freshwater splitting systems should serve as models. 

However, nowadays only far from satisfactory performances can be obtained for 
seawater splitting, breakthroughs should evolve in the near future from in-depth 
research and optimization investigations. It is expected the material discussed in 
this chapter will help the efforts of researchers targeted at establishing appropriate 
seawater PVEC systems for sustainable hydrogen production. 
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Solar Thermochemical Water-Splitting 

Tian Zhao and Xiao-Yu Yang 

Abstract Solar thermochemical hydrogen (STCH) water cracking technology is 
recognized as an essential method for sunlight-driven “green” H2 production and 
is presently being pursued by the research and development community. The latest 
techno-economic analysis (TEA) of the STCH water splitting method illustrates the 
promise of low-cost hydrogen utilization with renewable energy inputs. Remarkably, 
the entire solar spectrum can be used in the STCH system. For the STCH system, the 
discovery of a new redox-active material that can reduce the solar input requirement 
per mole of H2 produced while retaining favourable thermodynamic and kinetic 
attributes of water splitting is the biggest challenge of the technology. In addition, 
this ideal redox-active material should exhibit fast redox kinetics, high cycling, high 
thermal stress, high thermal conductivity and oxygen ion conductivity, and low cost. 
At present, the theoretical efficiency of many cycles exceeds 40% and, even though 
still in the research phase, has the potential to be realized for large-scale industrial-
ization. Thus, it offers more energy resilient solutions for long-term energy storage 
and has the potential to enable low-cost H2 production. 

Keywords Solar thermochemical hydrogen · High temperature · Water-Splitting 

1 Preface  

The solar thermochemical hydrogen (STCH) water-splitting process is an important 
method for sunlight-driven “green” hydrogen generation. This approach, currently 
being explored intensively by the research and development community, could
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become a cost-effective and sustainable alternative to fossil fuel derived energy on 
the Earth. 

In a STCH water-splitting reactor, a set of successive chemical reactions are 
carried out to produce oxygen and hydrogen in a spatially separated manner. Water 
is the single consumed reactant in this process, and one or more materials actively 
take part without being “net” consumed. One example of STCH water splitting 
employs the two-step off-stoichiometric metal oxide (MOx) cycle, in which hydrogen 
is generated in a highly endothermic reduction reaction of MOx at high temperatures 
that simultaneously generates the reduced form MOx-δ. In the second step of the cycle, 
oxygen is produced in a mildly exothermic reoxidation of MOx-δ at low temperatures 
to reform MOx. 

It is obvious that the materials undergoing reduction/oxidation are of key impor-
tance in determining the efficiencies of the overall water-splitting processes. Several 
two-step metal oxide cycles have been utilized to drive efficient STCH water split-
ting, such as the ZnO/Zn, SnO2/SnO, CeO2/CeO2-δ, Fe3O4/FeO, MFe2O4/MFe2O4-
δ, CeO2-xSnO2/Ce2Sn2O7, and manganese oxide-based cycle. Also, multi-cycles 
have been utilized for STCH. 

A recent techno-economic analysis (TEA) demonstrates that the STCH water-
splitting approach holds promise for producing low-cost hydrogen using renewable 
resources including SW and the entire spectrum of sunlight. The implementation of 
practical STCH water splitting systems requires the discovery of novel redox-active 
materials that minimize the solar input requirement per mole of H2 produced while 
retaining maximum water-splitting thermodynamic and kinetic parameters. More-
over, an ideal redox-active material needs to display high cyclability, thermal stress 
resistance and thermal and oxygen ion conductivity, along with having a low cost. 
Many of the redox materials uncovered thus far have been shown to promote hydrogen 
production cycles that have theoretical efficiencies of over 40%, but additional 
investigations are needed to develop systems that attain these yields on large-scale 
industrial levels. 

2 Principle of Solar Thermochemical Hydrogen (STCH) 
Water-Splitting 

2.1 The Basic Principles for STCH Water Splitting 

Hydrogen is an attractive sustainable energy source because it can be employed as 
a high-quality environmentally clean energy carrier and it can be produced using 
a variety of diverse primary energy sources. More importantly, H2 exhibits a very 
high electrochemical activity in fuel cells, theoretically generating electricity at a 
rate of up to 83%. Thus, H2 production technologies have received great attention in 
the global scientific community, whose efforts have focused on devising clean and 
renewable ways of generating this gas in large scale and at low cost. At the present
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time, ~95% of hydrogen worldwide comes primarily from fossil fuels. Although 
easily performed, this method requires rapidly depleting fossil fuels and produces 
unwanted hydrocarbon byproducts [1]. Electrochemical production of hydrogen is 
also used in industrial settings, where electricity used to form this gas comes mainly 
from sustainable energy generating systems such as solar and wind power. However, 
the cost of employing this method is comparatively high owing to the high cost of 
electricity. 

Cost-competitive “green” hydrogen generation could have applications to many 
industrial processes including those for transportation, chemical synthesis, iron and 
steel production, fertilizer synthesis and biorefining. Moreover, hydrogen has the 
potential of being utilized to meet long-term, terawatt scale energy storage demands 
[2]. STCH water-splitting is undoubtedly an important approach for sunlight-driven 
“green” hydrogen generation and the STCH water-splitting approach has promise 
for generating low-cost hydrogen from renewable energy sources. It is known that 
water can be directly split into hydrogen and oxygen at significant efficiencies (>4%) 
using temperatures exceeding 2500 K, but it is difficult/costly to produce these high 
temperatures as well as to separate hydrogen and oxygen under these conditions 
before explosive combination occurs. Solar hydrogen production using thermochem-
ical cycles, which circumvent these problems, is a promising approach that has a high 
theoretical efficiency (>40%) because of the fact that it can utilize the entire solar 
spectrum [3–5]. Although still at a research stage, this method has the potential of 
achieving large-scale hydrogen generation. 

2.2 Mechanism of STCH Water Splitting 

STCH water splitting uses sunlight to create the temperatures needed to produce 
hydrogen and oxygen from water. In contrast to other systems, in STCH water-
splitting reactors, the combustion problem is avoided by using consecutive chemical 
reactions to form O2 and H2 at different times and separated locations [6]. In the 
process, water is the solely consumed reactant, and one or more materials actively 
participate in the process without being “net” consumed. 

Methods for thermochemical hydrogen production can be divided into two main 
categories involving either a two-step cycle with a metal oxide or a multistep cycle 
using copper-chlorine or sulfur [7, 8]. Up to the current time, two-step redox active 
off-stoichiometric metal oxide (MOx) thermochemical cycles have garnered the most 
attention. In the two-step cycle, the thermal reduction (TR) and water splitting (WS) 
reactions take place in separate steps to interconvert the oxidized and reduced form of 
a metal, MOx, for which the parent M has multiple oxidation states [9]. Equations (1)-
(3) below summarize reactions involved in the two-step off-stoichiometric metal 
oxide cycle, 

Thermal reduction step (TR step)
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Reduction: 1 
δ 
MOx → 

1 

δ 
MOx−δ + 

1 

2 
O2 (1) 

Water splitting step (WS step) 

Oxidation: 1 
δ 
MOx−δ + H2O → 

1 

δ 
MOx + H2 (2) 

Netreaction: H2O → H2 + 
1 

2 
O2 (3) 

where M is Fe, Sn, Zn or Ce, MOx is the corresponding higher-valence metal oxide 
and MOx−δ is the corresponding lower-valence metal oxide. 

The overall two-step metal oxide cycle for STCH water-splitting is illustrated in 
Fig. 1. The first step involves a highly endothermic reduction reaction, which requires 
a high temperature. The enthalpy change in metal-oxide reduction (normally in the 
250–500 kJ/mol range for H2 production) must be higher than that of the water-
splitting reaction at the reoxidation temperature [10]. Concentrated solar thermal 
devices can provide this level of thermal energy in a cost-effective renewable 
form. One approach involves focusing sunlight reflected from a mirror array on 
a receiver/reactor, in which an active material is heated and the reduction process 
occurs. The second step is mildly exothermic reoxidation, which takes place at lower 
temperatures. The degree of reduction or off-stoichiometry (δ) reduction is a strong 
function of both temperature and O2 pressure. To avoid the reverse reaction, released 
oxygen needs to be removed from the system prior to initiation of the reoxida-
tion process. The efficiency of the reoxidation reaction is highly dependent on both 
temperature (TOX) and the amount of excess reactant steam relative to available 
oxygen ion vacancies. At higher reoxidation temperatures, a larger amount of excess 
steam is available, whereas at lower temperatures, a larger amount of sensible heat 
needs to be released. Moreover, after reduction, a corresponding amount of heat 
needs to be injected to raise the temperature required for another reduction step.

As mentioned above, the type of STCH water splitting involves two reactions, in 
which two electrons during reduction are lost from one oxygen atom in the anionic 
lattice within the solid-state MOx material and for the oxidation process the two 
electrons nominally move to the cationic lattice. 

Compared to other methods, those based on two-step thermochemical cycles for 
hydrogen production have several advantageous characteristics, including that (1) 
hydrogen and oxygen are produced in different processes and do not need to be 
separated, (2) each step occurs at a lower, redox material dependent temperature than 
that needed for direct water thermolysis (>1500 °C), and (3) direct use of solar energy 
is possible but the required operating temperatures present engineering challenges.
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Fig. 1 Schematic of a 
two-step redox active 
off-stoichiometric metal 
oxide (MOx) 
thermochemical cycle for 
STCH water-splitting

3 Materials Used for STCH Water Splitting 

At the present time, many redox reaction couples have been explored for use in 
two-step STCH processes including volatile metal oxide couples (e.g., Zn/ZnO 
and SnO2/SnO), phase change stoichiometric oxides (e.g., Fe3O4/FeO and metal-
substituted ferrites) or multistep couples (e.g., hybrid sulfur and manganese oxide-
based cycles). Among those probed for use in thermochemical water-splitting, redox 
active off-stoichiometric metal oxide (MOx) thermochemical cycles utilizing cerium-
based oxides or perovskites have received the greatest attention. To attain negative 
Gibbs free energies for the combined steps, the enthalpy and entropy changes in the 
thermochemical cycle must correspond to the standard enthalpy and entropy changes 
for direct water splitting (ΔH ≥ 286 kJ/mol and ΔS ≥ 49.55–57.80 J/mol/K (500– 
1800 K)) [11]. The thermodynamic expressions for these steps (TR and WS)N are 
given in Eqs. (4)–(7). 

ΔGT R  = ΔHred  − TT R

(
ΔSred  + 

1 

2 
SO2 
TT R

)
≤ 0 (4)  

ΔGWS  = −ΔHred  − ΔH H2 O 
f,T W S  

− TWS(−ΔSred  + SH2 
TWS  

− SH2 O 
TWS  

) ≤ 0 (5)  

ΔHcycle = ΔHT R  + ΔHWS  ≥ 286 kJ/molh (6) 

ΔScycle = ΔST R  + ΔSWS  ≥ 49.55 − 57.80J/mol/K (7)  

Inspection of these relationships shows that the thermochemically active oxides 
having lower reduction enthalpies and higher reduction entropies are more readily
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reduced (ΔG ∝ 1/TTR). Furthermore, the entropy decrease associated with the step 
(WP) involving conversion of H2O to H2 is greater than that of the increase for reox-
idizing oxides because the latter involves the generation of a gas from a solid, This 
makes the WS step exoergic and explains why some oxides like Co3O4 and Mn3O4, 
which are reduced at lower temperatures, cannot be used in two-step thermochem-
ical water-splitting cycles. Therefore, in this process, the TR step is furnished at least 
286 kJ/mol to support the energy requirements for WS step (Eqs. (6)). 

ZnO and SnO2 are reduced at lower temperatures than Fe3O4, which makes the 
former more useful in thermochemical cycles. Commonly, temperatures required for 
the TR step in both the ZnO/Zn cycle and CeO2/Ce2O3 systems are above 1500 °C. 
Doping systems including CeO2/m-ZrO2 and Fe3O4/m-ZrO2 systems have been 
utilized to circumvent this problem. Although doping systems have the ability to 
reduce the required temperature and improve cycling stability of the material, they 
might cause a reduction in hydrogen yields. For the dual purposes of reducing reduc-
tion temperature and increasing hydrogen yield, composite metal oxide systems have 
been utilized. An example is the composite spinel ferrite (MFe2O4), which releases 
oxygen at high temperatures and forms MFe2O4-δ enriched with oxygen vacancies. 
During hydrolysis, oxygen vacancies in MFe2O4-δ fill with water as the oxygen source 
and H2 are released. 

Developments made in research on metal oxide (MOx) thermochemical cycles 
are reviewed in the following section. 

3.1 ZnO/Zn 

The ZnO/Zn cycle is considered to be a volatile cycle because pyrolysis of ZnO 
generates Zn (g) and O2 in the TR step (Eqs. (8) and (9)) [12]. 

TS step 

ZnO(s) 
2350K→ Zn(g) + 0.5O2 (8) 

WS step. 

Zn(s) + H2O(g) 
850K→ ZnO(s) + H2(g) (9) 

The reduction step in this cycle is highly endothermic (ZnO → Zn, ΔG = 0,) 
so it requires a high temperature (2340 K). Weidenkaff et al. [13, 14] found that 
two factors affect this cycle including (1) recombination of zinc vapor with oxygen 
generated in the TR step that reduces the rate of decomposition zinc oxide, and (2) 
ZnO thin film formation takes place on the Zn during hydrolysis that prevents further 
reaction. Thus, the key to the success of this process is effectual separation of Zn 
vapor from O2. Weidenkaff et al. used a tube furnace with a temperature gradient



Solar Thermochemical Water-Splitting 301

to transform Zn (g) to Zn (s) under an inert atmosphere (N2, Ar), which enables 
effectual separation of Zn (g) and O2. The decomposition rate of ZnO was found to 
be proportional to temperature and inert gas mass flow rate and inversely proportional 
to oxygen partial pressure (Fig. 2). The results of simulation studies by Abanades 
et al. [15] are consistent with the findings of Weidenkaff et al. 

Fletcher et al. [16] devised a method for direct electrolysis of ZnO (l), which 
generates Zn (g) and oxygen at various electrodes. This process requires tiny electrical 
energy and avoids recombination of Zn and oxygen. Nevertheless, the temperature 
for this process must exceed 2248 K to melt the ZnO, and at 2400 K, the pressure 
needs to be larger than 2.6 bar to obstruct boiling of liquid ZnO. This temperature is 
much higher than those to which most electrode materials are exposed. In a related 
study, Wegner and the coworkers [17] developed an aerosol reactor comprised of 
three controlled temperature zones in which mixing, nanoparticle formation and 
hydrolysis occur. The Zn nanoparticles entrained in the gas stream enables simple 
and continuous control of the feed stream employed to remove product gases. 

Steinfeld and the coworkers [18, 19] proposed a method to analyze energy effi-
ciencies and determine the best energy effectiveness and irreversibility of the ZnO/Zn 
cycle. The results revealed that the largest exergy efficiency could reach 29%, and 
that irreversibility is most related to return of unused light from the solar reactor 
and Zn (g) quenching. A cost evaluation for industrialization of a water-splitting 
process using this cycle showed that the cost of hydrogen would be 0.13–0.15 $/kW 
h (5 $/kg H2). Notably, an economic assessment of the ZnO/Zn cycle [20] revealed 
that a cost of 7.98 $/kg is associated with H2 generation, which is higher than that 
predicted by Steinfeld [18, 19] due to the assumed costs that differ from that used at 
the factory scale. Finally, Lange and the coworkers [21] using temperature-entropy 
figures connected with a pinch-point test to analyze the ZnO/Zn two-step thermo-
chemical water-splitting process, showed that the required temperature is in the tech-
nically feasible range but the energy conversion efficiency is lower than that needed 
for practical applications. Moreover, it was noted that the energy conversion effi-
ciency is lowered as a consequence of irreversibility associated with incomplete heat 
recovery and inert gas quenching. In addition, reduction of the partial pressure of 
oxygen during reduction lowers the reduction temperature while the cycle efficiency 
only slightly decreases (Fig. 3).

Fig. 2 SEM images of a ZnO/Zn deposited droplets at T > 693 K, b boundary at T = 693 K and 
c hexagonal prismatic crystals at T < 693 K. Reproduced from Ref. [13] with permission from 
Elsevier 
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Fig. 3 T-S diagram of production of 1 mol of hydrogen. Reproduced from Ref. [21] with permission 
from Elsevier 

3.2 SnO2/SnO 

Commonly, pyrolysis of Sn(IV) oxide to form Sn(0) is not practical for the TR step 
of a thermochemical cycle because it requires ultra-high temperatures (SnO2 → 
Sn, ΔG = 0, at 2647 °C). Obtaining metal tin from its oxide at lower temperatures 
requires a reducing agent such as C or CH4 but the processes form byproducts such 
as CO/CO2, and produce Sn(l) instead of Sn(s), which is an unsatisfactory substrate 
for the ensuing hydrolysis reaction. Therefore, a viable alternative was devised that 
utilizes the SnO2/SnO system in a volatile cycle that is similar to that of the ZnO/Zn 
system (Eqs. 10 and 11). 

TR step 

SnO2(s) → SnO (g) + 0.5O2 (10) 

WS step 

SnO (s) + H2 O(g) 
850K→ SnO2(s) + H2(g) (11) 

Charvin et al. [22] proposed an operational scheme for a tin-based process 
using thermodynamic equilibrium calculations. Computations suggest that the 
SnO2/SnO/Sn regime has two hydrogen producing routes, the first of which proceeds 
through a three-step cycle (called the Suryaou cycle). In this route, SnO2 is first heated 
and reduced to form SnO, then placed at 600 °C for 15 min to promote full dispro-
portionation (2SnO → SnO2 + Sn) before hydrolysis of Sn/SnO. The second H2 

producing pathway occurs in two steps. When pure SnO was reacted with steam at 
525 °C for 18 min, H2 was fabricated at a rate of 13.6 mL/min/g. While SnO was 
found to be more oxidized than Sn, the hydrolysis rate of SnO was greater than the 
conversion rate of Sn.
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The results of simulation studies by Abanades [23] showed that the amount of inert 
gas used in the SnO2/SnO cycle affects the reduction of SnO2, and that the reduction 
yield decreases with a decrease in the N2:SnO2 ratio. At a ratio of 50:1, the pyrolysis 
rate is about 70%. A parallel investigation demonstrated that reductive conversion of 
SnO2 to SnO occurs at 1600 °C under normal pressures and that gaseous products 
are quenched to generate nanoparticles having a SnO mass fraction of 54% and an 
average diameter of 10–50 nm. Reduction of the partial pressure of oxygen causes an 
increase in reduction yield. Furthermore, the temperature of an effective hydrolysis 
reaction is > 470 °C and the maximum temperature above which SnO undergoes 
disproportionation is 600 °C. In another effort, Leveque et al. [24] calculated that the 
activation energy of H2O oxidation by the Sn/SnO2 couple is 53 ± 1 kJ/mol (Fig. 4). 

In a recent effort, Abanades et al. [25, 26] explored the ZnO/Zn and SnO2/SnO 
cycles at about 1900 K. The gaseous products of ZnO and SnO2 pyrolysis were 
quenched by using an inert gas. In each case, about 50% of the recovered product 
is with a relatively high specific surface area (20–60 m2/g). The mass fractions of 
recovered Zn and SnO were 48 and 72 wt%, respectively. Hydrolysis reactions were 
conducted in a bed reactor with controllable temperature and heating rate. After 
30 min at 800 K, the conversion rate of the SnO-SnO2 hydrolysis process is 80%, 
and that of the Zn-ZnO hydrolysis is 55%. The hydrogen yields for water-splitting 
promoted by both the ZnO and SnO2 systems were 6 mmol/g. Abanades et al. [27] also  
determined the activation energies of the SnO and Zn in water-splitting processes. 
By testing the molar fractions (f mol) of the reduced species in powders produced

Fig. 4 SEM images of various Sn/SnO2 species and their oxidation reactivities. Reproduced from 
Ref. [24] with permission from American Chemical Society 
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Fig. 5 a Image during reduction of a SnO2 pellet under collected solar irradiation. b Influence of 
total pressure on mole fractions of reduced species formed by solar flux induced ZnO and SnO2 
reductions. c Coefficient of determination (COD) for fitting molar fraction (f mol). d Experimentally 
determined mole fraction of reduced species versus reduction rate (μmol/min). Reproduced from 
Ref. [27] with permission from Elsevier 

in ZnO and SnO2 reductions, it was disclosed that the reoxidation rate of Zn was 
qualitatively higher than that of SnO (Fig. 5). 

In another investigation, Bhosale et al. [28] used the thermodynamics database 
to elucidate factors determining the thermal reduction and hydrolysis temperatures 
in the SnO2/SnO cycle. The analysis showed that, at equilibrium obtained at 1 bar 
pressure, SnO2 can be totally reduced when temperature is over 2380 K. Reducing 
the O2 partial pressure to 10–3 bar enables the reduction process to be conducted at 
1780 K. 

3.3 CeO2/CeO2−δ 

Abanades et al. [26] were the first to propose using the CeO2/CeO2−δ cycle shown 
in Eqs. (12) and (13) for thermochemical water-splitting. 

TR step 

GeO2 → GeO2−δ + 
δ 
2 
O2 (12)



Solar Thermochemical Water-Splitting 305

WS step 

GeO2−δ + 
δ 
2 
H2 O → GeO2 + δH 2 (13) 

These workers [26] found that at pressures of 100–200 mbar, the TR step in the 
process produces non-stoichiometric CeO2-δ (δ ≈ 0.5) at a reaction temperature of 
∼2000 °C. Also, at 400–600 °C, CeO2-δ reacts rapidly with water vapor present 
in the air. By employing thermogravimetric analysis, Panlener et al. [29] studied 
how different non-stoichiometric amounts of CeO2 are generated using different 
temperatures and oxygen partial pressures. The results suggest that thermal reduction 
is favored at lower oxygen partial pressures and higher temperatures. 

Chueh et al. [30] conducted studies in which porous cylindrical CeO2 was heated 
directly in a solar hollow reactor. The solar reactor exhibited an apparent absorptance 
in excess of 0.94, close to the blackbody limit. At temperatures between 1420 and 
1640 °C, the CeO2 reduction rate reached 90%, while the hydrogen production rate 
peaked at 7.6 × 102 ± 0.8 × 102 mL/min (STP) and averaged 3.1 × 102 ± 0.3 × 
102 mL/min. Over more than 500 cycles of operation, the CeO2 system produces 
H2 rapidly and steadily, with a solar-to-fuel energy conversion efficiency of 0.7– 
0.8% that is mainly limited by the system. Chueh and the coworkers [31] also used  
15% samarium-doped ceria (SDC) for STCH water-splitting. This study showed that 
Sm0.15Ce0.85O1.925-δ proved to be very stable, with no significant change in hydrogen 
yield after more than 50 cycles. 

Abanades and the coworkers [32] have analyzed the characteristics of ceria-based 
oxide nanoparticles, prepared using a Pechini-derived polymeric route. The experi-
ment resulted in pure CeO2 nanopowders with better activity than commercial CeO2. 
Furthermore, an investigation probing the effects of metal additives on a mixture 
CeO2-MOx showed that doping with zirconium (IV) lowers the temperature required 
for a reduction and increases the yield. The hydrolysis reaction of material formed 
by reduction at 1500 °C is 1045 °C, and the hydrogen yield is ∼0.24 mmol/g, which 
is lower than that promoted by undoped CeO2. 

Meng and the coworkers [33], in studies of the Pr-doped ceria-based oxide, 
Ce1−xPrxO2−δ (x = 0, 0.05, 0.1, 0.2, 0.3), discovered that Pr2+ does not interact 
with H2O (g), but rather with 5 or 10 mol% Pr2+ to CeO2 material to facilitates 
forming of O2 and H2. The  H2 yield is closely related to the hydrolysis temperature, 
with an optimum temperature of 1023 K. The authors also investigated the reaction 
of lithium-doped cerium-based oxides, Ce1−xLixO2−δ (x = 0, 0.05, 0.1, 0.2, 0.3) [34]. 
The results show that when the Li+ content is increased, the O2 yield first increases 
and then decreases, while the H2 yield gradually decreases. 

In their study of the thermochemistry of the CeO2–ZrO2 system, Gal and the 
coworkers [35] have found that there is a linear increase with increasing Zr content 
at 1400 °C. Moreover, the addition of other dopants (Y, La, Pr, or Gd) does not 
cause an increase in the reduction rate. Additionally, reducing the reaction pressure 
significantly increases the reduction yield. Gokon and the coworkers [36] were able 
to use a CeO2-based thermochemical system to promote the stable production of O2
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and H2. However, at 1550 °C, due to the release of O2 associated with the formation 
characteristics of the reduced phase CeO2-δ, the oxygen yield starts to decrease. The 
conversion of Ce(IV) to Ce(III) in the cubic lattice during thermal reduction involves 
the diffusion of oxygen, which is enhanced at higher pyrolysis temperatures. The 
hydrolysis temperature was found to be 1000 °C and the hydrogen yield remained 
almost constant over six cycles. When TH ≥ 1400 °C, CeO2−δ reacts rapidly with 
steam to form H2 at a rate that reaches 2.5–6.8 Ncm3/min/g (Fig. 6). 

Hathaway et al. [37] performed an evaluation of the cerium dioxide thermochem-
ical cycle occurring in a high flux solar simulator at an equivalent temperature. The 
results showed that the isothermal methods for separating CO2 or water in this way 
are not attractive.

Fig. 6 Image of CeO2 species and the oxygen/hydrogen production rate. Reprinted with permission 
from Ref. [36] 
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3.4 Fe3O4/FeO Cycle and MFe2O4/MFe2O4−δ 

The Fe3O4/FeO thermochemical cycle is one of the earliest used for driving water-
splitting. The reaction pathway followed in this process is displayed in Eqs. (14), 
(15). The temperature of the thermal reduction step in this cycle is > 2000 °C, at which 
the rapid decay of Fe3O4 by severe sintering and melting results in deactivation of 
key materials. 

TR step 

Fe3O4 → 3FeO + 
1 

2 
O2 (14) 

WS step 

3FeO + H2 O → Fe3O4 + H2 (15) 

Steinfeld et al. [38] found that Fe3O4 decomposes into FeO at a temperature 
of 1875 K or above. FeO (l) is further converted to FeO (g), and at these higher 
temperatures would the ratio of FeO (g) in the mixture is large which is detrimental 
to the hydrolysis reaction. Similar to processes of this type occurring in other cycles, 
FeO recombines with oxygen at a high temperature, so fast quenching or an oxygen-
free environment is required. Charvian and the coworkers [39] found that when 
Fe2O3 was used as a feedstock, the reduction product FeO was oxidized to form 
Fe3O4 rather than Fe2O3 in a hydrolysis reaction. Simulation studies by this group 
showed that Fe2O3 is not totally reduced to FeO, and it forms non-stoichiometric 
wustite, Fe1-yO. In air, the reduction products formed from Fe2O3 were Fe3O4 and 
FeO, whereas in an inert atmosphere only FeO was formed. When Nakamura et. 
Al. [40] first made the Fe3O4/FeO cycle publicly available, they noted that the rate 
of hydrolysis reaction of the non-chemically stoichiometric Fe1-yO was greater than 
that of FeO. 

Kodama et al. [41] made two important discoveries from the investigation of the 
Fe3O4/FeO cycle. Firstly, pure Fe3O4 can be reduced at low oxygen partial pressure, 
and Fe3O4 becomes dense, sintered and smooth during the process. Secondly, when 
Fe3O4 is supported by yttria-stabilized zirconia (YSZ), the reduction product FeO 
does not melt in the YSZ lattice, so it can be converted to Fe3O4 during hydrol-
ysis. Also, Gokon and the coworkers [42] demonstrated that Fe3O4 loaded on ZrO2 

could be converted to FeO. It was found that Fe3O4/m-ZrO2 had significantly higher 
reduction rates and hydrogen yields. 

At 1600 °C, the reduction rate of Fe3O4/m-ZrO2 reaches 60%, and at 1400– 
1500 °C monoclinic ZrO2(m-ZrO2) transformed into tetragonal ZrO2(t-ZrO2) 
without a phase change. Finally, during the reduction process, iron ions do not enter 
the ZrO2 lattice (Fig. 7).

Although the theoretical yield for hydrogen production using the Fe3O4/FeO 
system is good, the reduction temperature and pressure are very high. These high
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Fig. 7 A Apparatus for analysis of the (a) T-R and (b) W-S steps of the water-splitting thermo-
chemical cycle. B Changes in the amounts of Fe ions from Fe3O4 dissolved in HCl. Reprinted with 
permission from Ref. [42]

temperatures exceed the boiling point of Fe3O4, where gasification and sintering 
occur to seriously affect efficiency. Partial doping with other metal cations forms 
spinel ferrites, MFe2O4 (where M is Ni, Zn, Co, Mn or others), whose reduction can 
be carried at reduced temperatures. 

For example, Ehrensberge et al. [43] demonstrated that Mn and Fe2O3 can be 
utilized to form a composite oxide that promotes optimal H2 production. Compared 
to the Fe3O4/FeO cycle, the hydrogen yield of Mn ferrites was not reduced and 
no irreversible segregation occurred during the process, but the reduction reaction 
temperature was reduced. Han and the coworkers [44] tested several spinel ferrites 
employing a reduction temperature of 1200 °C with a hydrolysis temperature of only 
800 °C. The experiment revealed that the NiFe2O4 system not only generated more 
hydrogen than the other ferrites, but that it was highly durable and the hydrogen yield 
remained almost constant after repeated cycles. 

Allendorf and the coworkers [45] developed a thermodynamic model for the 
prediction of several M-Ferrites (M = Fe, Co, Ni or Zn). The predicted components 
after thermal reduction showed that the stability of M ferrites was on the order of
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Fe3O4 > CoFe2O4 > NiFe2O4 > ZnFe2O4. Fresno and the coworkers [46] expressed 
NFSA, CFSA, ZFSA, CZFSA and CZFSA for many ferrites were evaluated for their 
activity. The results show that the hydrogen yield after one cycle decreases in the order 
of NFSA > NZFSA > ZFSA > CZFSA, and the H2/O2 molar ratio becomes lower 
in the same order, which is considered to indicate the potential for recoverability. Of 
these ferrites, NFSA is the best in terms of hydrogen yield and recoverability. 

Doping with other metal cations can effectively reduce temperatures for the 
reduction reaction, but the sintering problem remains. Attempts have been made 
to solve this problem by loading with other oxides. In one example case, Kodama 
and the coworkers. Reference [47] revealed for the first time that manganese ferrite 
(MnFe2O4) particles loaded on ZrO2 have both high hydrogen production activity 
and durability because sintering of the iron oxide does not occur. After repeated 
cycles, in contrast to unsupported ferrite MnFe2O4/ZrO2 retains a high activity 
between 1000–1400 °C. Kodama and the coworkers [48] investigated a two-step 
hydrolysis cycle using ZrO2 loaded Co-ferrite, and compared the results to those 
previously reported for ZrO2-supported Mn-ferrite (Mn0.36Fe2.64O4/ZrO2) [37]. At 
TH = 1400/1300 °C and TL = 1000 °C, Co0.42Fe2.58O4/ZrO2 has a higher reac-
tivity than Mn0.36Fe2.64O4/ZrO2. At 1400 °C, ∼40−60% of the sample is reduced, 
and CoxFe3−xO4/ZrO2 (with x = 0.4–0.7) has the best activity (Fig. 8). Kodama 
et al. [49] also investigated the NixFe3-xO4/m-ZrO2 system and found that the reac-
tivity increases with increasing amount of doping x, and reaches a maximum at x = 
1.0. Compared with that of unsupported NiFe2O4, NixFe3−xO4/m-ZrO2 has a higher 
hydrogen yield and that this yield remains unchanged over multiple cycles. Even 
compared with the CoFe2O4/m-ZrO2 cycle mentioned above, the one occurring in 
NixFe3−xO4/m-ZrO2 has a higher activity. A comparison of activities of NiFe2O4 

and NiFe2O4/m-ZrO2 at 1300 °C/700–900 °C showed that the latter gives a higher 
hydrogen yield, but the effect of hydrolysis temperature (optimally 700 °C) on the 
properties of the material is not as significant as that of the carrier.

Scheffe et al. [50] showed that CoFe2O4 on Al2O3, prepared by using atomic layer 
deposition, has a 200–300 °C lower reduction temperature. At 1200 °C/1000 °C, 
the H2 yield of CoFe2O4/Al2O3 is four times higher than that of CoFe2O4, and no 
significant sintering or deactivation occurred during multiple cycles. Muhich et al. 
[51] produced a filtering method to establish the practicality of thermochemical 
water-splitting using various oxide reduction raw materials. When the method was 
applied to doped-hercynite, FeAl2O4 and CoAl2O4 cycles, it was shown that the 
redox process facilitated by the aluminate family members of the spinel material 
proceeds through an O-vacancy rather than a stoichiometric mechanism. Undoped 
hercynite (FeAl2O4) also proved to be a viable material for thermochemical water 
cracking as its H2 production capacity was higher than that of conventionally doped 
iron pyroxene materials.



310 T. Zhao and X.-Y. Yang

Fig. 8 Images of the isothermal reactor. Reprinted with permission from Ref. [37]

3.5 Perovskites (ABO3) 

To address the low reduction levels and high operating temperatures associated 
with two-step STC fuel production using CeO2, alternatives have been developed, 
including calcium titanite in the general form ABO3, similar to that used in oxygen 
permeable membranes, solid oxide fuel cells and metal air cells. The redox reactions 
occurring in cycles involving perovskites are given in Eqs. (16) and (17). 

TR step 

AB  O3−δox → AB  O3−δred  + 
δred − δox 

2 
O2 (16) 

WS step 

AB  O3−δred  + (δred − δox)H 2O → AB  O3−δox + (δred − δox)H 2 (17) 

In comparison to CeO2, perovskites promote O2 precipitation in the high-
temperature reduction step and enables the use of significantly lower operating 
temperatures. Although the use of larger than stoichiometric amounts results in a 
higher upper limit for fuel production, the oxidation reaction must be sufficiently 
favourable to allow the reduced chalcocite to adequately replenish the oxygen lost 
during the reduction process. This is an issue for many perovskites explored to date,
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showing why excess oxidants are used to increase the thermodynamic driving force 
[52, 53]. However, considering the large number of possible compositions including 
at least 27 elements suitable for the A-site cation and 35 for the B-site, perovskites 
have greater flexibility for thermodynamic tuning than doped CeO2. 

Scheffe et al. [54] developed lanthanum-strontium-manganese (LSM) perovskites 
as a novel material for two-step STCH water-splitting. The extent of reduction of 
La0.65Sr0.35MnO3 (LSM35) is approximately twice as large as CeO2. However, unlike 
CeO2, LSM35 does not completely deoxidize under any of the conditions studied. 
The degree of reduction of LSM-based perovskites at the same temperature and pO2 
have been shown to increase with increasing Sr2+ content. However, this increase 
was accompanied by a decrease in water-splitting activity (Fig. 9). In addition, the 
introduction of a divalent dopant at the A-site leads to a mixed Mn3+/Mn4+ valence and 
the higher Mn4+ content (caused by the higher Sr2+ dopant concentration) increases 
the degree of reduction [55]. From a thermodynamic perspective, the partial molar 
enthalpy of LSM perovskites reduction decreases monotonically with increasing Sr2+ 

content. Because the entropy remains relatively constant, this increase removes the 
energetic penalty for reduction [56] that results in a decrease in operating temperature 
and a greater ΔT between redox steps. In general, La1-xCaxMnO3 (LCM) perovskites 
achieve higher extents of reduction than do La1-xSrxMnO3 (LSM) perovskites. This 
observation suggests that the improved redox properties of LCM-based perovskites 
are due to having an orthogonal crystal structure rather than the rhombic structure 
of LSM perovskites.

Analogous to LSM perovskites, during reduction of LCM perovskites during 
reductions, O2 evolution increase with increasing Ca2+ dopant concentration. In 
addition, LCM perovskites have a reduced tendency to oxidize compared to CeO2. 
La1-xBaxMnO3 (LBM) perovskites facilitate lower levels of O2 release and fuel 
production compared to LSM chalcocite, while also following similar reduction and 
oxidation yield trends [57, 58]. The trends suggest that the size, tolerance factor (τ) 
and size variance factor (σ2) of the rare earth ions are important factors in deter-
mining the feasibility of STCH water-splitting. Specifically, O2 evolution during 
reduction increases with decreasing rare-earth ion size and, thus, decreasing τ. 
Perovskites with almost identical τ and different σ2 exhibit different redox properties, 
for example, perovskites with higher σ2 start to reduce at lower temperatures. Among 
the perovskites, Y0.5Sr0.5MnO3 (YSM50) and Y0.5Ca0.5MnO3 (YCM50) have the 
largest reduction yields. YSM50 and YCM50 show excellent O2 evolution and fuel 
yields compared to CeO2. 

LSM- and LCM-based perovskites with Al3+ B-site doping (LSMA and LCMA) 
release more O2 during reduction than do CeO2, and Al3+ dopant free LSM- and 
LCM-based perovskites under comparable conditions. For example, the evolution 
of O2 during the reduction of La0.6Sr0.4Mn0.4Al0.6O3 (LSMA6446) is approximately 
eight times greater than that of CeO2 and reduction begins at the lower temper-
ature of 300 K. Furthermore, the extent of reduction of La0.6Sr0.4Mn0.6Al0.4O3 

(LSMA6464) is 13 times larger than that of CeO2 and 150% greater than that 
of LSM40 under the same reduction conditions [59]. Reduction extents are also
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Fig. 9 Predicted equilibrium H2 yields of LSM30, LSM40, and ceria as a function of the oxidation 
temperature. Reprinted with permission from Ref. [54]

enhanced when Ca2+, rather than Sr2+, is doped into the A-site. For example, 
La0.6Ca0.4Mn0.6Al0.4O3 (LCMA6464) experiences a greater extent of reduction than 
LSMA6464. LSMA-based materials have notably improved fuel yields compared to 
that of CeO2, as demonstrated by the observation of McDaniel et al. [60] of 9− and 
sixfold improvements in H2 yields (Fig. 10).

3.6 Polymetallic Oxides 

Ruan et al. [61] devised a novel CeO2-xSnO2/Ce2Sn2O7 system, in which an uneven 
distribution of CeO2 and SnO2 react at 1400 °C to form stable Ce2Sn2O7 and Sn (IV) 
is not reduced. The steps in the water-splitting process promoted by this material are 
shown in Eqs. (18) and (19).
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Fig. 10 O2, H2 and CO production rates. Reprinted with permission from Ref. [60]

TR step 

GeO2 + SnO2 
1400◦C→ 

1 

2 
Ge2Sn2O7 + 

1 

4 
O2 (18) 

WS step 

1 

2 
Ge2Sn2 O7 + 

1 

2 
H2 O 

800◦C→ GeO2 + SnO2 + 
1 

2 
H2 (19) 

The oxygen evolution rate of CeO2−xSnO2 is significantly higher than that of 
CeO2. For all CeO2−xSnO2 (x = 0.05–0.20), the oxygen evolution is significantly 
higher than that of pure CeO2 and it increases in a linear fashion with increasing 
SnO2 content. 

Shang et al. [62] described the new four metal cationing oxides, (FeMgCoNi)Ox 

(x ≈ 1.2) (PCOs). This study demonstrated that during the water-splitting cycle, the 
PCOs do not fully undergo a transition into a single phase, but instead, they experience 
a reversible phase change between a reduced rock salt and an oxidized spinel phase. 
The experimental results also showed that the PCOs do not display a degradation in 
performance over 10 cycles under the two conditions. Even at 1100 °C, the PCOs 
have a considerably high hydrogen yield (Fig. 11).

Liang et al. [63] developed a biphasic Ce0.9Pr0.1O2−δ−Pr0.6Sr0.4FeO3−δ O2 trans-
port membrane, which converts a 2:1 ratio of H2O and CO2 into synthesis gas via a 
one-step low temperature (<1000 °C) thermochemical reaction (Fig. 12).

Seo et al. [64] used microwaves for continuous thermochemical hydrogen produc-
tion. The catalyst used in experiments conducted by these workers was nickel 
oxide containing a polyvinylpyrrolidone (PVP) coating on the surface of a macro-
porous structure. The organic components on the surface of nickel oxide have dipole 
moments that enable microwave irradiation to promote generation of vibration and
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Fig. 11 Thermochemical water-splitting performance for short cycles. Reprinted with permission 
from Ref. [62]

rotational motion to cause rapid heating. In the water-splitting process catalyzed by 
this material, ∼750 μmol/g of hydrogen are continuously generated. 

3.7 Sulfur Family 

Among the numerous thermochemical cycle schemes developed thus far, those that 
fall in the sulfur family operate by recycling sulfur through oxidation state changes. 
In general, the processes occurring in these systems involve more than two steps 
(referred to as multistep cycles), and in this respect, their chemistry is more complex 
than that of the two-step cycle based on metal oxides [65]. The common feature is that 
all of these rely on the decomposition reaction of sulfuric acid as a high-temperature 
heat absorption reaction. The actual temperatures required are in the range of 1000– 
1200 K, well below the temperatures required for the high-temperature step of the 
metal oxide cycle based on redox pairs. On the other hand, major limitations of 
sulfur-based cycles are associated with the corrosive environments present in the 
stepwise reactions involved in sulfuric acid production. However, technical solutions 
are available to make sulfur-based thermochemical cycle attractive for commercial
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Fig. 12 Backscattered electron micrographs (BSEM) and EDXS images of the CPO-PSFO 
membrane. Reprinted with permission from Ref. [63]

grade deployment. In fact, these types of cycles are considered potentially suitable for 
screening analyses under the U.S. Department of Energy (DOE) Hydrogen Program. 

The best known of these is the sulfur-iodine cycle, also known as the Ispra Mark 
16 cycle or the General Atomics Cycle, originally proposed and developed in the 
USA by General Atomics in the mid- seventies (Fig. 13). The three basic reactions 
in the cycle are given in the following scheme [66].

Reaction Temperature (K) 

Sulfuric acid 
decomposition 

1a H2SO4(aq) → H2O(g) + SO3(g) 723–773 

1b SO3(g) → SO2(g) + ½ O2(g) 973–1073 

Bunsen reaction 3 2H2O + SO2 + I2 → H2SO4 + 2HI 300–400 

HI decomposition 4 2HI → I2(g) + H2(g) 400–1000 

The Bunsen reaction in the sequence proceeds exothermically and produces two 
immiscible concentrated aqueous acid phases. The distillation required to separate 
the HI and H2SO4 is very energy intensive, which has a direct negative impact on 
the efficiency of the overall cycle. One of the main challenges in the sulfur-iodine 
cycle is to reduce the need for large amounts of residual water and iodine and to find
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Fig. 13 Schematics of the reaction sequences of three sulfur-based cycles. Reprinted with 
permission from Ref. [66]

alternative separation processes that consume less energy than distillation. Following 
the Bunsen reaction, HI and H2SO4 are decomposed by the processes displayed in 
steps 4, and 1a and 1b of the scheme. HI decomposition to form I2 and H2 slightly 
absorbs heat, it involves the circulation of a large amount of product and requires the 
evaporation of a large amount of water. 

Sulfur based cycles are composed of processes that serve as key steps in the indus-
trial, solar energy promoted decomposition of sulfuric acid that occurs at temper-
atures clearly lower than 1200 K. All steps in these processes have been validated
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and have reached a level of maturity sufficient for the development of small-scale 
demonstration industrial plants. However, further improvements in catalysts and 
construction materials are required before this technology can be employed at a 
full-size industrial level. The economics and flexibility of sulfuric acid-based ther-
mochemical cycles would be enhanced if they operate as open cycles in combination 
with sulfuric acid production or with desulfurization of flue-gas or natural gas. In 
these systems, part of the energy required comes from raw sulfur, sulfur-containing 
ores or sulfur dioxide (Fig. 13). 

4 Reactor 

The structure and reactor design of the STCH water-splitting are essential to optimize 
the overall performance. Two conceptually different reactor system designs exist for 
the device, one in which both the TR and WS processes take place in the same reactor 
and the other where they occur in different reactors. In one configuration (Fig. 14a), 
the metal oxide stays in the same chamber and the TR and WS processes take place 
sequentially to yield temporally separated O2 and H2. To enable quasi-continuous 
H2 production and minimize wastage of sun energy, two (or more) reactors are put in 
concurrent systems alternating between O2 and H2 production. In the second config-
uration (Fig. 14b), the metal oxide repetitively moves from one reactor to another, 
with reduction occurring in the sun irradiated reaction chamber and reoxidation 
reaction taking place in the dark reaction chamber. Thus, the manufacture of H2 is 
consecutive and the partition of O2 and H2 takes place spatially. In addition, the 
latter configuration contributes to heat recovery, which is essential for organizing 
high efficiency. Technologically, the two approaches to the design of a system of 
this type incorporate a moving bed of particles (or other forms) and counter-rotating 
rings [67, 68]. The moving particle concept offers greater operational flexibility, as 
particles can be stored and used on demand. Although this approach can improve the 
plant’s capacity factor, it eliminates the opportunity for solid–solid heat recovery. On 
the other hand, the reverse rotary ring reactor is a simpler system where the reactor 
and heat exchanger are contained in a single unit, but the strong coupling of the 
two reaction rates limits the opportunity to vary the residence time of each reaction 
independently.

STCH reactors demand a high factor of concentration (at least 2500) to limit 
re-radiation losses (∼T 4), which in conjunction with optical losses contribute to 
collection losses. These factors require the desired collection area to be > 5000 times 
larger than the receiver aperture area. After the defocusing and before being absorbed 
by the active materials, the collected sunlight has an affective absorbing flux of C 
> 200–500. In addition, the STCH reactor is typically located in a centralized H2 

production plant with a minimal size of 1 MW to balance system costs. 
Thermochemical processes promoted by a high flux solar simulator (HFSS) were 

performed to determine kinetics and performances [69]. At the present time, te 
results of pilot plant scale studies have verified the use of thermochemical cycles
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Fig. 14 Schematic of device architectures for a two fixed-bed alternating reactors STCH system, 
and b moving particle STCH continuous production system

of cerium oxide and iron oxide [70], and provided an important reference point to 
guide further development. When the energy consumed to separate the inert gas 
from air or gaseous products (Einert) is added, the solar-to-fuel energy conversion 
efficiency can be expressed by the relationship in Eq. 20. 

ηsolar−to− f uel  = HH  V  

Qsolar + Einert  
(20) 

While inert gas quenching increases the solar energy input needed, recovery of 
the inert gas increases the energy input. Currently, a method to effectively recycle 
the inert gas that leads to optimal efficiency remains a hurdle.
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4.1 Reactor for Volatile Metal Oxides 

Several strategies including packed bed, aerosolized and entrained flows, and 
dynamic feed in a rotating chamber, have been utilized to design reactors in which 
volatile cycles are employed. Typically, the reaction particles are directly heated by 
solar radiation and the gas phase is trapped by a continuously inert gas stream and 
delivered to the reactor outlet. A filtration unit at the outlet then separates the solid 
gas mixture to collect particles that can be used in the next reaction. Abanades and the 
coworkers [15] developed a continuous-feed solar reactor comprising a linear mirror 
with a horizontal axis and a parallel concentrator with a solar flux concentration of 
up to 1600 W/cm2 (Fig. 15). The water-cooled rotary cylinder chamber is situated at 
the focus of the thickener and the reaction chamber is separated from the ambient air 
by a glass window. The particles used in the process continuously enter the cavity 
through a screw feeder and are heated using direct solar radiation. 

Koepf et al. [71] carried out a pilot scale study of ZnO dissociation in a 1 MW 
solar furnace. The solar furnace consists of a heliostat, a rotating chamber and a 
quenching unit that operates during the day and cools to ambient temperature at 
night. These workers found that over a 13 d operation period, the dissociation rate of 
zinc oxide is as high as 28 g/min, and 28 kg of reactants were consumed. Although 
no hydrolysis reaction takes place, the experimental results reveal that (1) the quench 
unit requires a large gas flow to completely cool the reduced product, (2) collection 
of particles with up to 44% zinc molar content, (3) the reduction yield is high, and (4) 
development of an effective quenching technology is needed to increase ηsolar-to-fuel 

(3.5%).

Fig. 15 Schematic of the solar reactor which was made by Abanades et al. Reprinted from Ref. 
[15] 
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4.2 Reactor for Non-Volatile Metal Oxides 

Gokon et al. [72] explored a thermochemical system exploiting NiFe2O4/m-
ZrO2/MPSZ ceramic foam in a double quartz tube reactor. The NiFe2O4/m-
ZrO2/MPSZ ceramic foam was located on a porous quartz plate fixed inside a quartz 
tube (Fig. 16a) at the focal point of a 7-kW xenon lamp. The hydrolysis reactions 
were performed in another quartz tube (Fig. 16b). 

The material supporting the catalyst has a significant impact on the performance 
of the system. Studies by Vidales et al. [73] demonstrated that a reactor consisting of 
silicon carbide porous ceramic foam has three advantageous features, including (1) 
Reactants are immobilized on the silicon carbide receiver, thus preventing the avail-
ability of reactants and the recovery of raw materials, (2) the entire cycle takes place in 
the same reactor, and (3) due to the high surface area of porous silicon carbide, proper 
gas–solid contact and high mass transfer at the interface are ensured. Lorentzou et al. 
[74] studied the properties of nickel ferrites having either a porous disk or honey-
comb monolithic structure, which were prepared using different molding processes. 
Although not as efficient as powder constructions in hydrogen production, the honey-
comb monolithic structure is fully formed from the active material and is an ideal 
material for recycling, which eliminates the interaction between the active and inert 
structures. 

Processes utilizing reactant powders can be performed in solar radiation-driven 
thermochemical reactors in which fluidized beds are directly heated. Gokon et al. [75] 
demonstrated that hydrogen can be generated using a reactor containing an internal 
circulating fluidized bed (Fig. 17) topped with a glass window.

Traditionally, temperature changes introduce thermal stress on the reactor during 
two-step thermochemical cycles [76]. Hoskins et al. [77] was the first to develop a 
pilot scale potentially commercially feasible sequential isothermal thermochemical 
hydrogen generation system using a high-throughput solar furnace. In the device, 
two fluidized beds with iron aluminate (iron spinel) particles are situated in a solar 
chamber operating isothermally. During an 8 h operation period, the batch heater

Fig. 16 Device using NiFe2O4/m-ZrO2/MPSZ ceramic foam. Reprinted from Ref. [72] 
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Fig. 17 Schematic of an internal circulating fluidized bed reactor (reprinted from Ref. [75])

process optimized for the redox cycle yields 5.3 L of H2 with an average produc-
tion of 597 μmol H2/g. However, as reactor temperatures can change dramati-
cally throughout cloudy periods, appropriate reactor materials and advanced control 
systems are required to maintain constant temperatures and hydrogen production 
rates. 

5 Perspectives for Solar Thermochemical 
Seawater-Splitting 

Over the past few decades, most of the research in this area has focused on developing 
high-performance metal oxides that actively participate in thermochemical hydrogen
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production using high-purity freshwater. However, large-scale hydrogen production 
utilizing electrolysis of high-purity freshwater would either consume large quantities 
of this increasingly scarce source or the availability of expensive water purification 
systems [78]. At the present economic development, population growth and urban-
ization levels, the demand for drinking water has increased significantly. About 22% 
of the world’s population live in China and the nation has only 8% of the world’s 
fresh water resources. The imbalance between water supply and demand is more 
serious in China’s coastal areas than inland areas, due to higher levels of popula-
tion and industry. China’s 11 coastal provinces have only 1,915 m3 of water per 
capita (by the end of 2010). These provinces are situated on 1800 km of coastline, 
equivalent to 13.7% of China’s geographical area and 43.0% of its population (by the 
end of 2010). Therefore, utilization of STCH to produce hydrogen using seawater, 
the most abundant water resource on earth (~97%), is highly intriguing in the context 
of sustainable energy production. 

At the present time, studies of seawater splitting are at an early stage, and 
none yet have been aimed at solar thermochemical seawater-splitting. But this does 
not prevent us from looking forward to the development of solar thermochemical 
seawater-splitting. 

5.1 Desalinating Seawater for STCH 

Under high-temperature conditions, salt in seawater causes corrosion of STCH equip-
ment, which greatly affects service lifetimes. One possible strategy is to develop 
seawater desalination technologies, especially in economically developed coastal 
areas. The level of urbanization in the 11 coastal provinces of China compared to 
the national level, which in 2009 was 57.7% in the coastal areas, compared to the 
national average of 48.3% [79]. 

The water supply situation in the coastal areas of China reveals that water stress in 
coastal areas is higher than in the country as a whole. The total water supply accounts 
for 51.1% of the water supply capacity in the coastal areas and 50.4% of the national 
water supply capacity. In addition, the public water supply system in the coastal 
zone serves a higher proportion of the population. Per capita water consumption 
in the coastal zone is 185.2 L/person/d, compared to the national average of 171.4 
L/person/d. 

At present, the coastal areas have made greater progress in economic and industrial 
development compared to the inland, which has led to greater pressure on water 
resources in the coastal areas. In 2010, the gross domestic product (GDP) of coastal 
areas was RMB 24.6 trillion, accounting for 61.3% of the national GDP. However, 
water resources in the coastal areas only accounted for 28.6% of the national total. 
The total water consumption in coastal areas is 248 trillion cubic meters, accounting 
for approximately 41.2% of the country’s total water consumption. Coastal areas 
utilize about 28.1% of water resources, compared to a national average of 19.5%.
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In summary, the imbalance between water supply and demand in coastal areas has 
worsened over the past decades due to increased economic development, growing 
populations and urbanization. In the coming two decades, these factors will become 
even more important in coastal areas. This is particularly true for the Pearl River 
Delta, the Yangtze River Delta and the Bohai Sea Rim. One of the greatest challenges 
to China’s development is how to address the growing imbalance between water 
supply and demand. Thus, for the economically developed coastal areas, it is feasible 
to develop industrial level seawater desalination technologies, and the desalinated 
seawater could be used for many purposes including STCH water-splitting to produce 
H2. 

5.2 Seawater Electrolysis for Hydrogen Production via Solid 
Oxide Electrolyzer Cell (SOEC) 

Recent years have seen advances in the development of low-temperature water elec-
trolysis technologies, such as those associated with alkaline and proton exchange 
membrane water electroliers [80, 81]. Solid oxide fuel cells (SOFCs) have been 
popular for decades and extensive research has been carried out on these systems to 
explore SOFC fabrication techniques, electrode development and operating parame-
ters [82]. The reversal of SOFCs consisting of solid oxide electrolyzer cells (SOEC) 
has recently received a lot of attention because of their advantages over cryogenic 
electrolysis in terms of efficient H2 production. 

In the early 1980s, steam electrolysis for hydrogen production in SOEC attracted 
interest as an alternative to low-temperature water electrolysis [84]. From a ther-
modynamic point of view, high-temperature electrolysis of steam using SOEC is a 
promising technology compared to low-temperature water electrolysis because it is 
more thermodynamically and kinetically favourable at high temperatures and there-
fore requires less electrical energy per mount of produced hydrogen [85, 86]. The 
increase in operation temperature results in a lower electrical energy requirement for 
steam electrolysis and, therefore, a lower cost of hydrogen production. 

Currently, most water electrolysis technologies are based on the utilization of 
freshwater. However, less than 1% of freshwater on the Earth is accessible at an 
affordable cost, whereas 97.5% of water on the Earth is in the form of seawater 
which has an almost unlimited abundance. Electricity generated by renewable energy 
technologies (such as offshore wind and wave farms) can be used for the direct elec-
trolysis of steam, and these technologies are more common in areas where seawater is 
abundant. Developments relating to electrode materials for low-temperature seawater 
electrolysis have been used to solve problems such as the production of chlorine at the 
anode and the gradual accumulation of insoluble precipitates at the cathode [87, 88]. 
In contrast, the electrolysis of seawater with high-temperature steam using SOEC is 
still a new area of research to be explored.
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Chan and the coworkers investigated two issues related to seawater electrolysis 
using button cell SOECs [89]. The first involves the purity of steam produced from 
seawater and the second involves contamination by sea salt of the Ni-YSZ fuel 
electrode and its effect on electrochemical performance and device degradation. A 
test, conducted using a button cell consisting of Ni-YSZ as a fuel electrode, YSZ as 
electrolyte and LSCF-GDC as an air electrode, demonstrated that these problems can 
be overcome and that SOECs are feasible for direct seawater electrolysis. In this study, 
the in-situ and non-in-situ properties of SOEC were investigated using pure water 
and simulated seawater-generated vapour and SOEC fuel electrodes contaminated 
with sea salt. The results showed that no contaminants were found in the seawater-
generated vapor, so the electrolysis of pure water and seawater-generated water vapor 
had almost the same initial performance in terms of current–voltage curves and 
impedance spectra. The degradation rate in seawater electrolysis was also similar to 
that in normal water electrolysis. Post-run analysis showed that sodium chloride is 
not present on the surface, cross-section and electrode–electrolyte interface of the 
Ni-YSZ fuel electrode. Therefore, direct contamination of the SOEC fuel electrode 
by sea salt, which affects the electrochemical performance of the cell, does not 
occur. Furthermore, the uncontaminated and contaminated cells have similar initial 
properties. The degradation rate of the contaminated cells is also close to that of the 
uncontaminated cells. Post-run analysis confirmed that sea salt does not react with 
the electrode material and is lost during operation at a typical temperature of 800 °C 
[89]. Thus, this method might be suitable for large-scale hydrogen production from 
seawater. 

6 Challenges and Outlook 

Although the technological readiness level (TRL) of direct solar hydrogen production 
technology is significantly lower in terms of proven scale and lifetime, it has unique 
characteristics compared to low-temperature electrolysis (LTE). For example, direct 
solar-to-hydrogen pathways can be utilized in locations that do not have reliable 
electrical grid infrastructures, as they can avoid the need for electricity transmission 
lines. For STCH water-splitting, the largest demonstration facility comprised of three 
fixed-bed reactors with two containing NiFe2O4 and one CeO2 as redox-active mate-
rials have a capacity in the range of 750 kW [90]. No reports about the efficiency 
of this system have appeared. The experimental maximum efficiency of the thermo-
chemical cycle was 5.25% in a 4.1 kW fixed-bed reactor with CeO2 operating in a 
solar simulator [91]. 

New STCH based systems, which are comprised of new redox-active materials 
that have lower solar input requirements per mole of H2 produced and good water-
splitting thermodynamics is a major challenge. In addition, the ideal redox-active 
material should exhibit fast redox kinetics, high cyclability, high thermal stress, high 
thermal conductivity and oxygen ion conductivity as well as low cost. Currently, 
researchers in this field consider ceria to be the most advanced material, as it is the
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most studied material. However, ceria is very difficult to reduce, requiring reduction 
temperatures of up to 1500 °C or higher, or very low O2 partial pressures (e.g., very 
high sweep currents). 

Materials similar to ceria but with a lower enthalpy change of reduction (e.g., 
15% lower) and a similar or slightly lower entropy change of reduction will be more 
readily reduced with adequate reoxidation thermodynamics and kinetics. However, it 
may not be possible to maintain a solid state entropy change at the ceria level during 
the reduction process while reducing the enthalpy change [92]. 

Considering the design of the STCH system, the reduction in heat loss and heat 
demand of the auxiliary system will result in an increase in overall system effi-
ciency close to the theoretical value. Effective heat recovery systems are required 
to optimally select the temperature difference between the reduction reaction (O2 

production) and the reoxidation reaction (H2 production) without adversely affecting 
the STCH conversion efficiency while utilizing a higher degree of reduction and 
water conversion yield (i.e., limiting the amount of excess steam). The challenge 
of developing a cost and performance effective solid–solid heat exchange system 
is reflected in the fact that 80% effectiveness has not yet been achieved [93]. The 
removal of oxygen from reduction reactors is another issue that has received more 
attention, although not enough in practical applications. The technical approach to 
achieving the necessary low oxygen partial pressures must be energetically efficient 
and economical. Presently, a second-law efficiency of 10% for N2-O2 separation is 
deemed to be acceptable in electrically driven devices. The thermally driven oxygen 
adsorption/desorption cycle can be developed to improve STCH conversion effi-
ciency by using internal and low mass process heat [94]. Although less studied, the 
H2/H2O separation process is also critical to achieve high STCH conversion effi-
ciency. Recovering latent heat is often more challenging than achieving efficient 
gas–gas heat exchange, as efficiencies in excess of 90% have been reported for gas 
phase recovery at high temperatures [37, 95]. An ideal H2/H2O partitioning process 
would involve reusing the residual in-process heat from the reoxidation reactor and 
separating the two substances in the gas phase. More generally, the choice between 
finding the optimum operating conditions or the ideal material has not yet been agreed 
among workers in the field. 

Due to the high solar flux and high temperature of the STCH unit, the 
receiver/reduction reactor is one of the most risk-prone critical components of the 
water separation unit. The reactor needs to be fabricated with materials that are resis-
tant to severe thermal shock and that can operate in high-temperature and oxidizing 
environments. Moreover, materials in the reactor, heat exchange and heat integration 
and separation are also important in designing devices that can be used for large 
scale hydrogen production. So far, most of the focus has been on finding a material 
that is as good as cerium dioxide in terms of reduction and reoxidation performance. 
From a materials perspective, the design of a reoxidation reactor is less challenging 
than a reduction reactor. The heat captured during reoxidation plays a crucial role 
in improving the efficiency of STH conversion as it can be used repeatedly to drive 
all auxiliary processes. Currently, no reactors have been developed with designs that 
address this issue.
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The capabilities of STCH water-splitting systems can be extended to other impor-
tant processes such as CO2 and N2 reduction [9]. Redox-active metal oxide-based 
cycles can be applied directly to CO2 cracking and/or combined CO2/H2O cracking 
to produce CO/syngas respectively. Since the Gibbs free energy change for CO2 split-
ting is lower than that of the water-splitting at high temperatures, cycles that carry 
out these processes are less energy-demanding than that for water-splitting. Other 
applications of the STCH system, in which the oxygen affinity of reduced (oxygen-
deficient) metal oxides is utilized, include oxygen pumping, inert gas purification and 
the production of N2 from air [96]. In addition, the principle behind STCH extends 
to redox-active metal nitrites, which release nitrogen to react with H2 to produce 
ammonia [97]. 

In conclusion, direct solar hydrogen production through STCH water cracking, 
while not yet cost competitive with more recent methods such as LTE using electrons, 
can be a unique alternative and complementary method in certain parts of the world 
where the grid is not yet fully deployed. They can also provide a more resilient 
solution for long-term energy storage. 
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Photo-Driven Biocatalytic Seawater 
Splitting 

Wei Geng, Zi-Qian Yi, and Xiao-Yu Yang 

Abstract Hydrogen is considered as one of the most promising energy sources 
because of its wide sources, zero carbon emissions, and high conversion efficiency. 
Biological hydrogen production, to convert organic matter or water into hydrogen 
by using the metabolism of organisms themselves, has shown great potential in 
green hydrogen industry due to its unique advantages of low cost, zero carbon emis-
sion, and mild reaction conditions. Hydrogen production from seawater has aroused 
widespread interest among researchers. The high salinity of the seawater will lead to 
the inactivation of cells. Therefore, it is necessary to design a cell protection strategy 
to keep long term stable of microorganisms even in harsh environments such as 
seawater. Cell nanoencapsulation is a method inspired by nature to enhance their 
durability or functionalize them, in which the nanomaterials self-assemble on cell 
surface forming an artificial shell with “cell in shell” structure. Among them, arti-
ficial photosynthetic biohybrid system with semiconductor materials have attracted 
wide attention for solar-driven hydrogen production. Huge improvements have been 
achieved in the past decade because that such biohybrid systems may overcome the 
limitations of natural and artificial photosynthesis. In this chapter, we have thoroughly 
reviewed this new artificial biohybrid system both enzyme-based and cell-based that 
can be exploited to target hydrogen production. The mechanism and its application to 
the preparation of artificial hybrid system with highly advanced functional materials 
are discussed. In the end, the design direction of next-generation artificial hybrid 
system creating is prospected. 

Keywords Biological hydrogen production · Artificial biohybrid system · Cell 
nanoencapsulation · Semi-artificial photosynthesis · Enzymatic
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1 Introduction 

While advances made in the energy industry in recent years have resulted in increased 
productivity, global energy consumption has also grown dramatically. This increase 
has led to a global energy crisis caused by increases in energy prices and by fossil fuel 
combustion promoted climate change and air pollution. In this context, hydrogen has 
received increasing attention as an energy generator, due to its being renewable and 
clean. Notably, combustion of hydrogen has a high specific heat and it produces water 
solely. Consequently, the application of hydrogen as a large-scale energy source in 
areas such as the automotive industry has progressed significantly [1]. Hydrogen is 
generally produced by water electrolysis [2], the water–gas shift reaction [3], and as a 
byproduct of petroleum refining [4, 5]. Among the currently available methods, those 
relying on biological processes for production of this gas are the most cost-effective. 
Importantly, approaches that utilize living organisms that produce hydrogen and 
biofuels by hydrogenase-catalyzed processes are highly attractive. Thus, a sufficient 
supply of this energy source could be created using organisms, and inexhaustible 
supplies of water, carbon dioxide and sunlight [6]. 

Recently, artificial photosynthetic biohybrids have attracted much attention to 
highly efficient biohydrogen production [7]. These systems integrate biocatalytic 
machinery with synthetic materials in a manner that combines the strengths of each 
while overcoming their limitations. In these hybrid systems, microbes function as 
catalysts to drive the overall endergonic series of chemical reactions that generate 
hydrogen. In addition, synthetic materials including dyes, electrocatalysts, semi-
conductors, electrodes, and mediators have been utilized as scaffolds to immobi-
lize biocatalysts and functional components [8]. Those materials also protect fragile 
bioorganisms enabling sustainable stability in unfavorable environments [9–11]. 

Artificial biohybrids are powerful tools for transforming light energy into 
hydrogen [12]. Unlike in microbial electrosynthesis, biohybrids serve as stand-alone 
systems that do not require external electron input. Furthermore, catalytic conver-
sion efficiencies of the biohybrids can be enhanced by upregulating key enzyme 
components using nanoparticles [13]. The formed bio-nanomaterials have enhanced 
levels of hydrogen production using light illumination [14]. Importantly, the inter-
face between materials and bioorganisms plays a key role in low efficient electron 
transfer [15]. 

Up-scale production of biohybrid system is a challenging issue [16]. Moreover, 
many other issues need to be addressed to increase the scale of biohybrid-promoted 
hydrogen production to reach industrial levels, including the biocompatibility of 
nanomaterials and cost. We believe that current efforts aimed at designing effi-
cient large-scale artificial biohybrid processes will revolutionize hydrogen produc-
tion from water and sunlight. In this chapter, we provide background information 
that will the understanding of processes and mechanisms involved in bio-hydrogen 
production, Next, we describe and discuss investigations which have led to important 
contributions to artificial photosynthesis.
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2 Hydrogen-Producing Enzymatic Processes in Organisms 

Organisms produce hydrogen through many biological pathways. The two types 
of enzymes that promote processes that lead to hydrogen production are hydroge-
nases and nitrogenases. Hydrogenases catalyze the direct generation of hydrogen by 
reducing protons by electrons, while nitrogenases produce this gas as a by-product 
of nitrogen fixation [17]. 

2.1 Nitrogenases 

Cyanobacteria can reduce molecular nitrogen to form ammonia and hydrogen. Nitro-
genases are multiprotein complexes each consisting of a dinitrogenase (molybdenum-
iron protein or protein I) and its specific reductase (iron protein or protein II). The 
dinitrogenases are α2β2 heterotetramers composed of α and the β subunits having 
molecular weights of about 220–240 kDa [18]. The heterotetramers contain a [4Fe-
4S] cluster and two ATP active sites. Dinitrogenase reductases are 60–70 kDa homod-
imers comprised of subunits encoded by NifH [19]. The conversion efficiencies of 
nitrogenases are lower than those of [FeFe]-hydrogenases and [NiFe]-hydrogenases 
(see below) [20]. In eukaryotic green algae, HydA localizes to the chloroplast as matu-
ration occurs [21]. The several forms of nitrogenases that exist are classified based 
on the metal cofactors they contain. The most common of these are Mo nitrogenases, 
and two other groups are V-nitrogenases and Fe-nitrogenases [22]. V-nitrogenases 
and Fe-nitrogenases are enzyme homologs, which lack additional subunits (VnfG or 
AnfG). The three nitrogenases catalyze hydrogen evolution (Eqs. 1–3) with different 
efficiencies [23]. 

The most studied members of the Mo-nitrogenase family are oxygen-sensitive 
metalloenzyme complexes. Perhaps the most common Mo-nitrogenases are those 
present in Azotobacter vinelhandii, Klebsiella pneumoniae, and Clostridium 
pasteurianum [24–28]. The ferritin cycle in these bacteria can promote reduction 
of nitrogen and production of hydrogen [29, 30]. 

Mo − nitrogenase : N2 + 8H+ + 8e− + 16ATP 
→ 2NH3 + H2 + 16ADP + Pi 

(1) 

Fe − nitrogenase : N2 + 21H+ + 21e− + 42ATP 
→ 2NH3 + 7.5H2 + 42ADP + 42Pi 

(2) 

V − nitrogenase : N2 + 12H+ + 12e− + 24ATP 
→ 2NH3 + 3H2 + 24ADP + 24Pi 

(3)
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2.2 Hydrogenases 

Three different types of hydrogenases exist relying on the nature of the metal cluster at 
the reaction center. Included in this group are the two most important hydrogenases, 
[NiFe]-hydrogenase and [FeFe]-hydrogenase [31–34], which contain CO and CN 
ligands bound to metal centers, and are irreversibly inactivated by oxygen. Structural 
analysis shows that the [4Fe-4S] cluster is a source of electrons for the [2Fe-2S] core 
where protons bind to iron portion in the [2Fe-2S] core and are reduced to produce 
hydrogen. 

In cells, these hydrogenases exist in either soluble forms in the cytoplasm or in 
membrane-bound forms [35]. [NiFe]-hydrogenases trend to take part in hydrogen 
consumption, whereas [FeFe]-hydrogenases generally produce hydrogen [36]. In 
addition, [NiFe]-hydrogenases are constitutively expressed, whereas expression of 
[FeFe]-hydrogenases requires anaerobic induction [37, 38]. 

2.2.1 [FeFe]-Hydrogenases 

[FeFe]-hydrogenases are present in various organisms, but mainly anaerobic 
bacteria, especially those in fermenting organisms (for example, bacillus). [FeFe]-
hydrogenases, found in algae (eg., Chlorella), have 100 times higher catalytic activi-
ties than those of other hydrogenases [39]. In 2001, the first algal [FeFe]-hydrogenase 
gene from Scenedesmus obliquus was cloned in 2001 [40, 41], and [FeFe]-
hydrogenase genes were subsequently produced for Chlamydomonas [42, 43] and 
Chlorella vulgaris [44, 45]. Fe-S clusters exist in bacterial [FeFe]-hydrogenases and 
are necessary for electron transport. Chlorella contains two the [FeFe]-hydrogenases, 
HydA1 and HydA2 [46]. 

2.2.2 [NiFe]-Hydrogenases 

[NiFe]- and [FeFe]-hydrogenases differ in many ways. For the most part, [NiFe]-
hydrogenases catalyze hydrogenation and, as such, are likely to have been key 
enzymes functioning in the advent of modern respiratory metabolism [32]. [NiFe]-
hydrogenases, which are more abundant in nature than [FeFe]-hydrogenases [47], 
are present in archaea and anaerobic and aerobic bacteria, but not in eukaryotes. 
Although genetically unrelated, [NiFe]- and [FeFe]-hydrogenases have many similar-
ities including active sites containing 1) ligands CO- and CN-coordinated to iron, and 
2) a binuclear metal center. In general, [NiFe]-hydrogenases catalyze both hydrogen 
evolution and uptake, while [FeFe]-hydrogenases only promote hydrogen evolution 
[36]. Moreover, the conversion efficiencies of [FeFe]-hydrogenases are typically 10– 
100 times higher than those of [NiFe]-hydrogenases [36]. However, several excep-
tions to this categorization exist. [NiFe]-hydrogenases consist of at least two subunits 
[35].
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3 Semi-artificial Photosynthetic Biohybrids for Hydrogen 
Production 

3.1 Hydrogen Production Through Photosynthesis 

In currently operating biogas production facilities, biomass is fermented by microor-
ganisms to generate H2, methane, and CO2. Because of photosynthesis in microor-
ganisms, the biogas production process indirectly utilizes solar energy. Almost all 
photosynthetic microorganisms contain hydrogenases. So, it shows the great poten-
tial to produce H2 by solar energy directly. This was first discussed by Gaffron in 
1937, in a report describing H2 production in green algae [48]. 

Oxygenic photosynthesis is driven on charge separation between two reaction 
centers (Fig. 1). In the sequence, photosystem II (PSII) oxidizes water while releasing 
molecular oxygen and protons (reaction 5). Electrons produced in this system are 
transferred to photosystem I (PSI). A reaction then occurs in PSI to generate a highly 
reducing electronic state that promotes reduction of ferredoxin (Fd, reaction 6). The 
second light-induced reaction creates electron carriers that have a sufficiently high 
reduction potential to conduct CO2 reduction through the Calvin–Benson–Bassham 
(CBB) cycle or H2 production by hydrogenases (reaction 7) 

2H2O + 8hv → O2 + 2H2 

E0 = +1.23 V (4) 

2H2O + 4hv → O2 + 4H+ + 4e 
PSII, E0, = +820 mV (5) 

4e−(0 mV) + 4hv → 4e−(−430 mV) 
Plastoquinol (PSII) → Fd (PSI) (6) 

4H+ + 4e− → 2H2 

Hydrogenase, E0, = −410 mV (7)

Because ferredoxin functions as an electron donor, a natural pathway exists for 
electrons to promote H2 production by hydrogenases. However, two main obstacles 
stand in the way of utilizing the high efficiency of this “dream” reaction. One hurdle 
is associated with the fact that most active hydrogenases are sensitive to oxygen 
O2. Moreover, competitive pathways exist for carbon fixation by the CBB cycle 
(Fig. 1). In microorganisms, carbon fixation is necessary for growth. The CBB cycle 
is the main function of the electrons extracted from water. Only when this metabolic 
pathway is inhibited, H2 production will operate to relieve the buildup of excess 
electrons and avoid stress.
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Fig. 1 The scheme of H2 production in microorganism

Approaches have been developed to overcome this problem. One involves 
temporal separation of photosynthetic growth and H2 production in which PSII 
activity and the presence of O2 are inhibited after the photosynthetic growth phase 
using sulfur deprivation [49]. Starch degradation serves as one electron source for 
H2 production under the anaerobic conditions (Fig. 1). This strategy is suboptimal 
because solar energy is stored temporarily in biomass and thus H2 production is 
not continuous. In a search for a more direct approach, efforts have been made 
to promote solar-driven H2 production by introducing semi-artificial materials in 
non-natural photosynthesis systems [50]. 

3.2 Semi-artificial Photosynthetic Biohybrids 

In nature, solar energy is used in photosynthesis to produce O2 and organic 
compounds from CO2 [51]. This process is comprised of light and dark reactions 
(Fig. 2) [52]. In light reactions, PSII absorbs photons and uses the energy in its excited 
state to oxidize water and release protons and O2. The energized electrons (e−) are  
transported to PSI [53]. Then, ATP synthesis is conducted by the electrochemical 
potential gradient maintained by cross-membrane transport of protons [54]. Then 
NADPH and ATP are utilized to form CO2 that is converted to carbohydrates via 
the Calvin cycle [55]. Although the quantum efficiency (QE) of charge separation 
in natural photosynthesis can be as high as 100% [56], organisms evolved using this 
pathway for survival rather than maximization efficiency. For example, photorespi-
ration and photodamage caused by long light exposure or high light illuminate are 
harmful to photosystem [57]. An alternative energy-consuming process, self-repair 
reversal of photodamage, causes decreases in solar conversion efficiency. Because
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Fig. 2 Schematic of semi-artificial photosynthesis which combines the advantages of the natural 
photosynthesis and artificial photosynthesis 

of these factors, photosynthetic efficiencies are actually 20% of the solar intensity 
absorbed, and the solar-to-biomass (STB) efficiency is only 1–2% for photosynthetic 
microorganisms [58] and less than 0.1% in most plants [7]. 

In artificial photosynthetic systems, semiconductor-based materials harvest solar 
energy to generate high-energy electron donors, which can participate in photore-
ductive reactions such as H2 production, CO2 reduction, and N2 fixation (Fig. 2). 
Light-capturing efficiencies of semiconductors can be promoted by using structural 
modification, band structure regulation, and defect construction [59]. In comparison 
to semiconductors, biological pigments such as chlorophylls and carotenoids absorb 
solar light only within specific wavelength ranges [60]. By using artificial photosyn-
thetic systems comprised of semiconductors, several excellent photocatalytic CO2 

reduction processes have been developed that have as high as 20% of STC conver-
sion efficiencies, which are significantly higher than those of phototrophic organisms 
[61–63]. This feature has stimulated the development of artificial photosynthesis 
systems to generate methanol or higher alcohols (liquid sunshine) [64]. However, 
the attainment of this goal is confronted by scale-up issues. The solar conversion 
efficiencies of artificial photosynthetic systems are highly dependent on the pres-
ence of impurities in catalysts, which are attenuated in the liquid phase and prone 
to reactions [7]. Also, the self-replicating properties of microorganisms are difficult 
to mimic in artificial catalysts. Furthermore, artificial systems are restricted by their 
lack of chemical selectivity, which prevents simulation of the specific nature of C2+ 

product formation from CO2 that occurs in natural photosynthesis [65]. In spite of 
the promoted selectivity, production of complex multi-carbon-based products using 
artificial photosynthetic systems is still rare [66, 67]. 

In light of the restrictions outlined above, semi-artificial photosynthetic biohy-
brid (SAPS) systems, also known as photosynthetic biohybrid systems, have been 
explored in recent years [7]. One system of this type consists of a photosensitizer 
as a light-harvesting component (Fig. 3). The photosensitizers are materials such as 
photoelectrodes, nanoparticles, photosensitive dyes, and photochromic molecules. In 
addition, enzymes or bacteria are used as react centers for production of long carbon
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Fig. 3 Schematic of a semi-artificial photosynthesis system 

chain substances from simple building blocks (CO2, H2O, and N2) through precisely 
synchronized catalytic processes. Therefore, the photosynthetic biohybrids combine 
the advantages of natural and artificial photosynthetic systems to promote light-
driven generation of valuable chemicals (Fig. 2). The semi-artificial photosynthetic 
biohybrids are classified into enzyme-based and cell-based systems. In enzyme-based 
semi-artificial photosynthetic biohybrids, pure enzymes such as [FeFe]-hydrogenase 
(H2ase), CO dehydrogenase, and [MoFe]-nitrogenase are used in combination with 
photoelectrodes or semiconductor nanoparticles [68–70]. These systems, which 
display nearly 100% product selectivities, can utilize rationally designed photo-
sensitive materials that have maximized charge flow to active center [71]. A recent 
report systemically summarized the key variables that govern the optimization of 
product production that facilitate interactions between biomolecules and synthetic 
materials [72]. Furthermore, although cell-free semi-artificial photosynthetic biohy-
brids can be designed to utilize the full solar spectrum [9], the inherent instabilities 
and laborious purification processes needed to produce requisite enzymes hinder its 
applications. 

A timeline of pioneering studies leading to the history of enzyme-based and cell-
based SAPSs is given in Fig. 4. The earliest report of a cell-based SAPS, in which 
Clostridium butyricum is composited with TiO2 and methyl viologen (MV) for H2 

production [73], dates back to the 1980s. Although research on bioelectrochem-
istry (BEC), especially efforts related to microbial electrosynthesis (MES) [74], has 
progressed in the twenty-first century, studies focusing on cell-based SAPSs have 
been sparse. In the first decade of the twenty-first century, investigations of light-
driven chemical or biomass-producing systems, in which nanomaterials or electrodes 
are utilized in combination attracted interest with regard to cell-based SAPSs [75, 76]. 
Cell-based systems employ natural or synthetic photosensitive materials as electron 
donors as locations in which critical reactions occur [65]. Importantly, the unique and 
sophisticated metabolic processes taking place in organism systems can be utilized
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Fig. 4 Timeline of studies of enzyme-based and cell-based semi-artificial photosynthesis systems 

to produce chemicals. Moreover, product diversity can be expanded in cell-based 
hybrids by using synthetic biology [7]. Also, the self-repair and self-replication 
properties of live cells endow cell-based systems with potentially high stability and 
scalability. Although the development of cell-based systems is at an early stage, these 
benefits suggest that it will have wide commercial use in carbon–neutral solar energy 
conversion [77]. 

To design efficient SAPSs for commercialization, it is critical to first understand 
and maximize the interfacial electron transfer process. However, mechanisms for 
electron transfer are still unclear, especially those taking place in cell-based systems. 
In the case of enzyme-based SAPSs, photosensitizers can be precisely designed to 
bind to enzyme active centers based on a consideration of the surface properties 
(electrostatics, covalent binding) of the enzymes. Furthermore, interfacial electron 
transfer in enzyme-based systems can be explored by using spectroscopic techniques. 
For instance, in vitro electron transfer from CdS to the hydrogenase has been probed 
utilizing transient absorption (TA) decay kinetics [78]. Also, X-ray absorption spec-
troscopy (XAS) has been utilized to determine oxidation states of metal centers 
in the enzymes which govern the specificity of electron transfer from photosensi-
tizers to biocatalysts [79]. Unfortunately, application of these techniques in studies 
of whole-cell systems is made difficult by interactions that occur between metabolic 
processes and potential interference in making spectroscopic measurements in vivo. 
Also, electron transfer in the cell-based systems can take place through either direct 
or indirect pathways [80–82]. To enhance the efficiencies of SAPSs, investigations 
of interfacial biotic-abiotic redox communication are required.
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3.2.1 Material-Microorganism Electron Transfer 

A fundamental question about semi-artificial photosynthetic biohybrids is how cells 
utilize the electron generated by nanoparticles in pathways for product production. 
Studies of charge transfer in bioelectrochemical systems provide fundamental knowl-
edge about these processes. Although autotrophic bacteria commonly apply H2 as 
energy, many of them have evolved the ability to construct direct electrical contacts by 
which they can transport electrons to and from electrodes [83]. As a result, the mech-
anism by which electron transfer occurs between an anode and electron-donating 
bacteria has been studied [84, 85]. Membrane-bound proteins transfer electrons 
across cell membranes [86] via processes involving surface-displayed cytochromes 
and flavins [87]. In addition, it has been demonstrated that oxidation reactions of inor-
ganic mineral oxides mediate electrostatic interactions on surface-displayed hemeo-
proteins. For example, Fukushima et al. reported that MtrF, a terminal extracellular 
electron transfer protein from Shewanella oneidensis MR-1, combine with mineral 
oxides using a three-dimensional, positively charged pocket (Fig. 5a) [88]. As well, 
bacteria have extracellular polymers, termed microbial nanowires [81, 89], that are 
involved in redox processes. Cryoelectron microscopy was used to investigate the 
structure of Geobacter sulfurreducens that are responsible for long-range electron 
transport (Fig. 5b) [90]. The results show that the nanowires consist of hexaheme 
cytochrome OmcS with heme groups assembled within 3–6 Å (Fig. 5c). 

The platform in cell-nanoparticle hybrids enables spectroscopic exploration of the 
mechanisms of charge transfer between biotic/inorganic interfaces. Knowledge about 
the material–microorganism interface in these systems can be utilized to design effi-
cient solar-to-biomass conversion systems [65]. An efficient H2-producing device

Fig. 5 Mechanisms of electron transfer in microbial cells. a Modeling of electron transport from 
MtrF to material. b Cryoelectron microscope graph of nanowires (scale bar, 200 Å). c Schematic 
of metal cluster hemes dense-packed in nanowires 
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needs to have a high efficiency for solar energy harvest and a high selectivity for 
specific catalytic reactions [59]. Solid-state materials like inorganic semiconductors 
[91] have the photoelectronic properties needed for electron transport and solar-to-
electricity conversion. In addition, non-photosynthetic microbes that possess efficient 
H2-producing biochemical pathways can be bioengineered to use in cell–nanopar-
ticle hybrids. The beneficial features of materials and microorganisms can be used 
advantageously to create systems that undergo semiconductor-driven biochemical 
processes that form H2 with efficiencies [92]. 

Two mechanisms for electron transfer between materials and microorganisms, 
including mediated and un-mediated, have been explored. In mediated route, a 
soluble redox shuttle electrochemically regenerated at the electrode–solution inter-
face provides reducing equivalents in the microbes [92–94]. Oxidation of the reducing 
equivalents causes reduction of NAD(P)+ to form NAD(P)H. These efficient systems 
contain an H2-generating electrocatalyst coupled with H2-oxidizing or CO2- or N2-
reducing bacterium [92, 93, 95]. These synthesized systems show 10% solar-to-
biomass energy conversion efficiencies [92], which are an order of magnitude greater 
than those of plant-based photosynthesis systems [96]. The design of these systems 
takes advantage of earlier research that provided an understanding and optimiza-
tion of the H2 evolution reaction [97]. In a biological context, the basic process is 
a consequence of the robust, native autotrophic metabolism occurring in various 
microorganisms that leads to CO2 fixation to generate materials [98], molecules 
[99], biomass, and proteins [92, 93]. Alternative systems that utilize redox mediators 
such as formate [100], phenazines, and viologens [101] have also been developed 
[75, 102]. 

3.2.2 Cytoprotection in SAPSs 

SAPSs are promising platforms to promote conversion of CO2, N2, and H2O to  
biomass [65]. However, autotrophic organisms such as M. thermoacetica that have 
specialized metabolic pathways cannot stable in the high level of photon required 
for photosynthesis. In addition, enzymes like Rubisco, hydrogenases, and nitroge-
nases are usually oxygen sensitive [103]. Sacrificial agent used to prolong separa-
tion of photo-generated electron become depleted during the photosynthetic process. 
To circumvent these problems, a novel strategy was developed in which cystine is 
reduced to cysteine by TiO2 nanomaterials [104]. Although this approach enhances 
the yield of the process converting CO2 to acetate, photoanodic TiO2 nanocatalysts 
lead to the creation of deleterious reactive oxygen species (ROS) [105]. To elevate the 
applicability of photosensitized organisms to solar-to-biomass conversion, it is imper-
ative to design cytoprotection strategies that possess long-term stability in reaction 
environments. 

In nature, there are number of examples of cytoprotection systems. For example, 
diatoms generate silica by forming shells to thwart environmental stresses [106]. 
In addition, cyanobacteria produce extracellular polymers that absorb light in the 
damaging high-energy UV range [107]. Therefore, approaches involving directly
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coating cells with charged polymers [108], and inorganic [109, 110], and metal– 
organic framework materials (MOFs) [111] have been employed to protect against 
mechanical stresses, thermal and radiation [112]. As mentioned above, E. coli was 
encapsulated by CdS nanoparticles in a system for hydrogen production [113]. 
Because of oxygen sensitivity, the E. coli-CdS composites were entrapped in silica 
to enhance stability. Also, charged polymers were deposited on the membranes of 
the cells to provide a scaffold for deposition of silica. This protocol led to the gener-
ation of a stability-enhancing local anaerobic microenvironment within the cell core 
(Fig. 6a, b). 

Another strategy involves encapsulation of the photosensitized cells in the 
hydrogel. Owing to the presence of a soft structure with well-developed microvoids, 
alginate hydrogel enables unencumbered proliferation of cells [114]. Also, the algi-
nate gel scavenges ROS including superoxides, hypochlorites, and peroxides [115]. 
Thus, hydrogel encapsulation of M. thermoacetica-AuNCs leads to an increase in 
the efficiency of photosynthetic acetate production [116]. 

MOFs are microporous materials that can enhance biocompatibility [117, 118]. 
Because of their advantages in thermal and chemical stability, and facilitation of 
gas absorption, MOFs have interesting applications in mixed gas sequestrations and 
CO2 electrocatalysis [119, 120]. For example, the results of studies by Liang and co-
workers demonstrate that a zeolitic imidazolate framework (ZIF) can be selectively

Fig. 6 Cytoprotection for microbes. a E. coli hybrid with CdS is entrapped in silica. b Oxygen 
concentration decreases with depth. c Schematic of ZIF coatings on living cells. d Schematic of 
MOF nanosheet coating M. thermoacetica against ROS damage 
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in vitro precipitated on yeast [111]. Remarkably, the crystallized ZIF coating prolongs 
the viability of yeast under adverse environmental conditions (Fig. 6c). However, the 
rigidity of nanoshell prevents cell proliferation and induces formation of a dormant 
state. Additionally, the ZIF coating might not fully cover the yeast cell membrane. In 
this light, Ji et al. reported a technology to entrap M. thermoacetica in flexible MOF 
nanosheets (Fig. 6d) [121]. The MOF layer does not block cell division. Comparing 
with native M. thermoacetica, nanosheet-coated M. thermoacetica undergoes decay 
at a remarkably lower rate when exposed to the ROS H2O2. The enhanced lifetime is 
a consequence of decomposition of ROS promoted by the surface zirconium clusters. 
As a result, MOF-encapsulated M. thermoacetica-CdS promotes carbon fixation even 
under oxidative stress, and it has a 200% increased acetate production efficiency over 
that of the bare biohybrid. 

4 Hydrogen Production in Enzyme-Based SAPSs 

4.1 [FeFe]-Hydrogenase 

4.1.1 Single-Walled Carbon Nanotube 

[FeFe]-hydrogenases, containing clusters comprised of one iron and one nickel center 
[122], can catalyze the redox interconversion of molecular hydrogen and protons. 
Owing to the low cost and high efficiency, [FeFe]-hydrogenases have been the good 
alternatives to noble metal catalysts for solar-driven H2 production [123–125]. More-
over, [FeFe]-hydrogenases have high efficiency at zero overpotential and are highly 
stable [125, 126], both of which are needed for industrial solar hydrogen conversion 
applications. 

In a recent study, Drazenka Svedruzic et al. determined the highly active 
SWNT/CaH2ase-based electrodes (Fig. 7) [127]. The electrocatalytic performance of 
electrodes having a high m-SWNT content compared with those of Pt-group catalysts, 
and their proton reduction and H2 oxidation performances exceeded those of other 
H2ase-based electrodes. The m-SWNT showed the advantages in the construction of 
electroactive enzyme-based electrodes for potential applications.

In this study, SEM was used to observe the surface morphologies of bare C-
cloth and C-cloth/SWNT electrodes. Images of bare C-cloth reveal the presence of 
nanoparticles ranging from 10 to 100 nm showing nanoscale roughness (Fig. 8a). 
Spraying with small amounts of SWNTs does not obviously change the surface 
morphology as can be seen by viewing images (Fig. 8b, c). The image in Fig. 8d 
shows that the morphology of an 84% m-SWNTs on C-cloth substrate is clearly 
dominated by that of the C-cloth, but SWNTs ranging about 20–110 nm are in 
contact with and bridge the C-cloth particles, suggesting that good electrical transfer 
between the C-cloth and SWNT.
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Fig. 7 Hydrogen production of biosystem with [FeFe]-hydrogenase immobilized on single-walled 
carbon nanotube (SWNT)

Fig. 8 SEM graphs of synthesized biological electrodes. a bare electrode of C-cloth; b, c electrode 
of C-cloth by adding 33% m-SWNT with 1.2 μg cm−2 areal density; d electrode of C-cloth by 
adding 84% m-SWNT with 0.9 μg cm−2 areal density
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Fig. 9 CVs for CaH2ase 
immobilized on electrode of 
bare C-cloth (black) and 
C-cloth composite 84% 
m-SWNT (red) 

CVs of these materials demonstrate that the current by using a C-cloth/SWNT 
electrode (84% m-SWNT) are enlarged more than 200-fold that of the bare C-
cloth electrode. Under the experimental conditions, points of zero current for C-
cloth/CaH2ase and C-cloth/SWNT/CaH2ase electrodes (from Fig. 9) occur at poten-
tials of −0.633 and −0.622 versus Ag/AgCl, respectively. This result demonstrates 
that the addition of the SWNT network does not change the CaH2ase operating 
potential or the Hþ/H2 equilibrium on the electrode surface. 

Figure 10 contains plots that show the dependence of CaH2ase-based electrode 
performance. The data show that films with higher m-SWNT content display higher 
catalytic currents at fixed SWNT coverage. Additionally, the current density increases 
with the amount of SWNTs. The change in current density of the highest m-SWNT 
is the largest. The results suggest that the CaH2ase on s-SWNTs does not affect the 
externally measured catalytic current as much as it does on m-SWNTs.

4.1.2 Carbon Dots 

Comparing with traditional semiconductors [128–130], quantum dots [68, 131– 
133] metal-free light harvesters have lower toxicities and costs. Their high water 
dispersibilities [134–136], photostabilities, and tunabilities of absorption above 
600 nm [137] make carbon dots (CDs) exceptional in this group for use as photo-
sensitizers in solar fuel production systems [138–144]. These features have moti-
vated studies of their biotechnological applications [145–147]. Compositing CDs 
and hydrogenases is a promising strategy to create biohybrid systems for hydrogen 
production [148]. Hydrogenases are specific proteins that contain abundant active 
sites. Thus, they require pathways for electron and proton shuttling [149–152]. 

In one recent study, Katerina Hola et al. prepared CDs for use as the photosensitizer 
to drive reactions of the artificially maturated [FeFe] hydrogenase (Fig. 11) [153].
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Fig. 10 Proton reduction 
current density curves of 
CaH2ase immobilized 
C-cloth electrode with 
increasing the amount of 
m-SWNT

The possibility of producing the [FeFe] hydrogenase using standard heterologous 
expression technologies also significantly simplifies the catalyst production. 

The negative charges on the surfaces of the L-aspartic acid (AspCD) parti-
cles provide an ideal interface for inducing the [FeFe] hydrogenase. Specifically, 
CrHydA1, [FeFe] hydrogenase from Chlamydomonas reinhardtii, is positively 
charged which is near its active site (Fig. 12), which serves as an ideal site for 
attachment to the CDs. Because CDs are smaller than the hydrogenases, the possi-
bility exists that several CDs interact with the hydrogenase to form numbers of 
light-harvesting centers. However, considering the size of the CDs and that of the

Fig. 11 Schematic of biohybrid system with CDs and hydrogenases for hydrogen production 



Photo-Driven Biocatalytic Seawater Splitting 345

positively charged area (see Fig. 12c), it is likely that at most two CDs are close 
enough to the active site to participate in the transmission of electron. 

In both the presence and absence of the MV2+, H2 production is promoted by the 
biohybrid AspCDs/CrHydA1 when various sacrificial electron donors are employed. 
In the system using EDTA as the sacrificial donor, the produced hydrogen during the 
first hour of light illuminating is 0.14 ± 0.05 μmol and it increases by a factor of 6 
(0.77 ± 0.08 μmol H2) when MV2+ is present as the mediator. This result indicates 
that the electrostatic interaction is not sufficient to promote direct electron transfer 
to the enzyme. In contrast, the process occurring in the presence of TEOA has a 
higher H2 evolution efficiency during the first hour in the absence of MV2+ (0.62 ± 
0.11 μmol) than when this mediator is present (0.33 ± 0.09 μmol) (Fig. 13a). These 
results show that the negative charged AspCD interact strongly with the positive 
charged CrHydA1 as compared to those not containing EDTA. Because the pH of 
the solution is identical in the two cases, the difference in photocatalysis is likely 
associated with the nature of the sacrificial electron donor. 

The results of assays show that the AspCDs and CrHydA1 hybrids along with 
electron donors (EDTA) and the redox mediators (MV2+) produce H2, at which time 
the hydrogen accumulation plateaus when MV2+ is absent (Fig. 13). The observation

Fig. 12 a Crystal structure model of CrHydA1); b Electrostatic map of CrHydA1; and c Influence 
of EDTA on the interaction between AspCDs and CrHydA1 

Fig. 13 Hydrogen evolution under light illumination of the hybrid system of AspCDs and CrHydA1 
in the present of TEOA (a) or EDTA (b) with and without MV2+ 
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Fig. 14 Hydrogen evolution of hybrid electrode in the presence of TEOA and MV2+ by adding 
extra AspCDs (a) or CrHydA1 (b) 

that the presence of excesses of either AspCDs or CrHydA1 does not elongate the time 
over which hydrogen evolution takes place shows that both AspCDs and CrHydA1 are 
deactivated over extended operation times. In contrast, MV2+ increases the stability 
of the artificial system by enabling almost linearly increasing hydrogen production 
(Fig. 13a). In accord with this proposal is the finding that adding new AspCDs with 
MV2+ after hydrogen production ceases has only a negligible effect on extending 
hydrogen evolution (Fig. 14a), but hydrogen production is restarted by addition of 
CrHydA1 (Fig. 14b). 

4.1.3 TiO2 

In microalgae and cyanobacteria, H2 is produced via a [FeFe]hydrogenase ([FeFe]-
H2ase), which catalyzes reduction of protons to form H2 [154]. A semi-artificial 
hybrid comprised of PSII and H2ase has been developed for light-driven water split-
ting that does not require the participation of PSI. This design of PEC, inspired 
by the features of dye-sensitized solar cells [155], enables replacement of PSI by 
a rationally designed diketopyrrolopyrrole (dpp) dye having an absorption profile 
complementary to that of PSII. The PEC system, which does not require dual light 
absorption, contains a tandem photoanode consisting of PSII connected to the dye-
sensitizer TiO2. Efficient electron transfer between PSII and dpp was realized by 
adding the polymer poly(1-vinylimidazole-co-allylamine)-Os(bipy)2Cl (POs). 

Measurements showed that the new PEC tandem cell has a photoanodic current 
onset potential of approximately −0.5 V versus the standard hydrogen electrode 
(SHE) (Fig. 15). The IO-TiO2@dpp@POs-PSII electrode shows a more than 0.5 V 
shift towards negative potential. This property makes the new electrode a promising 
candidate for use in overall water splitting. Studies showed that potential-independent 
steady-state photocurrent occurs at Eapp > −0.2 V versus SHE (Fig. 15b).
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Fig. 15 a Chronoamperometry curves of different electrodes in cycles with light on or off. b 
Photocurrent density of different electrodes 

Control systems containing only one component of the photoanode exhibit only 
marginal photoactivity. The small background photoresponses arising from IO-
TiO2@dpp@PSII and IO-TiO2@dpp@POs (Fig. 15), and their similarity to the 
response of IO-TiO2@dpp are associated with the occurrence of stoichiometric 
electron transfer from photoexcited dpp (dpp*) to TiO2 without regeneration and 
photocatalytic turnover of the dye. The observation of a low photocurrent arising 
from the system lacking POs (IO-TiO2@dpp@PSII) supports the conclusion that an 
insufficient direct electronic interaction exists between PSII and dpp when the redox 
polymer is not present. Also, no significant photocurrents arise from systems lacking 
dpp (IO-TiO2@POs-PSII (Fig. 2), IO-TiO2, IO-TiO2@POs, and IO-TiO2@PSII).
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These findings are in accord with the more positive reduction potentials of PSII’s QB 
and POs relative to the CB of TiO2, which causes unfavorable electron transfer. Obser-
vation made in studies of the newly developed semi-artificial system demonstrates 
that a functional biotic–abiotic interface can be assembled for controlled electron 
transfer in an artificial Z scheme. 

IO-TiO2, IO-TiO2@POs, IO-TiO2@PSII, and IO-TiO2@POs—PSII produced 
negligible photocurrents under all wavelengths of monochromatic light illumina-
tion (Fig. 16a). PSII-free electrodes loaded with dpp gave photocurrent responses that 
match the absorption spectrum of dpp, showing that the origin of background current 
is photooxidation of dpp. For the IO-TiO2@dpp@POs-PSII system, the photocurrent 
onset occurred at λ = 620 nm with a maximum being reached at approximately 
560 nm, which are consistent with the overlapping absorption spectra of PSII and 
dpp, and the requirement for simultaneous excitation of both components.

For the purpose of probing dpp, continuous excitation of PSII (t) in IO-
TiO2@dpp@POs-PSII (Fig. 16b) was carried out. This led to a wavelength dependent 
action profile that mimics the UV–vis spectrum of dpp and the results of single-
wavelength excitation experiments. In comparison to the latter, the scan profile 
contains a maximum at λ = 550 nm, but the magnitude of the photocurrent is 40% 
higher. The overall dual excitation promoted photocurrent cross-section (Fig. 16b) is 
approximately two times higher than those of the individual components (Fig. 16a). 

An artificial PEC cell was constructed using an IO-TiO2@dpp@POs-PSII 
photoanode and an IO-ITO@H2ase cathode separated by a glass frit membrane. The 
data in Fig. 17 demonstrate that this system promotes solar-driven water splitting. 
Chronoamperometry measurements over longer irradiation times (Fig. 17a) were 
performed to minimize charging effects. Upon simulated solar light irradiation, the 
system has a current density of 28 ± 5 μA cm–2 at an applied voltage (Uapp) 0 V 
(Fig. 17b). The magnitude of the photocurrent is similar to that of a two-electrode 
system comprised of a Pt rather than an IO-ITO@H2ase cathode. This finding is 
consistent with the photocurrent limitation by IO-TiO2@dpp@POs-PSII. Comprised 
of an IO-TiO2@H2ase cathode, the two-electrode system was observed to exhibit 
similar behavior, even though less charging occurred because of the matched Fermi 
levels of IO-TiO2.

After one hour of continuous light irradiation of the semi-artificial PEC device at 
Uapp = 0.0 V, H2 is generated (0.06 μmol H2 cm−2) with a Faradaic efficiency (ηF) 
of 76%. However, a reliable analysis of formed O2 can not be performed because 
of the detection limit of the apparatus. At Uapp = 0.3 V, O2 and H2 evolutions 
(Fig. 20c) were ηF = 88 ± 12% and 82 ± 10%, respectively, and the solar-to-
hydrogen conversion efficiency is about 0.14 ± 0.02%. The PSII-based turnover 
frequency was 2.5 ± 0.3 mol O2 (mol PSII)−1 s−1, calculated on the basis of the 
quantities of O2 and PSII.
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Fig. 16 a Single-wavelength photocurrent action spectra and b dual-wavelength photocurrent 
action spectra of PSII-dye photoanodes

Fig. 17 a Chronoamperometry curve of the constructed PEC cell for overall water splitting. b 
Photocurrent density for the constructed PEC cell determined in a. c Quantification of O2 and H2 
evolution at each photoanode
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4.2 [NiFeSe]-Hydrogenase 

4.2.1 Perovskite 

A perovskite-H2ase photocathode has been developed for use in a water splitting 
system (Fig. 18) [156]. The photoanode, comprised of an encapsulation that protects 
the photo-absorber while providing a porous and biocompatible TiO2 scaffold for 
the enzyme, is combined with the water oxidation photoanode BiVO4 for bias-free, 
tandem PEC production of H2 and O2. The system takes advantage of the fact that 
enzymes have been incorporated with high loading into hierarchically structured 
porous, inverse opal (IO) metal oxide scaffolds. 

Linear sweep voltammetry (LSV) of the synthesized PVK@IO-TiO2@H2ase 
electrode showed that it has a cathodic onset potential of +0.8 V versus RHE and a 
photocurrent density of approximately −5 mA cm−2 at 0 V versus RHE. Controlled 
potential photoelectrolysis (CPPE) of water was conducted at +0.4 V versus RHE, 
and gas chromatography was used to determine H2 evolution yields. The CPPE results 
demonstrated that the photocathode is stabile in that it promotes the water splitting 
reaction for a 12 h period (Fig. 19b). The electrode fails to work after 12 h, in which 
water is likely to entry the electrode to break the perovskite. The stability of the 
equivalent PVK-Pt device was found to be comparable, which indicates that decay 
of the perovskite limits longevity. The H2ase electrode generates 258 ± 55 μmol 
H2 cm−2 of H2, whereas the enzyme-free counterpart produces <1 μmol H2 cm−2 

(Fig. 19c).
The BiVO4 photoanode is used as the current-limiting light absorber (Fig. 20a). 

Due to the high O2 resistance of [NiFeSe] H2ase, the two photoelectrodes directly 
construct the PEC cell without the separated membrane. Under bias-free condition, 
the device obtained a current density of about 1.1 mA cm−2 and an onset potential

Fig. 18 Schematic of semi-artificial hybrid system consisting of H2ase, perovskite and BiVO4 
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Fig. 19 a LSV curve of different photocathodes. b CPPE of photocathodes with or without H2ase. 
c Hydrogen evolution of photocathodes with or without H2ase 

Fig. 20 a LSV curves of photocathode and photoanode. b Potential chronoamperometry of the 
constructed device with or without H2ase. c CPPE of the constructed device with or without H2ase. 
d Hydrogen evolution of the constructed device with or without H2ase

of about −0.6 V (Fig. 20b). In view of the bias-free CPPE curve, the photocur-
rent continually decreases over 8 h, because the enzyme desorption, inactivation, or 
reorientation cause the destruction of film (Fig. 20c). The Faradaic efficiency (FE) 
of this PEC cell is about 82 ± 3% for H2 and 50 ± 8% for O2 (Fig. 20d). The 
solar-to-hydrogen efficiency of the system is 1.1%.
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5 Hydrogen Production by Bacterial-Based Semi-artificial 
Biohybrids 

5.1 Shewanella Oneidensis MR-1 

5.1.1 Cu2O + rGO 

Flexible and thin Reduced graphene oxide (RGO) sheets with high specific surface 
areas and excellent electron transport mobilities serve as an area for efficient electron 
collection as well as for fast electron migration [157–159]. Thus, in contrast to soluble 
electron mediators, RGO is a superior solid-state support material for electron relay 
between different nanoparticles. Moreover, RGO also exhibits high biocompatibility 
and, as a result, it can be used to effectively bridge cellular MRPs [160, 161] which 
then distribute electrons into cells. As a result, RGO serves as an ideal support and 
electron mediator for whole-cell SAPSs for efficient solar H2 production. 

Considering its band position and visible light-promoted photocatalytic activity, 
Cu2O is an ideal semiconductor for SAPSs construction [162–164]. Based on this 
knowledge, Hongqiang Shen et al. designed an RGO-supported SAPS, in which 
the RGO is used as the electron collector between semiconductor nanoparticles and 
cells by efficiently wiring the MRPs (Fig. 21) [165]. This guarantees that collected 
electrons are efficiently distributed into the cells. Specifically, in the Cu2O/RGO/SW 
SAPSs, RGO enables efficient electron flow between Cu2O and SW cells, which 
should lead to efficient solar H2 production.

In the fabrication process, Cu2O/RGO nanocomposites entrapped SW cells 
through the hydrophobic interactions by simple mixing. Transmission electron 
microscope (TEM) and scanning transmission electron microscope (STEM) indi-
cated that both the Cu2O nanosheets and SW cells are supported on RGO. CLSM 
analysis of the Cu2O/RGO/SW SAPSs showed that cell viability is maintained 
demonstrating that the Cu2O/RGO/SW SAPSs fabrication process is viable and 
biocompatible (Fig. 21g). The SAPSs show the 46–80-fold higher hydrogen produc-
tion performance (about 322.0 μmol/g Cu2O) than those of Cu2O and Cu2O/RGO 
(Fig. 22). To explore the role played by RGO in the SAPSs, the formed Cu2O/SW 
SAPSs only exhibited a low level of H2 production of 8.3 μmol/g Cu2O.

5.1.2 CdS 

It is well known that the dissimilar metal reduction bacterium, SW, possesses an 
extracellular electron transfer (EET) chain, through which in the metal-reducing 
(Mtr) pathway [80, 166, 167] electrons are delivered to extracellular inorganic mate-
rials [168, 169]. However, when the SW is employed as a biocatalyst for reduc-
tion reactions like that used in hydrogen production from water, electron transfer 
between an extracellular semiconductor and bacteria must take place reversibly. SW
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Fig. 21 a Schematic of the hybrid system. b TEM image of the hybrid system. c STEM image and 
EDS mapping images of d O, e C, and f Cu. g CLSM image of this hybrid system

contains two periplasmic hydrogenases [170], which accept electrons from an extra-
cellular semiconductor [171]. Although remaining largely unnoticed, these observa-
tions suggest that it should reverse the EET chain of SW by using a biotic-abiotic 
system with semiconductor nanoparticles. Also, owing to its powerful reducing and 
detoxification capacities, SW serves as a bio-nano-factory for fabricating multifunc-
tional nanoparticles [172, 173]. This enables its use in hybrid photosynthetic systems 
employed in fundamental mechanistic studies.
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Fig. 22 a Light-driven H2 production of each material under the light. b Average rate of H2 
production using different various electron mediators

In a recent proof of concept study, a hybrid photosynthetic system in which SW is 
coupled with biogenic CdS nanoparticles was constructed (Fig. 23) [174]. In the SW-
CdS photosynthesis mimicking system, biogenic CdS nanoparticles cause SW to be 
active in light-driven hydrogen generation. The results of this study, detailed below, 
show that the contribution and direction of EET in the biotic–abiotic photosynthetic 
system are well defined, highlighting its key role in light-driven hydrogen generation. 
The results provide important insight into the design of biotic-abiotic photosynthetic 
systems. 

Inspection of a TEM image of SW CdS nanoparticles shows that the formed 
nano-sized particles are located mainly in the extracellular space and are attached to 
the outer membranes of the cells for the most part (Fig. 24a). The magnified TEM 
image (Fig. 24b) shows that few biosynthesized nanoparticles (1 ± 1.4 nm) are in 
the periplasm of SW cells. Energy dispersive spectroscopy (EDS) revealed that the

Fig. 23 Electron transfer route for hydrogen production in biohybrid systems 
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Fig. 24 a, b TEM iamge of SW-CdS. c EDS spectrum of particles on cells. d–f STEM image and 
EDS mapping of SW-CdS: e S and  f Cd. XPS of CdS: g Cd 3d and h 2p. i XRD of CdS  

major components are Cd and S in an approximate 1:1 ratio (Fig. 24c). To deter-
mine the location of CdS nanoparticles more precisely, high-angle angular dark 
field-scanning transmission electron microscopy–energy-dispersive spectroscopy 
(HAADF-STEM-EDS) mapping was performed on the hybrid photosynthetic system 
(Fig. 24d–f). As expected for microbial cells, signals associated with P arise from 
the entire cell. In comparison, S and Cd are annularly arranged around the cell 
(Fig. 24e,f), confirming that assembled CdS nanoparticles are located both in the 
extracellular space and within the periplasm of SW. 

A high hydrogen generation efficiency under light illumination is achieved by 
using SW-CdS (Fig. 25a). After 72 h illumination, the total hydrogen yield promoted 
by SW-CdS is about 362.44 ± 119.69 μmol/mg, which is about 711-fold higher than 
that produced by using only SW (0.51 ± 0.13 μmol/mg) and 4.36-fold higher than 
that generated by SW (dead)-CdS (83.05 ± 17.08 μmol/mg). The results reveal that
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Fig. 25 a Hydrogen production of SW with or without CdS in dark or light. b ATP level of 
different experiments under 72 h irradiations. c NADH/NAD+ ratio assay of different experiments. 
d Hydrogen production of WT-CdS and ΔhydAΔhyaB with live or dead cells

a synergistic effect between SW and CdS nanoparticles in the hybrid photosynthetic 
system facilitates hydrogen production. Specifically, bacteria-promoted activity for 
hydrogen generation is activated by the illumination of self-anchored semiconduc-
tors. During the 72 h process, hydrogen generation by SW-CdS exhibits a nearly 
linear relationship with time, and an average rate of 5.03 ± 1.67 μmol/(mg h). Thus, 
the SW-CdS photosynthetic system performs highly efficiently and has high stability. 
To investigate whether the photoexcited electrons can be delivered from the biogenic 
CdS nanoparticles to create cellular energy, intracellular ATP and NADH/NAD + 
ratios in different groups were determined after 72 h illumination (Fig. 25b, c). The 
highest ATP and NADH/NAD + ratios were obtained using the WT-CdS photosyn-
thetic system under light illumination, indicating that CdS-generated photoexcited 
electrons can be taken up and converted into cellular reducing power and a proton 
motive force (PMF). In this and a previous study, Hexing Han et al. showed that SW 
cells transmit electrons from the electrode to activate oxygen reduction in a way that 
enables the production of cellular energy. 
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5.1.3 CuInS2/ZnS Quantum Dots 

A novel approach to the design of artificial photosynthetic biohybrids for hydrogen 
production utilizes whole cells expressing hydrogenases. These systems should have 
advantages over those employing purified hydrogenases due to their ease of fabri-
cation and high stability. Thus far, two general types of whole-cell based biohy-
brid systems have been developed, one based on an extracellular photosensitized 
biohybrid and the other a cytoplasmic photosensitized biohybrid [175, 176]. In the 
extracellular photosensitized biohybrid, electrons are delivered from excited states 
of extracellular photosensitizers to the hydrogenase in the cell through redox media-
tors or membrane-bound redox-active proteins. However, because it is a transmem-
brane process, electron transfer is slow. In the cytoplasmic photosensitized biohybrid 
system, interfacial electron transfer between the excited photosensitizer and enzyme 
occurs in the cytoplasm, thereby avoiding energy loss because it is not a transmem-
brane process. Also, it is known that gram-negative bacterial cells have periplasmic 
space between the outer membrane and cytoplasm [177]. Compared with the cyto-
plasm, the periplasm is located close to the outer membrane, making light absorption 
by its constituent photosensitizer favorable. Furthermore, locally high hydrogenase 
concentrations exist in the periplasm space, which causes electron transfer between 
the hydrogenases and excited photosensitizer to take place more rapidly. Recogni-
tion of these features gives new insight into strategies for the development of more 
efficient whole-cell biohybrid systems. 

In a recent effort, Bifu Luo et al. fabricated SAPSs by mixing biocompatible 
quantum dots with a cell that expresses hydrogenases in its periplasm [171]. The 
system QDs/SW SAPSs, comprised of CuInS2/ZnS quantum dots (QDs) and SW 
cells (Fig. 26), displays continuous H2 production under visible light irradiation at 
higher levels than those of bare QDs or SW cells. 

Confocal laser scanning microscope (CLSM) images of fabricated QDs/SW 
SAPSs showed that red fluorescence of the QDs is well dispersed in the SW cells 
(Fig. 27b). In addition, a TEM image of a cross-section slice was employed to show 
that periplasm of the SW cells contains dispersed QDs (Fig. 27c, d) as a likely

Fig. 26 a The synthesis of QDs/SW SAPSs. b The electron transfer between QDs and hydrogenase 
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Fig. 27 a TEM graph of QDs. b CLSM graph of cells composited with QDs. c TEM graph of 
QDs/SW SAPS. d TEM graph of QDs on the SW cell 

consequence of binding between zinc in the ZnS shell of QDs and Fe-S clusters in 
the hydrogenase. 

As illustrated in Fig. 28a, H2 is not generated by using either irradiating bare 
SW cells or QDs/SW SAPSs in the dark. H2 production by bare QDs is 57 0.2 ± 
8.6 μmol under visible light irradiation for 9 h. Under the same conditions, QDs/SW 
SAPSs display a superior H2 production (491.8 ± 26.6 μmol), which is 8.6-fold 
higher than that of bare QDs. The optimized apparent quantum efficiency (AQE) of 
QDs/SW SAPSs reaches 15.02% when irradiated at 475 nm. Long-term monitoring 
(Fig. 28b) showed that H2 production increases in a nearly linear fashion with respect 
to irradiation time up to 45 h. This indicates that the durability of QDs/SW SAPSs 
is about 1.2 times longer than that of the most CdS/E. coli whole-cell biohybrid 
system reported to date. The viability of bacteria in the SAPSs was demonstrated by 
using fluorescence microscope analysis under light irradiation (Fig. 28c). However, 
in contrast to the observation that no bacteria are destroyed after 13 h irradiation, 
prolonged irradiation for 48 h brings about nearly complete bacterial death, mainly 
because of the occurrence of hole oxidation and a lack of an energy source for main-
taining cell metabolism. This observation contrasts with previously reports indicating 
whole-cell hybrid system does not maintain H2 production for more than 20 h, The
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Fig. 28 a H2 production of different groups. b H2 production of different groups under long-time 
irradiation. c Fluorescence microscope graph of QDs/SW SAPSs after strained with LIVE/DEAD 
assay kit. Scale bar, 20 μm. d H2 production of SAPSs with extracellular and intracellular QDs 

long-term viability can be attributed to the high biocompatibility of QDs as well 
as the minimization of damage caused by visible light. resulting in the sustained 
hydrogen production capacity of QDs/SW SAPSs, where the p. To show that a large 
local concentration of hydrogenases in the periplasm of SW cells is responsible for 
the high efficiency, cells in QDs/SW SAPSs were lysed and H2 production was then 
determined. Indeed, H2 production decreased to 202.7 ± 12.6 μmol, suggesting that 
the unique periplasmic location results in a high hydrogenase concentration. More 
importantly, intracellular QDs in the periplasm are close to the hydrogenase which 
facilitates electron transfer and consequent improvement of the charge transport 
efficiency. 

5.2 Escherichia Coli 

5.2.1 CdS 

In a recent study, Wang et al. designed a whole-cell E. coli-CdS hybrid system 
for efficient biological hydrogen production that utilizes the endogenous bacterial
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[Ni–Fe]-hydrogenase and electrons photogenerated by CdS, which is present in the 
form of precipitated sulfide complexes as a precipitate on the bacterial cell surface 
(Fig. 29) [178]. TEM images of both freeze-dried and thin-sectioned samples of the E. 
coli-CdS hybrid showed that high densities of nanosized particles are present on the 
surface, and high-resolution TEM (HRTEM) images revealed that these nanoparticles 
are distributed across the periplasmic space of the E. coli membrane and that half of 
the nanoparticle surface is exposed to the extracellular environment. The precipitated 
nanoparticles have an average size of about 15–20 nm. In addition, scanning electron 
microscope (SEM) images and X-ray spectroscopy (EDX) analysis showed that 
protruding nodules of CdS particles exist on the cell surface of E. coli. 

The study by Wang et al. demonstrated that about 1400 μmol of hydrogen is gener-
ated from untreated E. coli culture under dark conditions. In contrast, the amount 
generated using the E. coli-CdS hybrid system is slightly lower when the system is 
irradiated with visible light (VL) with an intensity lower than 500 W m−2. However, 
the hydrogen generation significantly increased with increasing VL intensity and 
reaches a maximum at an intensity of 2000 W m−2. This amount corresponds to an 
increase of ~30% over that of untreated E. coli. Hydrogen produced from both the 
untreated E. coli culture and the hybrid system over 3 h decreases with increasing light 
intensities higher than 2000 W m−2. However, hydrogen production from the hybrid 
system is still significantly (p < 0.05) higher than that of the control. In addition, 
hydrogen production using CdS nano particles, isolated from the hybrid, increases

Fig. 29 a TEM image of E. coli-CdS hybrid system. b TEM image of the thin-section of the hybrid 
system. c TEM image of nanoparticles on cell surface. d TEM image of synthesized CdS. e SEM 
image of nanoparticles on cell surface. f EDX analysis of CdS nanoparticles 
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Fig. 30 Hydrogen 
production of synthesized 
hybrid system and controls 

with increasing light intensity to a lesser extent than that of the hybrid system under 
the same conditions. From a material chemistry point of view, the results suggest that 
the hydrogen production efficiencies of semiconductors are significantly enhanced 
by incorporating them into biological hybrids (Fig. 30). 

Information about the mechanism for electron transfer in this biohybrid comes 
from the observation that no hydrogen is generated by the heat-treated hybrid system 
(Fig. 31). This finding indicated that the surface CdS of the hybrid system does not 
generate hydrogen in the absence of the biological components and that additional 
hydrogen evolution is not directly generated by surface CdS promoted water elec-
trolysis. This outcome might be partially due to hydrogen bonding between water 
molecules and e organic components of bacterial cells, such as phospholipids and 
peptidoglycans. It was also found that an increase in the concentration of Cr(VI), 
a widely used electron scavenger in photocatalysis studies, causes a decrease in 
extra hydrogen evolution. This observation suggests that the interaction between 
photogenerated electrons and E. coli is inhibited by Cr(VI) and totally quenched by 
0.5 × 10–3 M Cr(VI). In addition, compared with hydrogen production promoted 
by irradiation of untreated E. coli with visible light at 2000 W m−2, the amount of 
hydrogen evolved from the system comprised of untreated E. coli mixed with isolated 
CdS nanoparticles id not significantly enhanced. The results show that close contact 
between the CdS nanoparticles and E. coli is essential for electron migration.

The photoexcited electrons produced by light absorption by surface CdS particles 
can interact with bioactive components for injection into the hydrogen production 
pathway (Fig. 32). A portion of these electrons can take part in glycolysis, which 
results in higher levels of pyruvate formation. The lactate fermentative pathway 
can also be inhibited by the photogenerated electrons, leading to a lower consump-
tion of pyruvate and a consequent a higher concentration of formate. This process 
would enhance FHL activity, leading to more rapid consumption of formate and a
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Fig. 31 Hydrogen 
production of different 
systems under various 
treatments

higher hydrogen production efficiency. In addition, an elevation of the intracellular 
NADH/NAD ratio caused by the photogenerated electrons could also benefit the 
hydrogen production process. 

Fig. 32 Schematic of the 
electron transfer from solar 
light to cell for hydrogen 
production
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5.2.2 CdS + Silica 

Zhao et al. devised a whole-cell photocatalytic hydrogen production system that is 
comprised of a biocompatible light-capturing inorganic semiconductor, engineered 
E. coli cells as a biocatalyst, and a protective shell against oxygen. Guided by 
this study, Wei Wei and co-workers recently developed engineered E. coli cells 
for photocatalytic hydrogen production under aerobic conditions (Fig. 33) [113]. 
The system combines the biosynthetic capability of CdS nanoparticles with surface-
displayed heavy metal-binding proteins and biocatalysis by oxygen-tolerant [Ni– 
Fe]-hydrogenase. The fusion protein expression plasmid, including the E. coli outer-
membrane protein A (OmpA) and the PbrR protein, was transformed into E. coli 
strain BL21. Expression of PbrR protein on the surface of E. coli cells was induced 
using arabinose, and precipitation of CdS nanoparticles on the cell surface was trigged 
by adding Cd2+ to the culture medium. As the TEM images show, Cd2+ accumulates 
on the cell surface as <50 nm uniform nanoparticle clusters. Furthermore, EDX 
analysis of a randomly chosen area containing the CdS nanoparticles confirmed the 
elemental composition. 

Trace amounts of H2 are produced by the engineered E. coli cells in the presence 
or absence of CdS in the absence of light as a result of anaerobic fermentation 
mediated by the endogenously expressed hydrogenase (Fig. 34). However, under 
illumination by a 350-W Xe lamp, the engineered E. coli cells (1 × 108) carrying CdS 
nanoparticles form 13.40 ± 1.20 μmol H2 after 6 h and up to 81.80 ± 7.39 μmol after 
24 h. These values are significantly higher than those of other systems. In addition, the

Fig. 33 The synthesis of hybrid photocatalytic system 
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Fig. 34 a Schematic of CdS engineered cell. b TEM images of hybrid photocatalytic system. c 
EDX analysis of nanoparticle on the cell. d H2 production of different groups under anaerobic 
condition. e H2 photosynthesis rate under long-time light illumination and relative cell viability 

rate of H2 generation using the hybrid system increases from 0.56 to 1.15 μmol/108 

cells per hour in the first 18 h and then decreases due to bacterial death (Fig. 34e). 
The results demonstrate that H2 production by the newly engineered E.coli cell-CdS 
hybrid system under anaerobic conditions is directly related to the presence of the 
biosynthesized CdS semiconductor and the activity of the whole-cell biocatalyst. 

5.2.3 TiO2 

Balasubramani Ramprakash et al. used this material to create a sodium alginate 
encapsulated hybrid system (TiO2/MV2+/E.coli) and evaluated its hydrogen produc-
tion efficiency under aerobic and anaerobic conditions (Fig. 35) [179]. They antici-
pated that TiO2 nanoparticles would utilize light energy to generate electrons, which 
would be transferred into E. coli by the electron mediator (MV2+). Finally, in this
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Fig. 35 Schematic of the encapsulated hybrid system 

system, the inorganic semiconductor (TiO2) and E. coli (NiFe) hydrogenases are 
encapsulated to protect against oxygen. 

In the effort, E. coli cells were grown in LB medium for about 6 h at 37 °C. 
Then, 200 μL of the preculture was centrifuged for 10 min at 12,000 g to obtain cell 
pellets, which were resuspended in 50 mL of 50 mM MOPS medium supplemented 
with 0.375 mM TiO2 anatase along with 5 mM MV2+ (electron mediator) to form 
the hybrid system. After a desired incubation period, the cell pellets were subjected 
to centrifugation at 12,000 g for 10 min and then suspended in 1 mL of 0.9% NaCl, 
containing 4 mL of 2.5% sodium alginate and mixed well. The sodium alginate 
hybrid cell suspension was placed in a sterile syringe and droplets were ejected into 
100 mL of a stirred 100 mM CaCl2. The generated encapsulated hybrid cell beads 
were used for hydrogen production (Fig. 36).

Under anaerobic conditions (Fig. 37a), hydrogen production by the non-
encapsulated hybrid steadily increases up to 18 h and reaches a maximum at around 
24 h corresponding to a yield of 3.6 mmol H2/mmol glucose. After 24 h hydrogen 
production ceases. On the other hand, with the encapsulated hybrid system hydrogen 
production is slow but steadily increases up to 36 h to reach a maximum yield of 
3.1 mmol H2/mmol glucose after 48 h. Following the 48 h period, no hydrogen 
production occurs. These results clearly demonstrate that under anaerobic condi-
tions the hybrid system without encapsulation more efficiently generates hydrogen 
than the encapsulated hybrid system. This is due to the fact that the interaction 
between light and the nanoparticles is affected by encapsulation. In contrast, under 
aerobic conditions hydrogen production by the encapsulated hybrid system steadily 
increases up to 42 h and reaches a maximum at 48 h that corresponds to a yield 
of 2.4 mmol H2/mmol glucose, which is threefold higher than the hydrogen yield 
of unencapsulated hybrid system (0.8 mmol H2/mmol glucose) at 48 h (Fig. 37b). 
This observation suggests that, as expected, alginate encapsulation is essential for 
protection of the oxygen-sensitive hydrogenase of E. coli.

The hydrogen-producing ability of this system under natural sunlight was also 
investigated. The results demonstrate that the encapsulated hybrid system under 
anaerobic conditions has the highest hydrogen yield. This observation demonstrates



366 W. Geng et al.

Fig. 36 Schematic of light-driven hydrogen production of biohybrids

that the encapsulated hybrid system effectively utilizes natural sun light to form 
hydrogen under natural condition. 

5.2.4 CdSexS1-x 

In a proof-of-concept study, Shuo Cui et al. constructed a coupled inorganic–biohy-
brid system for fermentative hydrogen production that is comprised of an industrial 
E. coli strain and bacterial self-assembled CdSexS1-x as the intracellular semicon-
ductor (Fig. 38) [180]. The inorganic–biohybrid system, CdSexS1-x NPs, was synthe-
sized in-vivo by E. coli cells. The proposal that biosynthesized Cd- and Se-rich 
nanoparticles are formed inside the cells is evidenced by the HAADF-TEM image 
and energy-dispersive X-ray spectra.

The optimal biohybrid, prepared using 1 mM Cd and 0.25 mM Se group, exhibits 
a hydrogen-producing activity of 70.2 μ mol/108 cells (Fig. 39). The coupled hybrid 
exhibits a light-to-hydrogen AQE of about 27.6%, which is higher than all other inor-
ganic–biohybrids explored to date. Under intermittent irradiation, the inorganic-bio 
hybrid has a 2.9-fold higher hydrogen production rate than that of pure E. coli, while
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Fig. 37 a Hydrogen production of hybrid system with or without encapsulation under anaerobic 
condition. b Hydrogen production of hybrid system with or without encapsulation under aerobic 
condition

the extracted bio-NPs have only a negligible hydrogen production ability. Notably, 
a system created by physically mixing external bio-NPs with E. coli displays a 
slightly enhanced activity relative to that of pure E. coli. These results show that 
synergy exists between the cells and intracellular bio-NPs and that the location of 
the bio-NPs critically determines the degree of synergy. Specifically, sluggish elec-
tron transfer from the external bio-NPs to intracellular enzymes severely restricts 
utilization of the photoelectrons, a limitation that is removed by co-localization of 
bio-NPs and enzymes.
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Fig. 38 a STEM image of hybrid cells. b EDX analysis of nanoparticles on cell surface. c Photolu-
minescence spectra cells before and after hybridization. d Raman mapping of hybrid cell. e Raman 
spectrum of hybrid cells

The photocatalytic activity of the CdSexS1-x NPs does not decrease during the 
irradiation period. Cd leaching from the bio-NPs was found to be only 0.0056% and 
0.0035% after 6 h under light and dark conditions, respectively (Fig. 40).

5.3 Chlorella 

5.3.1 Hydrogels 

Jinhui Wu and coworkers created a hydrogel, comprised of living Chlorella and 
chaperone inside the impermeable casing can produce H2 continuously for 60 h 
upon exposure to light (Fig. 41) [181]. These workers showed that the algae-bacteria 
hydrogel generates hydrogen, which promotes chronic diabetic wound healing by 
reducing oxidative stress and inflammation. Accordingly, these workers devised a 
patch-like wound dressing that is filled with gel beads containing live microorgan-
isms, When the patch is exposed to light, the patch continuously delivers hydrogen 
into the environment of the wound.
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Fig. 39 a Photocurrent of bio-NPs. b Hydrogen production of three groups for different times. c 
Hydrogen production rate of each group in dark or light. d Continue hydrogen production under 
intermittent irradiation and relative quantum efficiency

Fig. 40 a Hydrogen production of bio-NPs under dark or intermittent light. b Concentration of 
released Cd2+ after 6 h
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Fig. 41 The synthesis of Bactria-Chalorella cell-based gel 

5.3.2 Silica 

Tang et al. found that green algae aggregates through silicification promote sustain-
able photobiocatalytic hydrogen production even in air [182]. The core–shell struc-
ture of the green algae aggregates could balance the activity of hydrogenase and the 
production of electron (Fig. 42). The rationally designed green algae aggregates are 
a viable and green system for solar-induced water splitting to produce H2 and O2.

Chlorella pyrenoidosa is a unicellular alga with a prominent pyrenoid 
in its chloroplast, and can be cultured on a large commercial scale. 
Poly(diallyldimethylammonium chloride) (PDADMAC) mimics silicification 
proteins to induce in situ deposition of silica on cell surfaces. This technique was 
applied to Chlorella pyrenoidosa, which after biomimetic modification forms self-
aggregating silicified C. pyrenoidosa cells. Upon visible light irradiation, the 100 mm 
aggregates release H2 continuously at a constant speed of 0.35 μmolH2 h−1 (mg 
chlorophyll)−1, which is 2.75 times the instantaneous conversion of biomass to fuel 
in nature (Fig. 43). More importantly, H2 production occurs over at least a 48 h



Photo-Driven Biocatalytic Seawater Splitting 371

Fig. 42 Optical microscope and SEM images: a Native cells. Scale bars: 20 mm (inset 2 mm). b 
Silica aggregated cells. Scale bars: 50 mm (inset 2 mm). d Optical images of cells cultured with 
WO3 powders in tube: c Native cells. e Aggregated cells

period. Native Chlorella does not have hydrogenase activity in vivo or in vitro, 
because the hydrogenase is inactivated by environmental oxygen. The in vivo hydro-
genase activity of Chlorella aggregates gradually rises in the first 24 h, and then stays 
at a steady rate of 4 μmolH2 h−1 (mg chlorophyll)−1 which is significantly higher 
than the rate of H2 production under Ar. An in vitro study confirmed that the aggre-
gates have hydrogenase activity with a sustained increase in the rate of hydrogen 
production during the first 24 h.

From a mechanism perspective, H2 production does not occur on the surfaces of 
the 100 mm aggregates (Fig. 44). In addition, the concentration of produced hydrogen 
increases as the depth in the aggregates increases and reaches a maximum at the core. 
This profile suggests that H2 is generated in core. In contrast, the O2 concentration 
decreases as the depth increases, and the O2 concentration at center of the core center 
is nearly zero. The distribution of these gases in Chlorella aggregates suggests that 
spatial–functional differentiation (SFD) takes place between cells.
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Fig. 43 a H2 and O2 concentration curve of two groups in 48 h. b Sustainable hydrogen production 
of two groups for 48 h. c Activity of in vivo hydrogenase for 48 h. d Activity of in vitro hydrogenase 
for 48 h. e Quantum yield of two groups in 48 h. f Influence of DCMU in silica aggregated cell for 
hydrogen production

Fig. 44 a Schematic of hydrogen electrode and oxygen electrode test. b H2 and O2 concentration 
with depth in different silica aggregated cells 

5.3.3 Polydopamine and Laccases 

All kinds of artificial cell walls like nanoshells composed of inorganic materials [183– 
185], polymers [186–188], or metal–organic frameworks [189] and having dynamic, 
adaptive, and self-healing characteristics have been thoroughly investigated. The 
results demonstrated that the constructed “cell in shell” structure confers a number 
of properties on living cells such as UV filtering and increased tolerance to hazards.



Photo-Driven Biocatalytic Seawater Splitting 373

Owing to these effects, single-cell nanoencapsulation has potential application in 
various fields [190–192]. 

Huang designed a new biological hydrogen production system comprised of an 
enzyme-modulated anaerobic layer which is formed around single C. pyrenoidosa 
by the self-assembly of dopamine, laccase, and tannic acid (Fig. 45) [193]. In this 
way, an anaerobic balance is established in the layers by a laccase-based oxygen-
consuming reaction between photosynthetic production and mitochondrial respira-
tion’s consumption of oxygen. These processes can be used to reversibly activate 
hydrogenases by switching from photosynthetic O2 production to H2 production. 

The polydopamine (PDA) shell is formed on the bacterial surface by the oxidative 
polymerization of dopamine in a pH 8.5 buffer solution (Fig. 46). This shell promotes 
adhesion of various substrates to the encapsulated cells. Thus, PDA’s interaction with 
laccase’s amine or thiol molecules results in the spontaneous binding of laccase. 
Owing to the presence of an Atto425NHS ester label on laccase, the modified cells 
display bright blue fluorescence that can be observed by using a confocal fluorescence 
microscope (Fig. 46i). Although the coated cells have increased roughness, their 
decreased Young Qs modulus (0.12 GPa) relative to those of the native bacterial 
cells (0.78 GPa) indicates that formed layer is loose and flexible (Fig. 46g). Addition 
of tannic acid (TA) to a solution of the PDA coated cells causes generation of a 
TA–laccase–PDA layer, which was visualized as green fluorescence FITC labeled 
TA was used.

Fig. 45 Schematic of the synthesis of dopamine-laccase encapsulated Chlorella cells 
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Fig. 46 Optical microscope images of a native cells and b cells coated by laccase and poly-
dopamine. c Surface contrast of native C. pyrenoidosa and Laccase-dopamine-coated cell. d 
SEM and e TEM images of the coated cell. f AFM image of native C. pyrenoidosa and 
coated cell. g Young’s modulus and statistical histograms with single peak fitting to a Gaussian 
curve for coated cells CLSM images of h native cells and coated cells, i Laccase-PDA@cell, j 
TA-Laccase-PDA@cell 

A quantitative study showed that, when 10 mg mL−1 of TA is used for fabri-
cation, the coated cells hydrogen continuously at a rate of 0.32 μmolH2 h−1 (mg 
chlorophyll)−1 over 7 days. The H2 production efficiency of the constructed system 
is 1.6-fold enhanced, much higher than that of native cells in Ar. Without the oxygen-
consuming layer, the O2 produced by photosynthesis in the PSII center would inac-
tivate the hydrogenase. Interestingly, under the same conditions (TA, 10 mg mL−1), 
an anaerobic environment is created around the coated cell as a result of an accel-
eration of the oxygen-consuming reaction caused by an increase in laccase content. 
Moreover, using smaller amounts of TA, H2 production terminates earlier owing to 
the depletion of TA and consequent switching of the coated C. pyrenoidosa cells 
back to the normal photosynthesis. 

Similar to other fabricated shells that protect the cells against various external 
stresses, the novel TA-laccase-PDA layer plays a role in increasing the viability of 
the coated cells in solution, resulting in a long-term stable H2 production. In conclu-
sion, this study showed that laccase and polydopamine can be used to encapsulate 
individual C. pyrenoidosa cells (Fig. 47d). In the presence of TA, the laccase-induced
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Fig. 47 a Confocal fluorescence microscope images of Laccase-PDA@cell’s surface containing 
FITC-labeled tannin acid. b H2 and the content of O2 in the headspace of sealed tubes. c H2 
production from the Laccase-PDA@cell having different laccase contents. d The addition of TA 
enables the coated cells to switch functions between oxygen and hydrogen production 

oxygen-consuming reaction takes place within the formed layer, creating an anaer-
obic microenvironment around cells, which makes it possible for H2 to be produced 
despite in an aerobic environment. Importantly, switching the coated cells between 
H2 and O2 production can be modulated by controlling the TA content. 

5.3.4 PEG Gel and Co-culture with E. Coli 

In a recent study, Zhijun Xu et al. utilized the aqueous two-phase separation property 
of dextran-in PEG emulsion droplets to immobilize living algal cells in the form 
of dispersible microscale microbial reactors that were capable of both aerobic and 
hypoxic photosynthesis in sunlight under air (Fig. 48) [194]. Each emulsified droplet 
can trap a large number of cells to produce a suspension of algal colonies, which are 
subsequently compressed hyperosmotically into compact multicellular spheroids. 
The results show that the formation of a hypoxic microniche inside the spheroid is 
the source of the dual photosynthetic behavior. Thus, the production of oxygen and 
hydrogen production processes occur at the surface and core of the reactor respec-
tively. In summary, aqueous two-phase separated droplets can be used as vectors to 
control the organization of algal cells and photosynthesis in synthetic microspaces 
and to assemble photobiomicroreactors with multiple functions from the bottom up.
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Fig. 48 Schematic of living micro-reactors based on droplets with multiple cells 

The results showed that, when Chlorella cells containing spheroids are exposed 
to light, they can continue to produce hydrogen for 96 h (Fig. 49). In contrast, when 
both native Chlorella cells or non-osmotically compressed dextran-in-PEG emulsion 
droplets containing loosely aggregated algal cells are exposed to light in air, only a 
minimal level of hydrogen is produced. Similarly, when the mean size of the Chlorella 
cell-based spheroids is reduced to 22 μm, the amount of hydrogen produced in air is 
negligible because the proportion of aerobic surface area increases and the oxygen 
production intensifies. Interestingly, when the average size of the microbial spheroids 
was increased to 165 μm, hydrogen production was reduced by approximately 50%, 
due to the significantly reduced level of light available to the algal cells located deep 
in the core of the spheroids.

In an alternative method, the external wall of bacteria was PEGylated to increase 
their solubility in the continuous phase prior to emulsification at 200 rpm. As a result, 
E. coli cells are adsorbed at the dextran/PEG interface rather than being sequestered 
inside the emulsion droplet, and Chlorella cells are present in high concentrations 
(Fig. 50). Subsequently, hypertonicity produced multicellular spheroids (mean size 
= 90.8 μm) with a spatially algal/bacterial core–shell structure i.e., tightly arranged 
chlorella encased in a thin layer of E. coli. Exposure of the hybrid spheroids in a 
sealed vial to sunlight in an air environment resulted in rapid hydrogen production 
and a gradual increase in hydrogen concentration in the bottle, which stabilized after 
84 h… At the same time, oxygen content in the vial decreases from 20.6% to 18.9% 
within 60 h, consistent with the onset of hypoxic photosynthesis in the closely packed
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Fig. 49 a Dissolved oxygen concentration in suspensions of native Chlorella cells, Chlorella-
loaded w/w dextran-in-PEG emulsion droplets, and Chlorella multicellular spheroids over time. b 
Changes in the concentration ATP in native free Chlorella cells and Chlorella cells over time. c 
Hydrogen concentrations in suspensions of native Chlorella cells, Chlorella-loaded w/w dextran-
in-PEG emulsion droplets, and Chlorella multicellular spheroids were measured over time. d Time-
dependent production of hydrogen for Chlorella multicellular spheroids. Hydrogen production for 
Chlorella multicellular spheroids over time

Chlorella cells. In contrast, mixtures of the Chlorella spheroids along with free E. 
coli cells do not have enhanced photosynthetic hydrogen production. Compared to 
microreactors containing only Chlorella cells, the hybrid spheroids exhibit superior 
hydrogen production performance, as evidenced by a shorter induction period and 
an increased initial level of hydrogen production. In addition, the rate of hydrogen 
production in the hybrid spheroids is 3.2 times the instantaneous biomass-to-fuel 
conversion that occurs in nature (0.20 μmol H2 (mg chlorophyll)−1 h−1).
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Fig. 50 Hydrogen production from heterogeneous micro-reactors in air. a-c Bright-field image (a), 
and blue and  red CLSM images (b, c) of w/w dextran-in-PEG emulsion droplet with captured red 
algal and surface-adsorbed bacterial cells. scale bars, 25 μm. d–f Confocal bright field microscope 
image of Chlorella/E. coli multicellular spheroid (d) and corresponding red e and blue f CLSM 
images. g Overlay image of (e) and  (f) showing the core–shell spatial organization. Scale bars in 
(d–g), 20 μm. h Hydrogen concentrations in different biohybrid systems; corresponding decrease 
in oxygen content for the algal/bacterial cell spheroids is also shown. i Time versus hydrogen 
production for Chlorella cell-based spheroids and Chlorella/E. coli hybrid core–shell spheroids at 
different time periods. j Time versushydrogen production for Chlorella spheroids and Chlorella/E. 
coli hybrid core–shell spheroids. k hydrogen production rates for Chlorella multicellular spheroids 
and Chlorella/E. coli hybrid spheroids and for the natural instantaneous biomass-to-fuel yield 

5.4 Chlamydomonas Reinhardtii 

5.4.1 Chemoenzymatic Cascade Engineering 

Green algae are widespread photoautotrophs that contain [FeFe]-hydrogenases 
(H2ase), utilize sunlight to produce H2 [195, 196]. Jie Chen et al. developed a system 
for the efficient production of hydrogen gas using green algae, which was designed 
to operate through a chemoenzymatic cascade (CEC) (Fig. 51). CECs, consisting of 
a series of consecutive catalytic or non-catalytic enzymatic and chemical reactions 
in a one-pot system. The CEC possessed a combination of a variety of functions, 
including oxygen depletion, pH retention, and induction of cell aggregation induc-
tion, that activate hydrogenase for long-term H2 production in a local anaerobic 
environment while maintaining green algae vitality [197].

The C. reinhardtii (OD750 = 0.25) were cultured in gastight glass tubes with a 
CEC system which contains approximately 0.1 KU mL−1 of GOx, 10 KU mL−1 

of CAT, 50 mM of glucose, and 150 mmol of Mg(OH)2. A large excess of CAT
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Fig. 51 Schematic for sustainable H2 production with green algae

is used to rapidly remove H2O2 produced by glucose oxidation. Upon illumination 
with a 6300 lx, only a small amount of H2 is produced in the first several days, 
however, the amount increases markedly after 6 d and by day 10 its concentration 
reaches 19.41 μmol, about 300 times that of day 2 and about 100 times that of 
day 4, respectively. It is worth noting that H2 production increased steadily over a 
period of up to 26 days. The total yield of H2 reaches 34.67 mmol H2 L−1, which 
exceeds the yield of the sulfur-deprived algae (6.62 μmol H2 L−1). The average rate 
of H2 production was 0.44 μmol H2 h−1 (mg chlorophyll)−1, which is 3.22 times 
3.2 times of the instantaneous biomass-to-fuel in nature [0.20 μmol H2 h−1 (mg 
chlorophyll)−1] (Fig. 52).

5.4.2 Sulfur-Deprivation 

Sulfur-deprived cells of C. reinhardtii has the highest hydrogen production capacity 
among those of other photobiological systems. In a study, Alena Volgusheva et al. 
analyzed changes in PSII content and activity during hydrogen production in the wild 
type (WT) and the state transition mutant 6 mutant (Stm6) of C. reinhardtii (Fig. 53) 
[198]. The latter mutant was reported to have an enhanced H2 yield. These workers
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Fig. 52 a–b H2 production and pH from culture systems with different Mg(OH)2 content. c–d H2 
production and pH from the culture systems with different content insoluble metal hydroxides. e 
Plots of H2 production versus O2 content. f–h Optical microscope images of different systems

quantified the decrease in the amount of PSII and showed that by altering the redox 
state of the quinone acceptors in PSII, the PQ pool generated when deprived of S 
and subsequent H2 production, acceptor side reactions in PSII can be controlled.

In the initial phase of this effort, researchers observed that the changes in hydrogen 
and oxygen concentrations over time during the cultivation of C.reinhardtii under 
S-deprived conditions can be divided into four phases, including oxygen production, 
oxygen depletion, anaerobic and hydrogen production. The whole process takes place 
in WT and Stm6 mutant cells, but their time dependence differs. Specifically, the Stm6 
mutant can reach the anaerobic phase 15 h earlier than WT cells, which is attributed 
to combined effects of reduced oxygen-production capacity and increased respiration 
rate in the mutant. Stm6 mutant cells have a shorter anaerobic phase, with H2 produc-
tion detectable only a few hours after the onset of anaerobiosis. In addition, the Stm6
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Fig. 53 The concentration of dissolved O2 and produced H2 during incubation of WT (a) and  the  
Stm6 mutant (b). (c) Hydrogen production by WT and the Stm6 mutant under S-deprived conditions 
and the effect of DMCU

mutant can produce hydrogen consistently and steadily throughout 130 h, exhibiting 
a stability that far exceeds that of WT cells. (3,4-Dichlorophenyl)-1,1-dimethylurea 
(DCMU) specifically inhibits PSII by disrupting the electron transfer pathway. It 
has been reported that the addition of DMCU partially inhibits hydrogen production 
during S-deprived cultivation of C. reinhardtii, which indicates that hydrogenase 
utilizes the electrons from PSII. The addition of DCMU to both WT and Stm6 mutants 
reduced hydrogen production by 80%, suggesting that PSII plays an important role 
in the evolution of photosynthetic hydrogen. 

Volgusheva and co-workers analyzed the activity of PSII during S-deprived culti-
vation of C. reinhardtii. During the hydrogen production, they quantified the function 
of PSII centers that lead to charge separation and S-state advancement and supply 
electrons to the PQ pool. The results indicate that most of the electrons used for H2 

synthesis originate from the water splitting of PSII, a conclusion confirmed by the 
inhibition of H2 production by DCMU. The results also indicate that hydrogenase 
takes electrons from the PQ pool, which partially unblocks the PSII electron transfer 
from QA- to plastoquinone, thus allowing electrons from water oxidation to be used 
in PSII for hydrogen generation. 

Moreover, Volgusheva et al. found that the amount of PSII in operation is positively 
correlated with the rate of hydrogen production. In the Stm6 mutant, both the amount 
of hydrogen produced and the amount of PSII were four times higher than in the WT. 
The larger amount of remaining PSII centers reflects that the redox environment of the 
thylakoid membrane is altered in the Stm6 mutant, which leads to an earlier anaerobic 
phase, an important prerequisite for preservation of PSII during illumination under 
S-deprived conditions.
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5.4.3 Alga-Bacteria Co-culture 

Neda Fakhimi et al. recently conducted a study of algal–bacterial co-culture for 
synergistic biological hydrogen production [199]. They found that algal hydrogen 
photoproduction in this system occurs only when green alga C. reinhardtii is inde-
pendently co-cultured with bacterial in medium with sugar. Among them, co-cultures 
with P. putida showed significantly higher levels of H2 production (40.8 mL H2·L−1, 
6.3 times, P < 0.0001). Co-culture with E. coli increased hydrogen production 
(35.1 mL H2·L−1,1.6 times, P > 0.05), while co-culture with R. etli did not signifi-
cantly increase. Because none of the bacteria produce H2 in a monoculture, hydrogen 
production in the co-culture system attributes to the algae. The co-culture scan 
enhance capacity to prolong the hypoxia phase (P < 0.0001) which is beneficial 
for H2 production. 

Hydrogen photoproduction in co-cultures is associated not only with anaerobic 
induction but also with the ability of bacteria to produce acetic acid. By integrating 
photosynthesis and fermentative production in the co-culture of Chlamydomonas and 
E. coli and using glucose as an energy source, results in a 60% increase H2 production 
compared to the sum emanating from the respective monocultures (Fig. 54). This 
synergy is attributed to the ability of the algae to consume the acetic acid excreted 
by the bacteria. This work could open up new possibilities for designing systems for 
biohydrogen production from industrial wastes.

In a recent study, Ban et al. observed that bacterium Pseudomonas sp. strain  
D assists photo-mediated H2 production by Chlamydomonas reinhardtii and could 
significantly promote hydrogen production by the green algae Chlorella and 
Scenedesmus [200]. In strain D partnered algal–bacterial co-culture, the oxygen in 
the system is rapidly consumed by bacterial growth, creating a completely anaerobic 
environment that allows the algal hydrogenase to be activated. Moreover, algal–bacte-
rial synergy improved algal H2 production by slowing the reduction of chlorophyll, 
enhancing starch accumulation, and maintaining protein content. This study suggests 
a proposal for the design of efficient and durable algal–bacterial synergistic systems 
to enhance light-mediated biological hydrogen production. 

The results of a study suggested that co-culturing algae with Escherichia coli or 
Bacillus subtilis only slightly improves H2 production, but that co-culture by adding 
Pseudomonas sp. strain D can significantly increase the production of H2 (Fig. 55).

The hydrogen production from Co-cultures of this bacterium with C. protothe-
coides, C. pyrenoidosa, Chlorella sp. WFY, Scenedesmus sp. WFY, and S. obliquus 
can reach 2.3–9.0 times greater than that generated by algal cells grown in pure 
culture (Fig. 56).

5.4.4 NaHSO3 Treatment 

Weimin et al. suggested a way in which NaHSO3 treatment could enhance H2 produc-
tion by algae. The mechanism for this action related to the changes in O2 content 
and hydrogenase activity caused by NaHSO3 [201]. This suggestion was assessed
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Fig. 54 Changes in H2 
(a) and  O2 (b) concentrations 
in the headspace over 4 days

Fig. 55 Hydrogen 
production by co-culture of 
Chlamydomonas reinhardtii 
and bacteria

possibility by determining the effects of NaHSO3 and S-deprived on H2 production 
in C. reinhardtii. 

The results showed that the H2 formation rate of C. reinhardtii is maximized 
by using approximately 13 mM NaHSO3 and that the increased production level 
is approximately 200 times higher than that of untreated cells (Fig. 57). Therefore,
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Fig. 56 Hydrogen 
production by co-culture of 
algae with Pseudomonas sp. 
strain D

Fig. 57 Effect of NaHSO3 
treatment on H2 production 

treatment with an O2 reductant appears to be an effective strategy for increasing the 
photobiological hydrogen production capacity of microalgae. 

5.4.5 Pulse Illumination Protocol 

At the current time, H2 photosynthesis in algal cultures requires a temporary sepa-
ration of hydrogen- and oxygen-producing reactions. C. reinhardtii cultures that 
reached anoxic conditions in the dark then produced H2 under illumination, before the 
onset of O2 evolution, while S-deprived cells showed the opposite behavior (Fig. 58). 
Although the maximum H2 photoproduction activity is higher in dark-adapted cells 
than it is in S-deprived algae, the latter system produces H2 over a much longer period 
of time and in a higher yield. To sustain H2 production in dark-adapted algae, it is 
possible use low light and high cell density conditions to prevent the accumulation
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Fig. 58 Schematic of the hydrogen photoproduction and metabolic pathways in the chloroplasts of 
green alga C. reinhardtii. A–C direct biophotolysis of water; B, C indirect biophotolysis of water; 
D NADPH production and CBB cycle; E light-dependent oxygen reduction 

of oxygen due to active respiration [202]. Alternatively, H2 production can be driven 
at high light intensities by transporting photosynthetic electrons to hydrogenases to 
avoid transport to Calvin-Benson-Bassham (CBB) cycle, while controlling of the 
intracellular O2 level. Although Rubisco deficiency has been reported to promote 
hydrogen production in green algae, the yield of H2 is not high, most likely because 
only a small amount of photosynthetic electrons flow to the hydrogenase [203]. 
Nevertheless, partial inactivation of the CBB cycle does significantly increasethe H2 

photoproduction [204]. 
Hydrogenases are produced in algae under dark anaerobic conditions and can acts 

as an alternative electron sink to promote oxygenic photosynthesis by eliminating 
excess accumulated electrons in PETC. Photoactivation of the CBB cycle requires 
time dependent photosynthetic productivity by using fluctuating light. Kosourov et al. 
proposed that a series of short light pulses could enable algal photosynthesis in the 
production of only H2 as long as each light pulse was short enough to prevent the flow 
of electrons to the CBB cycle and the accumulation of O2 as much as possible (Fig. 59) 
[205]. In order to verify this assumption, a series of experiments were carried out with 
C. reinhardtii was subjected to short light pulses (1–5 s) interrupted by a longer dark 
phase(3–9 s) and with low background illumination (3 μmol photons m−2 s−1) instead 
of dark phases. The results of experiments performed in anaerobic vials showed 
that pulsed irradiation of the algae produce H2 continuously for at least 3 d. The 
process occurs in the absence of acetate and at a low cell density, suggesting that self-
shading in the suspension is not responsible for inducing H2 production. C. reinhardtii 
produces rapidly H2 within the first 6 h, with its maximum hydrogen production
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Fig. 59 Long-term stability of H2 production by different types of C. reinhardtii cultures, photoau-
totrophic (a) and photoheterotrophic (b). No growth under pulsed light (8.8 mg mL−1; c), increased 
biomass under continuous light (26 mg mL−1; d) 

rate exceeding that of sulfur-deprived algae and then the rate declined. Moreover, 
the maximum conversion efficiency of H2 production from pulse-illuminated algae 
during the first 8 h was 1.6–1.7% (2–2.2% if upper H2 gas combustion energy is 
assumed). 

These findings demonstrate that H2 photoproduction in green algae becomes 
sustainable when the illumination protocol for growing algal cultures is changed 
from continuous light to a series of short light pulses. In addition, the results provide 
strong evidence that CO2 fixation competes with the [FeFe]-H2ase enzyme for the 
photosynthetic electrons and demonstrate that an approach exists for eliminating this 
competition. 

5.5 Other Microorganisms 

5.5.1 Rhodopseudomonas Palustris 

Conjugated polymers (CPs) have highly delocalized π-conjugated backbones in the 
main chain and semiconductor properties. As a result, they can be used as photosen-
sitizers for light-induced hydrogen formation [206–208]. Compared with photosen-
sitizer dyes and inorganic semiconductors, CPs have excellent photoelectric proper-
ties in electrochemical devices, light harvesting capabilities, light stability for CO2 

reduction, tunable energy levels in photovoltaic cells, and biocompatibility with 
natural organisms [209–211]. Owing to these outstanding properties, we designed 
a CP-based bio-optical composite to augment photosynthesis by R. palustris. In 
this study, Zijuan Wang et al. constructed the efficient bio-hybrid photocatalytic
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Fig. 60 Schematic of the electron transfer route of the hybrid photocatalysis during hydrogen 
production 

hydrogen production complex, OF/PTP/MV2+/TEOA/R. palustris, in which water-
soluble oligofluorene (OF) and polythiophene (PTP) serve as photosensitizers, and 
R. palustris acts as a biocatalyst (Fig. 60) [212]. 

As shown in Fig. 61, under visible light, fluorescence resonance energy transfer 
(FRET) occurs between the OF and PTP centers in OF/PTP/MV2+/TEOA/R. palus-
tris, which amplifies the photoelectron signals that enhance electron transfer to 
microorganisms for hydrogen production. Moreover, MV2+ is present in the complex 
as a mediator to permeate cells and facilitate electron transfer between the OF/PTP 
pair and nitrogenase in R. palustris, and triethanolamine (TEOA) serves as a sacrifi-
cial electron donor. In OF/PTP/MV2+/TEOA/R. palustris, separated electrons of the 
OF/PTP pair continuously provided by TEOA are delivered to MV2+ for reduction 
to form blue MV+·. An dthen MV+· transfers electrons to the nitrogenase in intact R. 
palustris for hydrogen synthesis.

The results of this effort showed that hydrogen production using the 
OF/PTP/MV2+/TEOA complex reaches 48.49 nmol (Fig. 62). In the absence 
of the OF/PTP/MV2+/TEOA complex or nitrogenase, hydrogen production is 
about 40% of that obtained using the OF/PTP/MV2+/TEOA complex. The 
OF/PTP/MV2+/TEOA/R. palustris complex produces the largest amount of hydrogen 
using irradiation for 2 h, while no hydrogen is generated in the absence of R. palus-
tris. Compared with those of other systems for hydrogen production either containing 
or not containing photosynthetic organisms, the OF/PTP/MV2+/TEOA/R. palustris 
complex has excellent characteristics such as efficient hydrogen production, low-cost 
and simple operation.
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Fig. 61 a The effect of each component in complexes on hydrogen production. b H2 production 
from different complexes under irradiation

Fig. 62 a Mechanism of hybrid system for H2 production. b The effect of each condition in 
hydrogen production process 

5.5.2 Desulfovibrio Desulfuricans and Citrobacter Freundii 

As discussed above, biohybrid systems have been devised recently to use microor-
ganisms as catalysts, because they house complex biosynthetic pathways, are far 
more stable than isolated proteins, and have the power for self-renewal and repro-
duction [8, 77, 213]. It is also appealing that the microbes can be coupled with 
light-harvesting nanoparticles or nanostructured materials that have superior optical 
and electronic properties, high surface areas and proper sizes for ready interaction 
with microbes [176, 214, 215]. 

In a recent investigation, Monica Martins et al. determined if a self-
photosensitization approach could be utilized for efficient H2 production promoted 
by microorganisms that are known to express high levels of hydrogenases and/or are 
efficient in producing sulfide or engaging in electron exchange with external materials 
[216]. In this study, three new biohybrid systems were generated for light promoted 
H2 production using Gram-negative bacteria, self-precipitated CdS nanoparticles and 
cysteine as the sacrificial electron donor (Fig. 63). Desulfovibrio desulfuricans was
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Fig. 63 Schematic of the biohybrid systems 

chosen for this purpose because it is a sulfate reducing bacterium that also has high 
H2 production activity. Moreover, this bacterium has the unique ability to generate 
sulfide from sulfate, making it able to self-produce metal nanoparticles. Citrobacter 
freundii was identified as another sulfide and/or H2 producing bacterium, and S. onei-
densis was selected as a H2-producing electroactive microorganism that participates 
in efficient electron exchange with inorganic materials. 

To generate the biohybrid systems, cells grown in the presence of a sulfur 
compound (sulfate for D. desulfuricans, cysteine and thiosulfate for S. oneidensis 
and only cysteine for C. freundii and E. coli) were incubated with CdCl2. Forma-
tion of the biohybrids could be observed by creation of a yellow color, indicative of 
CdS formation, and consequent removal of cadmium from solution. The biohybrid 
systems were characterized by using SEM and SEM–EDS (Fig. 64). SEM images 
revealed the presence of nanoparticles on all bacteria cell surfaces (Fig. 64B/C, E/F, 
H/I, and K/L), whereas no particles were observed in control E. coli cells (Fig. 64A, 
D, G and J). SEM images showed the presence of a remarkable high density of CdS 
nanoparticles on the surface of D. desulfuricans, along with some extracellular CdS 
nanoparticle clusters (Fig. 64B/C). In the case of C. freundii, extracellular clusters 
of CdS nanoparticles were mostly observed around the cells (Fig. 64E/F). The CdS 
nanoparticles formed by S. oneidensis exist as smaller spherical spots uniformly 
distributed on the cell surface (Fig. 64I/H), which agrees with previous studies. In 
the case of E. coli, small clusters of CdS particles were observed on the cell surface 
(Fig. 64 K/L).

All biohybrids were found to produce H2 upon light irradiation, albeit with 
different efficiencies (Fig. 65). In the presence of MV+2, production of H2 by the D. 
desulfuricans-CdS biohybrid is 10800 μmol gdcw−1 after 120 h, which is considerably 
higher than those of the other organisms including the Soneidensis-CdS biohybrid 
producing 2000 μmolgdcw−1, the  C. freundii-CdS system 858 μmolgdcw−1 and the 
E. coli-CdS system 1200 μmolgdcw−1, even after 140 h (Fig. 65a). In the absence of 
MV+2, H2 production of the biohybrid systems is reduced by between 30 and 40% 
for all organisms (Fig. 65b), with the notable exception of the S. oneidensis-CdS 
containing biohybrid, which has identical performances in the presence and in the
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Fig. 64 SEM images of: a–c D. desulfuricans cells before and after CdS self-photosensitization, 
d–f C. freundii cells before and after CdS self-photosensitization, g–i S. oneidensis cells before and 
after CdS self-photosensitization, j–l E. coli cells before and after CdS self-photosensitization

absence of MV+2. Remarkably, the D. desulfuricans-CdS biohybrid without MV+2 

outperforms the other biohybrids (3790 μmolgdcw−1 of H2) in the presence of MV+2. 
In contrast, the E. coli complex displays modest activity in the absence of glucose.

The behavior of the S. oneidensis-CdS biohybrid is unusual in that it has a higher 
photocatalytic activity in the presence of an electron shuttlers like MV+2. S. onei-
densis is a well-known electroactive microorganism capable of performing extra-
cellular electron transfer with insoluble electron acceptors/donors directly and indi-
rectly. In direct electron transfer pathway, this bacterium establishes contact via 
proteins like MtrC and OmcA cytochromes on the cell surface or through cellular 
appendages such as conductive nanowires. On the other hand, indirect electron
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Fig. 65 Hydrogen 
production of different CdS 
self-photosensitized cells a 
with adding MV or b 
without MV

transfer occurs through S. oneidensis generated redox active compounds such as 
flavins. In fact, it has been reported that flavin electron shuttling is responsible for 
up to 75% of extracellular electron transfer by S. oneidensis. These mechanisms, 
and in particular flavin electron shuttling pathway, may be responsible for the ability 
of the S.oneidensis-CdS biohybrid to operate similarly in the presence or absence 
of MV+2. In contrast, Rowe and colleagues reported that MV+2 is required for light 
driven H2 production by a photocatalytic system composed by Soneidensis and the 
chemical photosensitizer eosin Y. 

Overall, the most efficient biohybrid system was found to be the one containing 
D. desulfuricans. The fact that the total amounts of CdS present and the crystalline 
structures in the four systems are comparable, and that the D. desulfuricans-CdS 
biohybrid has a lower band gap than do C. freundii-CdS or S. oneidensis-CdS suggests 
that the higher H2 production rate of the D. desulfuricans hybrid is related to a higher 
biological activity and/or more efficient electron transfer with CdS rather than to 
intrinsic properties of the nanoparticles produced by this organism.
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6 Perspective 

Microorganism-based semi-artificial hybrids have attracted much attention for 
producing renewable hydrogen energy. Although many attempts have been made 
to increase hydrogen generation in microorganisms, the current levels reached are 
not sufficient to make hydrogen a commercially competitive energy carrier. Thus, 
a need exists to uncover ways to improve the hydrogen production capacity of 
microorganism-based systems. Some thoughts about this matter are given here. 

(1) Charge transfer. Advances are developed in past decade in the construction 
of efficient molecular and supramolecular SAPSs. The life times of charge separated 
states during electron transfer in artificial photosynthesis systems are reflected in their 
efficiencies. Longer lived charge-separated states have a higher probability to partici-
pate in subsequent processes that generated “usable” forms of energy. By viewing the 
examples described above, an important way is to promote electron-transfer within 
the system. In addition, efficiencies of energy and electron transfer can be controlled 
by adjusting the orientation and distance between the donor and acceptor entities, 
and the interaction between photoactive species and medium. Compared with “one-
point” type binding, the “two-point” counterpart can be used to generate more stable 
supramolecular complexes having donor and acceptor centers located with defined 
distances and orientations. This may enable the precise control of interaction between 
donor–acceptor for highly efficient electron transfer. 

(2) Physical Interfaces. One initial challenge of designing artificial photosyn-
thetic systems is the level of biocompatibility needed for the occurrence of interac-
tions between materials and microorganisms. Semi-artificial hybrid systems require 
biocompatible surfaces that enable stable combination of electrodes and microbes. 
Many efforts have shown that integration of microorganism and artificial electrodes 
can be obtained utilizing two main approaches including material surface modi-
fication and nanostructure construction. Inspired by the formation of biofilms on 
electrodes, it enables the control of physical interfaces. Through the research on 
the nanostructure of biofilm and the extracellular biopolymer of cells, the deep-
ened understanding of bacteria enables modeling of their behavior in the form of 
classical colloidal particles. The results lead to the intriguing suggestion that elec-
trophoretic deposition can be employed to positively form the bacterial biofilm 
to improve the combination.Finally, conducting bio-signaling through controlling 
functional materials represents highly interesting research directions in this area. 

(3) Cytoprotective Materials. For improving the activity of cells, encapsula-
tion technique has been used as an alternate approach to improve the chemical-
compatibility of microorganisms. Semiconductor-microorganism hybrids usually 
use the ROS producing materials. Studies have proved the feasibility of encap-
sulation technique against various harsh conditions, such as heat, UV-light, pH, 
ROS, osmotic pressure and mechanical pressure. However, protective shells on cells 
could induce formation of dormant states that have inhibited the cell proliferation as 
well as metabolic activity. The dynamic shell including self-repairing and reversible 
functions may solve the question. Among them, the smart materials show the great
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potential for encapsulation. For example, applications of materials that undergo auto-
catalytic proliferation, such as the reported catalytic and autocatalytic proliferating 
micells, to construct nano hybrids for living cells could be important in the future. 

(4) Stability Improvement. A need exists to develop stable photosensitizers that 
have good light-harvesting abilities. Earlier studies have shown that carbon-based 
materials have promising properties for biological integration due to the stability 
to light and biocompatibility to organisms. In addition, the sustainabilities of cell-
based hybrid system also need to be improved for practical applications. The self-
reproduction ability of microorganisms is a phenomenon that might be used advan-
tageously as a method to replace deactivated components in photosynthetic systems. 
Therefore, innovative approaches are needed like those used in developing inher-
itable biological materials. For example, it might be possible to produce a photo-
sensitizer protein by stimulating bacteria with light. This would be an effective 
strategy for retaining photosensitizer loadings by increasing numbers of cells. These 
approaches could be applied in the semi-artificial photosynthetic biohybrid field to 
improve the stability of entire systems. With continued development and overlap of 
the chemical, biological and physical fields, it should soon become possible to devise 
processes based on sustainable semi-artificial photosynthetic biohybrids that lead to 
a carbon–neutral society. 

(5) Reaction Source. Seawater is a potential source for hydrogen production that 
is needed to meet future demands. However recent techniques developed for seawater 
desalination or wastewater clarification are high cost and unstable. Therefore, devel-
oping general and simple strategies for seawater desalination or wastewater clarifica-
tion is most desired. Algal organisms have been proposed to be a suitable alternative 
for these purposes. The integration of algal and materials for seawater desalination or 
wastewater clarification have the advantage of higher rates of growth, and the ability 
for cultivation using non-arable land and fresh, brackish or ocean water. 

7 Conclusion 

We have comprehensively reviewed advanced developments in biological hydrogen 
production based on artificial hybrid system. Big challenge facing the area of arti-
ficial photosynthesis is the improvement of existing fermentation systems so that 
they can be employed to produce hydrogen. Further research on this topic will focus 
on improving photosynthesis efficiencies and electron flow, immobilizing microbial 
cultures, and lowering the cost of bioreactors. Semi-artificial photosynthetic systems 
contain many interdisciplinary subjects including material science, physics, chem-
istry, biology, and medical science. Multidisciplinary conclusions from research will 
contribute to the development of semi-artificial photosynthetic system. With the 
improvement, the hydrogen produced through semi-artificial photosynthetic system
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will exhibit the incomparable advantages in scientific research and economics, espe-
cially in seawater hydrogen production. Furthermore, technologies applied in semi-
artificial photosynthetic system have the potential to be expended to applications in 
other fields. 
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