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A B S T R A C T   

Hydrogen gas is a net zero carbon emission clean fuel with an unmatched high specific energy. Water electrolysis 
is an important alternative method to produce hydrogen to the traditional fossil hydrocarbon reforming in in-
dustry. The main challenges of water electrolysis are the high energy consumption (ca. 5 kWh m− 3 (H2) at 80 ℃) 
and, if accidentally formed, the explosive nature of any unintended mixing of the produced hydrogen and oxygen 
gases. In order to solve these problems, alternate water electrolysis has been developed by, for example, 
decoupling of the hydrogen evolution reaction (HER) from the oxygen evolution reaction (OER) in space or time. 
This critical review intends to introduce the concept and recent developments of alternate water electrolysis in 
different schemes, including the alternate thermolysis and electrolysis of water, the alternate water electrolysis 
by using a liquid or solid redox intermedium and the alternate half-electrolysis of water. All the alternate water 
electrolysis methods solve the gas mixing problem whilst half-electrolysis and those with a solid redox medium 
omit the membranes. Specifically, only the alternate half-electrolysis of water can save the energy consumption 
without compromising the operation life and production rate.   

1. Introduction 

Global energy consumption rises for the economic growth and the 
increased population. Approximately 36 billion tons of carbon dioxide 
(CO2) are emitted into the atmosphere every year to meet the energy 
demand [1]. Hydrogen gas (H2) is a net zero carbon emission fuel 
without any pollutants and greenhouse gases because its combustion 
produces only heat and water steam. It has the highest specific energy of 
143 MJ kg− 1 or 39.4 kWh kg− 1 (HHV) among all fuels [2]. Despite the 
high abundance of hydrogen in the universe, it is seldomly available as 
an elementary substance on the earth. At present, H2 is mostly 
commercially produced from fossil fuels by thermochemical processes, 
including hydrocarbon reforming and pyrolysis, which requires the 
container to withstand high temperature and further separation for 
purification [3]. Besides thermochemical processes of hydrocarbons, 
electrolysis can also produce H2 and the oxygen gas (O2) from water 
which is the most abundant natural resource. Broadly, water electrolysis 
has the advantages of high yields and purity [4]. The main challenges of 
water electrolysis are the high energy consumption (ca. 5 kWh m− 3 (H2) 
at 80 ℃) [5]. The discovery of the water electrolysis can be dated back to 
1789 when Deiman and Troostwijk used an electrostatic generator as the 
direct current source to decompose water into H2 and O2 in a Leyden jar 

[6,7]. Nowadays, water electrolysis driven by energy from renewable 
sources such as solar, wind and tide enable the scale-up of onsite H2 
production with net zero CO2 emissions, meanwhile alleviating the 
instability of grid because the power from renewable energy sources is 
intermittent [8,9]. Especially, H2 as an energy carrier can be produced 
by solar-energy-driven electrolysis of water during the day and supply 
electrical power at night by for example fuel cells [10]. Therefore, water 
electrolysis has a promise to take the place of thermochemical processes 
of hydrocarbons in the near future [11]. 

Conventionally, the overall cell reaction of water electrolysis can be 
divided into two half-cell reactions, comprising hydrogen evolution re-
action (HER) at the cathode and oxygen evolution reaction (OER) at the 
anode. Take acidic electrolytes as an example, the total HER process 
represented by Eq. (1) could be divided into the Volmer, Heyrovsky and 
Tafel steps shown in Eqs. (2)–(4), respectively. The kinetic steps in the 
overall OER process of Eq. (5) should include Eqs. (6)–(9). 

2H+ + 2e = H2↑ (1)  

H+ + ∗ + e = H∗ (2)  

H∗ + e+H+ = H2↑ (3) 
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2H∗ = H2↑+ 2∗ (4)  

H2O − 2e = 2H+ +
1
2

O2↑ (5)  

H2O+ ∗ − e = H+ +OH∗ (6)  

OH∗ − e = H+ +O∗ (7)  

H2O+O∗ − e = OOH∗ +H+ (8)  

OOH∗ − e = H+ + ∗ +O2↑ (9) 

The theoretical decomposition voltage of water electrolysis is 1.23 V 
under standard conditions at 298 K [12]. The electrode involving OER 
dominates the cell overvoltage which must be applied practically in 
water electrolysis in addition to the theoretical value, because the 
overpotential of HER is much smaller. Based on the fact that the per-
formance of water electrolysis is mainly limited by OER, most reported 
studies on water electrolysis focus on the catalysts for OER [13–17]. The 
mechanisms of HER and OER with catalysts based on density functional 
theory have been introduced in our recent review [18]. The current 
commercial water electrolysis instrument is alkaline water electrolysis 
(AWE), whilst the developments of proton exchange membrane elec-
trolysis cell (PEMEC), alkaline anion exchange membrane electrolysis 
cell (AEMEC) and solid oxide electrolysis cell (SOEC) are also showing 
promising commercial values [19]. Thereinto, SOEC operates at high 
temperatures of 873–1273 K and others at ambient temperatures. Either 
the 20–30% KOH aqueous solution is used in AWE as electrolyte, or 
deionized water or steam is feed in membrane-based electrolysers and 
SOEC [20,21]. However, the scarcity of fresh water in some coastal arid 
zones of the world makes it more desirable to electrolyse seawater which 
accounts for 96.5% of total water on the earth [10,22]. Although the cost 
of direct seawater electrolysis in practice should be considered [23], H2 
from seawater is of particular interest to the marine industry because H2 
production at offshore wind and/or solar farms is competitive with 
direct electricity transmission to shore if the distance is beyond 50 km 
[24]. 

It is well known that in air, H2 can explode in a wide concentration 
range from 4.0%–75.6%, which is of a high safety concern for storage 
and transport. High-purity H2 is also needed for application in industrial 
processes or fuel cells. In order to avoid the mixing of simultaneously 
produced H2 and O2 in conventional water or steam electrolysis, the 
corresponding gas-proof but ion-conducting diaphragms or membranes 
are designed and installed to separate the anode from the cathode. For 
example, asbestos diaphragms are selected for AWE, proton exchange 
membranes (PEM) for PEMEC, anion exchange membranes (AEM) for 
AEMEC and yttria stabilized zirconia (YSZ) for SOEC. Even though, 
gases have a tiny rate to permeate the membranes due to the pressure 
difference between the anodic and cathodic chambers. When water 
electrolysis is driven by the intermittent renewable energy, especially 
solar electricity, the provided current may be extremely low to result in a 
low rate of gas production. If the rate of gas production is not at least an 
order of magnitude larger than the rate of gas permeation, the gases will 
be mixed and become explosive. Furthermore, such unwanted gas 
crossover could induce the production of reactive oxygen species which 
severely degrade electrolyser components and hence shorten the whole 
cell lifetime. Although the indispensable diaphragms and membranes 
can impede the gas crossover to some extent and even membranes can 
transport ions as electrolytes, the diaphragm and membranes engender 
at least four disadvantages. First, the diaphragm or membrane resistance 
gives rise to extra voltage loss and energy consumption especially when 
a large current is applied. Second, particular polymer membranes, such 
as PEM and AEM, are considerably expensive. Third, pressure balance 
between the anode and cathode confines the applied electrolysis current 
and rate. Last but not the least, either acidic or alkaline diaphragms do 
not simultaneously favour HER and OER. 

In order to solve the problems caused by gas crossover and high 
energy consumption in conventional water electrolysis with or without 
using renewable energy, several alternate water electrolysis strategies 
have been proposed. Such approaches aim to separate or decouple the 
HER and OER in space and/or time, particularly in the absence of di-
aphragms or membranes, as demonstrated in laboratory [25–29]. This 
critical review intends to introduce the concept and development of 
various alternate schemes for water decomposition, including alternate 
thermolysis and electrolysis of water, alternate water electrolysis via a 
liquid or solid redox medium, and alternate half-electrolysis of water. 
The relations and differences among these schemes are also revealed and 
compared. Finally, this review forecasts the promise and trend of these 
schemes of alternate water electrolysis in the context of practical 
applications. 

2. Alternate thermolysis and electrolysis of water 

Not only electrolysis but also thermolysis can split water into H2 and 
O2 [30]. Thermolysis of water can proceed at high temperatures (above 
3000 K) which can be achieved via properly concentrated sunlight with 
potentially low or no greenhouse gas emissions. Water thermolysis 
seems to have nothing to do with alternate water electrolysis, but the 
decoupling of H2 and O2 was proposed in 1966 by multistep thermo-
chemical processes with oxides as redox mediums [31]. It is possible to 
operate a sequence of thermochemical steps at temperatures well below 
the temperature required for water decomposition in a single step [32]. 
Fe3O4/FeO [33], ZnO/Zn [34] and CdO/Cd [35] as redox mediums were 
attempted to decouple H2 and O2 in the field of solar thermolysis. Taking 
CdO/Cd as an example, Eq. (10) produces O2 whilst Eq. (11) produces 
H2. 

CdO = Cd↑+
1
2

O2↑ (10)  

Cd +H2O = CdO+H2↑ (11) 

However, for the chemical reaction step in Eq. (11), passivation 
caused by the formation of an oxidised upper layer makes it necessary to 
be carried out in an electrolyser. In 1983, solar energy was applied to 
decompose CdO at 1900 K under an Ar atmosphere, thereby producing a 
metallic Cd anode for the water electrolysis in which H2 was produced. 
In other words, Eq. (11) turned from a thermochemical reaction to an 
electrochemical reaction. Unfortunately, the cycle efficiencies were as 
low as near 10%, partly because the Cd vapor needs to be separated from 
the co-product O2 due to the higher temperature required to reduce 
CdO, well above the boiling point of Cd metal (1040 K). 

In 2012, the concept was proposed that thermolysis combined with 
electrolysis using a metal oxide anode to decouple H2 and O2 [36]. 
Compared with the metal anode, like Cd [35], metal oxide anode in the 
electrolysis process increased the cycle efficiencies to above 60%, 
making solar-thermally decoupled water electrolysis towards practical 
development [36]. Taking Fe2O3(FeOOH)/Fe3O4 as an example, Eq. 
(12) produces O2 in the air by solar thermolysis at 1650 K, whilst Eqs. 
(13) and (1) produce H2 by electrolysis, as shown in Fig. 1a. 

3Fe2O3 = 2Fe3O4 +
1
2

O2↑ (12)  

2Fe3O4 + 4H2O − 2e = 6FeOOH + 2H+ (13) 

Firstly, because the water electrolysis step corresponding to Eqs. (13) 
and (1) can be decoupled in time from the solar step, this whole process 
is possible to be 24-hourcontinuous, showing an advantage compared 
with solar thermolysis of water decoupled by thermal chemical re-
actions. Secondly, the solar-heat-driven metal oxide reduction in Eq. 
(12) can be accomplished in air at temperatures below 1700 K, avoiding 
a window-closed reactor which incurs efficiency loss via transmission 
applied in metal oxide reduction to metal, as shown in Eq. (10) in Ar or 
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at a reduced pressure. Furthermore, the relatively low temperatures 
solve the challenges of material degradation. Thirdly, the theoretical 
minimum voltage to trigger Eqs. (13) and (1) is only 0.23 V at 298 K, 
which is much smaller than 1.23 V for water electrolysis because oxides 
are produced instead of encountering the sluggish OER at the anode. 
Concretely, after solar thermolysis of Fe2O3 in Eq. (12) to release O2, the 
resulting Fe3O4 was placed in either H2SO4 or KOH supporting elec-
trolytes. The appropriate stirring rate compromised the gravity of the 
Fe3O4 particles to deliberately maintain two regions in the electrolytes: 
the bottom region contained suspended Fe3O4 particles whilst the upper 
part was of the supporting electrolytes without particles, as illustrated in 
Fig. 1b. The cathode was a Pt-coated Mo wire placed in the upper 
electrolyte for HER, avoiding the disturbance of Fe3O4 particles. The 
anode was a Pt foil electrode inserted into the bottom suspension region 
of the electrolytes for catalysing the oxidation of the Fe3O4 particles. The 
gas chromatography analysis of the headspace of the cell did not detect 
O2, suggesting that the decoupling of the HER from OER was realised. 
After the unreacted magnetite Fe3O4 particles were separated from the 
product using magnets, the remaining yellow powder in electrolyte was 
demonstrated to be FeOOH by X-ray diffraction. In fact, Fe2O3 is the 
dehydration product of FeOOH, and hence the cycle can be completed. 
The electrolysis current of the system in H2SO4 electrolyte was much 
higher than that in KOH because the Fe3O4 particles can be, at least 
partly, a solute in acidic electrolytes. It is worth noting that the initial 
voltage decreased from about 1.8 V for conventional water electrolysis 
with Pt as the anode to 0.7 V when the Fe3O4 particles were used as the 
anode. The maximum possible thermal efficiency obtained was above 
60% when the only thermal input not recovered is that required to drive 
the reduction reaction, implying solar-heat decoupled water electrolysis 
to be a promise in practical application. Subsequently, extended 
research on the anodic electrochemical reaction with the Co3O4/CoO 
redox medium was also investigated [37]. 

It is worth referring to the report in 2020 that microwave heating 
could decouple water thermolysis on Ce0.8Gd0.2O1.9 at temperatures 
below 250 ◦C which would save much energy [38]. 

The decoupling of H2 and O2 was actually proposed initially for solar 
thermolysis of water in multistep thermochemical processes with oxides 
as the redox mediums or via the combination of solar thermolysis and 
electrolysis with oxides/metal as redox mediums. However, the work on 
solar-heat decoupled water electrolysis with a low valence metal oxide 
as the anode has demonstrated that it can be possibly realised in prac-
tical applications. This is because not only does the maximum ideal ef-
ficiency reach beyond 60%, but also the solar thermolysis can be 
executed at a relatively low temperature in air. 

3. Alternate water electrolysis by liquid redox medium 

Compared with solar thermolysis of water, water electrolysis can be 

operated at room temperature and low temperature, which does not 
require solar heating instruments. In water electrolysis systems, on the 
one hand, industrial processes and fuel cells require sufficiently pure H2, 
whilst on the other hand, the kinetics of OER are too sluggish to keep 
pace with that of HER. Hence, it would be wonderful if the evolved H2 
and O2 in water electrolysis are produced separately in time or space. As 
we know, natural photosynthetic systems are able to split water to 
produce only O2 coupled with protons which support the conversion 
from adenosine diphosphate to adenosine triphosphate [39,40]. As 
mentioned in the last session, solar thermochemical cycles of water 
splitting may produce H2 and O2 at separate times on a large scale. 

3.1. Electron-coupled proton buffer 

Inspired by these findings, in 2013, it was proposed that an electron- 
coupled proton buffer (ECPB) could be applied to decouple HER and 
OER during water electrolysis [41]. Commercially available phospho-
molybdic acid (H3O)+[H2PMo12O40] − , a type of yellow polyoxometallic 
acid with a pH of 0.3, was chosen to be the ECPB. It possesses peculiar 
properties, such as high solubility in water, high storage capacity for 
protons and electrons, at least one reversible redox peak between HER 
and OER, and the capability to accept charge-balancing protons when it 
is reduced to buffer the pH of the solution. These properties are criteria 
when developing a new ECPB. The phosphomolybdic acid 
(H3O)+[H2PMo12O40] − exhibited four pairs of redox peaks in cyclic 
voltammogram (CV). The first reduced state of (H3O)+[H2PMo12O40] −

in aqueous solution was the two-electron reduced species 
(H3O)+[H4PMo12O40] − . The decoupling of HER and OER with the ECPB 
was demonstrated in a Nafion membrane separated cell consisting of 
two compartments, one filled with 1 mol L− 1 H3PO4 and the other with a 
0.5 mol L− 1 mixture of (H3O)+[H2PMo12O40] − and 
(H3O)+[H4PMo12O40] − (1:1) and two Pt electrodes. Fig. 2 illustrates the 
entire process of decoupling HER and OER with ECPB. The first step 
involved the oxidation of water to produce O2 by the reduction of yellow 
(H3O)+[H2PMo12O40] − to dark blue (H3O)+[H4PMo12O40] − , as shown 
in Eqs. (14) and (5). In the second step, when the dark blue 
(H3O)+[H4PMo12O40] − was reversibly oxidised to the yellow 
(H3O)+[H2PMo12O40] − , H2 was evolved in the H3PO4 chamber which 
was the same one where OER occurred in the first step, as written in Eqs. 
(15) and (1). The two steps with ECPB could be continuously cycled to 
complete the alternate water electrolysis. 

(H3O)
+
[H2PMo12O40]

−
+ 2H+ + 2e = (H3O)

+
[H4PMo12O40]

− (14)  

(H3O)
+
[H4PMo12O40]

−
− 2e = (H3O)

+
[H2PMo12O40]

−
+ 2H+ (15) 

From Eqs. (14) and (5), it is worth paying attention that phospho-
molybdic acid can store both the protons and the electrons generated 
during water oxidation. It acted to buffer the pH in the electrolysis cell, 

Fig. 1. Schematic illustration of (a) solar-heat decoupled water electrolysis process and (b) electrolyser part [36].  
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which would be benefit for the durability of water electrolysis. That is 
why it was called ECPB, as it maintained an unchanged pH. If it was 
changed to a polyoxometalate of Na4(NH4)2[H2VW17O54(VO4)2] with a 
pH of 3.67, the pH of the counter chamber containing Na2SO4 changed 
from 3.67–11.96, which was close to that expected by calculation, after 
the reduction of water to H2 and oxidation of Na4(NH4)2[H2V-
W17O54(VO4)2]. The pH change occurred because there were not suffi-
cient H+ provided from polyoxometalate to release H2, which must be 
formed from H2O with OH− . This may indicate that the polyoxometalate 
is not suitable to be an ECPB. The porous frit was also applied in the 
phosphomolybdic acid system instead of a Nafion membrane to compare 
the pH changes. Furthermore, the Fe2+/Fe3+ and I2/IO3

− couples, which 
were used as redox mediums in artificial photosynthetic Z-scheme sys-
tems, were proved to be unsuitable to be ECPB. Too small ionic size, 
positively charged and unstable Fe2+ are reasons why the Fe2+/Fe3+

couple should not be an ECPB. Besides buffering pH, the two-electron 
transferred phosphomolybdic acid possessed good stability. The 
reduced state of (H3O)+[H4PMo12O40] − could be stored in an open 
container for at least two weeks with stirring. 

Owing to almost unchanged pH in the phosphomolybdic acid system, 
potential losses could be ignored especially when compared with the 
potential drop from solution resistance. When considering the conven-
tional water electrolysis coupling of OER and HER as a benchmark, the 
overall energy consumption of the alternate two-step process in the two- 
electrode cell was 1.27 times that of the one-step conventional elec-
trolysis, meaning that the alternate water electrolysis consumed more 
energy. 

3.2. Spontaneous catalysis 

Subsequently, another cheaper polyoxometallic acid, silicotungstic 
acid, was attempted to be used as an ECPB [42]. The CV showed that 
H4[SiW12O40] had two reversible redox peaks at 0.01 and –0.22 V versus 
the normal hydrogen electrode (NHE) using a glassy carbon electrode, 
which were far more positive than –0.6 V, the onset of HER on a glassy 
carbon electrode in a similar pH electrolyte absence of H4[SiW12O40]. 
However, when a Pt electrode was used as in the previous report [41], 
competitive reactions between HER and the reduced mediator occurred, 
generating a mixture of H4[SiW12O40] and its one-electron reduced form 
of H5[SiW12O40]. In the first step of the alternate water electrolysis, 
H4[SiW12O40] was reduced to dark blue H6[SiW12O40] via a carbon felt 
cathode whilst OER occurred at a Pt anode. The two-electron reduction 
of H4[SiW12O40] could be completed with only trace H2, indicating that 
the decoupling of HER and OER would be successful. It was supposed to 

alter the anode and cathode to execute the second step. Fortunately, it 
was surprising that when the Pt/C catalyst was inserted into the reduced 
state H6[SiW12O40], HER spontaneously occurred, as shown in Fig. 3. 
The mechanism of the spontaneous HER was similar to that of the 
chemical heterogeneous catalysis with noble catalysts [43,44]. The 
decoupling by electrolysis and chemical catalysis realised the separation 
of HER and OER in time and space and showed many advantages as 
follows. Firstly, the electrochemical setup, at least the anodic compart-
ment, could be open in the ambient environment if we need not O2. 
Secondly, the reduced state H6[SiW12O40] could be transferred to a 
separate chamber to perform spontaneous HER at elevated temperature 
and pressure to increase the production rate freely. Thirdly, reactive 
oxygen species, which would result in the degradation of membranes, 
produced by the coexistence of H2 and O2 were thoroughly avoided. 
Finally, H2 would be highly pure because any residual O2, if present, 
would react with the reduced mediator in the separate chamber, 
rendering the H2 suitable for applications in fuel cells or the 
Haber-Bosch process. 

Further investigation on the purity and rate of H2 was carried out. 

Fig. 2. Schematic illustration of ECPB decoupled water splitting. (a) OER along with reduction of phosphomolybdic acid and (b) HER with oxidation to phos-
phomolybdic acid. Copyright Nature Springer 2013 [41]. 

Fig. 3. Schematic illustration of silicotungstic acid-mediated decoupling OER 
and spontaneous HER [42]. 
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When 10% O2 was deliberately inflated into the headspace of 
H6[SiW12O40], only 0.04% O2 left by the reaction with H6[SiW12O40] 
after 30 min, further guaranteeing the purity of H2. The rate per milli-
gram of Pt from H6[SiW12O40] exceeded that in the PEMEC by a factor of 
30 [45]. The released volume of H2 ranged between 122.4 and 
244.7 mL, corresponding to one and two-electron conversions, respec-
tively. The faradaic efficiency was 68% relative to the two-electron re-
action. This means that complete and rapid transformation of 
H6[SiW12O40] to H5[SiW12O40] was followed by partial conversion of 
H5[SiW12O40] to H4[SiW12O40]. The resulting mediator solution was 
titrated with an Fe(III) source to oxidize all remaining H5[SiW12O40] to 
colourless H4[SiW12O40]. Another research [46] found that the yield of 
H2 reached 85% over Pt/C subjected to the reduced silicotungstic acid in 
a water-ethanol solution because the addition of ethanol can increase 
the reducing capability of silicotungstic acid. 

The spontaneous HER was indeed an intriguing phenomenon and 
realised the separation of HER and OER both in time and in space, of-
fering many advantages as mentioned above. It seems to be capable of 
omitting the purge of O2 after OER in the alternate decoupling applied in 
the literature [41]. However, at least for H4[SiW12O40], there were still 
some problems. When OER occurred, a Pt electrode could not be used for 
the reduction of H4[SiW12O40], leading to the decreased electrocatalytic 
activity. After spontaneous HER, the oxidation of the residual 
H5[SiW12O40] required an extra step. In other words, in fact, the 
decoupling course had to undergo three steps, comprising OER by 
electrolysis, spontaneous HER and oxidation of the intermediate of the 
ECPB. Additionally, the molecular weight of H4[SiW12O40] is still too 
large to store hydrogen efficiently. 

As a matter of fact, the concept of redox ECPB bears some resem-
blance to the mechanism of redox flow batteries. All-vanadium redox 
flow batteries, which use V(III)/V(II) and V(V)/V(IV) redox couples, 
have been commercialized [47]. Reported simultaneously with the 
spontaneous HER [42], both chemical catalysis reactions of HER and 
OER occurred spontaneously in different redox solutions charged by a 
conventional V–Ce redox flow battery, realizing the decoupling of water 
electrolysis [48]. The authors claimed that the dual circuit system could 
provide a secondary platform to store surplus energy beyond the 

capacity of the charged electrolytes in the form of hydrogen [48]. 
However, this is impossible because all energy, certainly including 
hydrogen, comes from the electrochemical conversion of the redox 
electrolyte ions. In fact, the mechanism of half of the dual-circuit system 
was similar to that described in the literature [42]. Fig. 4 illustrates the 
schematic of the dual-circuit system consisting of a redox flow battery 
and two catalytic beds, half of which is similar to Fig. 3. 

A single V–Ce redox flow battery was designed, wherein pretreated 
graphite felt electrodes were utilised in 0.1 mol L− 1 Ce(III) (Ce2(SO4)3) 
and 0.1 mol L− 1 V(IV) (V(SO4)2), converted to Ce(IV) and V(III), in 
1 mol L− 1 H2SO4, achieving mean charging and discharging cell volt-
ages of 2.5 and 0.7 V at 60 mA cm− 2. However, the drawback of the 
redox flow battery was its low energy efficiency. In the catalytic beds, 
only pre-heated hydrated RuO2 nanoparticles were active for OER in the 
electrolyte containing Ce(IV), whilst Mo2C was employed as the catalyst 
for HER in V(II). Simple 3-way valves were utilised to control the elec-
trolyte directions among the battery body, tanks and catalytic beds. The 
mean conversion efficiency of OER from Ce(IV) was 78%, indicating side 
reaction that hydrated RuO2 was corroded by consuming the Ce(IV). The 
overall energy efficiency of the dual circuit system, the ratio between the 
energy “contained” in the produced hydrogen and the electrical energy 
required to fully charge the V–Ce redox flow battery, was about 50% at a 
charging current density of 60 mA cm− 2, considering the lower heating 
value for hydrogen (241 kJ mol− 1) and a HER yield of 100%. 

Whether Figs. 3 or 4, at least one catalytic chamber was utilised to 
separate HER and OER in space. In Fig. 3, only a redox ECPB was used, 
whilst in Fig. 4, two different redox ion couples, even if all-vanadium 
ones, with a certain potential difference based on the concept of redox 
flow battery, must be utilised. In fact, the configuration in Fig. 3 can be 
seen as a simplification of that in Fig. 4, where the left parts of Fig. 4a 
and c become the electrolytic OER part in Fig. 3. Both configurations 
with different setups aim to achieve the decoupling of HER and OER in 
time and space. 

3.3. Multielectron reactions 

Although soluble redox mediators, such as phosphomolybdic acid 

Fig. 4. Schematic illustration of dual circuit system from (a) charging to (b) discharging by redox flow battery via conventional route 1 or to (c) decouple HER and 
OER by catalytic beds via new route 2 [48]. 

Y. Chen and G.Z. Chen                                                                                                                                                                                                                        



Next Sustainability 3 (2024) 100029

6

and silicotungstic acid, were employed in decoupling HER and OER, the 
electron storage capacity of these mediators was limited to only 1 or 2 
electrons per molecule. Polyoxometallates offer a tremendous ability to 
reversibly store multiple electrons. Small cations, such as Li+, play a 
crucial role in reducing the redox potentials of polyoxometallates to 
facilitate the generation of reduced species, compared with those when 
these cations are absent [49]. Leveraging this significant advantage, 
polyoxometallates have been investigated in redox flow batteries [50]. 
Li6[P2W18O62] polyoxometalate was chosen to decouple HER and OER 
as it is capable of reversibly accepting up to 18 protons and electrons in 
aqueous solution [51]. When the supporting electrolyte was 1 mol L− 1 

Li2SO4/H2SO4 with a pH of 4 and the concentration of Li6[P2W18O62] 
increased to 0.1 mol L− 1, the current profoundly increased in CV and 
could deliver 17.2 electrons per molecule throughout the process prac-
tically. Combining the dual membrane design and the configuration of 
the redox flow battery (similar to Fig. 4), a tank with a pump was used to 
circulate the redox EPCB of Li6[P2W18O62] between OER and HER 
membrane-based electrolysers, as depicted in Fig. 5. 

In order to avoid competitive HER during the multielectron reduc-
tion of Li6[P2W18O62], a high flow rate had to be utilised to minimize 
mass transport overpotentials. This is why a static electrolyser cannot be 
applied as depicted in Fig. 5. Such a high flow rate was applied in a 
similar configuration using silicotungstic acid as an ECPB which could 
confer greater tolerance to mineralized water [52]. However, the high 
flow rate entails high energy consumption in practical applications, 
which is often overlooked in energy calculations in most papers. When 
the reduced specimen of [P2W18O62] 6− by 18 electrons per molecule by 
the electrochemical flow was exposed to Pt/C, a 16-electron equivalent 
of H2 was spontaneously generated, leaving behind a two-electron 
reduced anion of [P2W18O62] 8− . More interestingly, spontaneous HER 
from solutions of the reduced specimen occurred without any bias and 
even without any catalyst. Simply diluting the solution with a higher pH 
Li2SO4, increased the kinetics of HER. 

Another multielectron conversion of ECPB was explored by changing 
the heteroatom in silicotungstic acid from Si4+ to Zn2+, which doubled 
the number of reversible electrons from two to four [53]. It was observed 
that H6ZnW12O40 maintained a stable pH even when undergoing 4-elec-
tron reduction, which was markedly different from the significant pH 
change observed when reducing H4SiW12O40. The CV peaks of 
H6ZnW12O40 shifted to negative potentials with increased pH by adding 
buffering solutions, which was attributed to the enhanced protonation 
ability of [ZnW12O40] 6− accompanying reduction in acidic solutions. 
The reduced specimen of H6ZnW12O40 released 95.5% of the theoretical 
H2 volume, significantly higher than the 67% for H6SiW12O40. The au-
thors stated that the incomplete release of hydrogen is caused by the first 
redox potential of H4SiW12O40 being more positive than the HER onset 

potential of Pt/C catalyst. However, in fact, this is a chemical catalytic 
process rather than an electrocatalytic one, despite redox reactions 
occurring. The explanation of partial oxidation of H5SiW12O40 to 
H4[SiW12O40] [42] appears to be more accurate. 

3.4. Organics 

Considering that the molecular weight of the all-inorganic poly-
oxometalate phosphomolybdic acid (H3Mo12PO40) as an ECPB is >
1800 g mol− 1, ECPBs with lower molecular weights along with char-
acteristics of abundant components and industrial scale production are 
desired. Bionics offers a shortcut to find desired substances, thanks to the 
gifts of nature. Quinone derivatives, such as plastoquinone, are known 
to be mitochondrial redox carriers in natural photosynthesis in green 
plants. Plastoquinone can accept electrons from Photosystem II during 
water oxidation and protons from the chloroplast stromal matrix, un-
dergoing a reversible two-electron transfer process to form a reduced 
hydroquinone derivative. These electrons and protons stored in the 
hydroquinone derivative are ultimately used to yield NADH, an H2 
equivalent if applied in water electrolysis, from NAD+ [54]. Inspired by 
plastoquinone in natural photosynthesis, commercially available 1,4-hy-
droquinone derivative potassium hydroquinone sulfonate is selected to 
be an ECPB [55]. The linear scanning voltammogram (LSV) showed a 
much lower onset voltage in the potassium hydroquinone sulfonate 
system than that in the pure H3PO4 system, whether for HER or OER. 
However, cyclic performance showed that the ability to re-reduce po-
tassium hydroquinone sulfonate decreased by 1% per cycle. This 
extension of ECPB from inorganic large molecules to organic small 
molecules is promising, however, the reversibility of potassium hydro-
quinone sulfonate should be improved. 

In order to alleviate the degradation of potassium hydroquinone 
sulfonate (1% per cycle), anthraquinone-2,7-disulfonic acid which 
demonstrated impressive reversibility as the negative electrolyte in a 
redox flow battery, was chosen as the ECPB. The charge capacity 
exhibited an overall decrease of 5.75% over 100 cycles, corresponding 
to 0.06% per cycle [56], which was one 17th of that observed with 
potassium hydroquinone sulfonate. 

3.5. Photocatalysis 

As we know, solar energy has long been applied in water splitting, 
where catalysts in the anode must be photoactive semiconductors with 
energy gaps smaller than the energy of photons [57–59]. Recently, a 
photoanode of WO3 was utilised as the catalyst to decouple HER and 
OER in a photoelectrochemical cell. A dual membrane cell was designed 
to separate HER and OER in different chambers, with phosphomolybdic 
acid still serving as the redox ECPB (Fig. 6) [60]. This design is a 
modification of that shown in Fig. 2, enabling the separation of HER and 
OER in space, albeit with the addition of an extra PEM, thereby 
increasing the cost of the decoupling system. The WO3 photoanode in 
1 mol L− 1 CH3SO3H facilitated the simultaneous oxidation of water to 

Fig. 5. Flow cell device to decouple HER and OER by the reduction and 
oxidation of Li6[P2W18O62], from 1 to 5 correspond to flow channel, carbon 
paper, IrO2 OER catalyst, Nafion membrane and Pt HER catalyst [51]. 

Fig. 6. Schematic illustration of dual membrane photoelectrochemical cell to 
decouple OER with WO3 photoanode by step 1 and HER by step 2 in space with 
ECPB [60]. 
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O2 in the photoanode chamber and the reduction of [PMo12O40] 3− to 
[PMo12O40] 5− in the middle chamber via an external circuit without 
any additional electric bias. The achieved current densities were over 
1 mA cm− 2 under simulated solar irradiation, with a faradaic efficiency 
for OER in photolytic water splitting was 84%. 

It was found that a WO3 photoanode could be decomposed to tung-
sten acid upon contact with acidic H3PMo12O40 during photo-
electrochemically decoupled water splitting. BiVO4 crystal is also an n- 
type photocatalyst with a 2.3 eV bandgap [61], making it a suitable 
photocatalyst for OER. In the initial step, under light irradiation, water 
was oxidised to oxygen by the photogenerated holes from the BiVO4 
powder in the H3PMo12O40 solution, whilst the protons and electrons 
were stored in the ECPB, generating H5PMo12O40. In the second step, the 
oxidised ECPB obtained in the first step was transferred to the electro-
lyser and reduced to H3PMo12O40, concurrent with HER [62]. However, 
the deep colour of H3PMo12O40 at high concentration hindered the light 
absorption of BiVO4, thus limiting the efficiency of OER. 

The (010) facets of BiVO4 are known to be efficient for the reduction 
reaction, whilst the (110) facets are more conducive to the oxidation 
reaction [63]. The BiVO4 crystals with different ratios of (110)/(010) 
facets could be prepared by hydrothermal method at varying pH levels. 
The optimized areal ratio of (110)/(010) for photocatalytic activities 
was found to be 3, proving that the kinetics of reduction reaction are 
faster than that of the water oxidation reaction. The apparent quantum 
efficiency reached 71% at 365 nm, significantly higher than that of 
irregular crystals. Utilizing regular BiVO4 crystals as the photocatalyst, 
decoupling HER and OER was achieved with the redox Fe2+/Fe3+ couple 
ions [64]. The mechanism was similar to that illustrated in Fig. 6 but 
with a different photocatalyst and redox medium. The regular BiVO4 
crystals catalysed the oxidation of water with complete reduction of 
Fe3+ to Fe2+. Conversely, the irregular BiVO4 crystal exhibited un-
wanted reversible conversion of Fe2+/Fe3+, resulting in the decreased 
faradaic efficiency of OER. Photogenerated electrons and holes were 
spatially separated over the regular BiVO4 crystal. After that, photo-
generated electrons accumulated on (010) facets whilst holes (110) 
facets. Therefore, the regular facets facilitated the reduction of Fe3+ ions 
by photogenerated electrons and OER by photogenerated holes. In the 
electrolysis part, a bias of 0.8 V was applied to produce H2 with oxida-
tion of Fe2+. Considering the redox potential of Fe3+/Fe2+ was 0.77 V, 
the small overpotential of only 0.03 V indicated efficient electrolysis. 

3.6. Base acid hybrid 

As we well know, the potentials for OER and HER tend to decrease 
with an increase in the pH value of an electrolyte solution. Combining 
the high HER potential in an acidic electrolyte solution with the low OER 
potential in a basic electrolyte solution, the overall voltage of water 
splitting would be lower than 1.23 V. However, achieving such a setup is 
challenging due to the difficulty of maintaining the coexistence of an 
acid and a base in an electrolytic system. The use of a bipolar membrane 
has emerged as a potential solution to this challenge, which comprises 
cation-selective face and the anion-selective face, allowing for the sep-
aration of acidic and basic electrolytes [65]. Recently, the ceramic Li-ion 
exchange membrane was used to separate basic and acidic electrolytes 
in water electrolysis [66]. In the setup, a commercial bipolar membrane 
was used to separate 0.36 mol L− 1 V2(SO4)3 in H2SO4 from KOH. A 
polycrystalline Si photovoltaic module powered the electrolysis which 
decoupled OER in the basic electrolyte concurring the reduction of V3+

to V2+. The voltage drop across the bipolar membrane was 0.866 V, 
which includes a concentration polarization effect between different pH 
environments, at a current density of 10 mA cm− 2. When a 96% V2+

solution was passed to Mo2C catalysts, spontaneous HER occurred with a 
faradaic efficiency of 83% [67]. The designation was similar with that in 
Fig. 3 but applying a bipolar membrane with different pH electrolytes. 
Noting that although the electrolysis was driven by solar energy, it is 
completely different from the photocatalysis. 

The progress on bipolar membranes is still on the phase of research 
and development. Nevertheless, bipolar plates are commercially used to 
connect individual fuel cells and electrolysers in stacks. Alternate water 
electrolysis by stepwise operations requires more time compared with 
conventional water electrolysis, despite its ability to prevent the mixing 
of H2 and O2 gases. Inspired by bipolar plates used in cell stacks, elec-
trically connected bipolar electrodes were employed to contact two 
separate redox solutions of K3Fe(CN)6/K4Fe(CN)6 in 0.1 mol L− 1 KOH.  
Fig. 7 shows the configuration of the bipolar electrode system. In this 
setup, the anodic and cathodic reactions of the redox solutions occurred 
simultaneously, leading to synchronous HER and OER on the opposite 
sides of PEMs in the two compartments [68]. To operate the device 
continuously as a water electrolyser, the anode and cathode must be 
periodically switched to maintain the pH of the electrolytes and regen-
erate the redox solutions. Therefore, despite the advantages, the need for 
purging between alternate steps remains unavoidable. It is doubtful 
whether PEMs employed in the alkaline supporting electrolytes was 
appropriate. Since HER and OER occurred at separate compartments, 
basic and acidic electrolytes could be utilised in the water electrolysis, 
which, although was not done, was demonstrated by the subsequent the 
research of the reverse fuel cells with the same configuration with bi-
polar electrodes. 

Since HER and OER could be decoupled into two electrolysis parts 
like Fig. 5, attempts were made to conduct HER and OER in acidic and 
basic electrolytes, respectively. The V(II)/V(III) couple electrolyte 
served as the mediator was placed in a tank between the HER and OER 
electrolysis cells. The Ni foams were used as electrodes in both the HER 
and OER sides. Unfortunately, the Ni foam underwent the corrosion 
from the H2SO4 electrolyte in the electrochemical environment, 
increasing the cell voltage of HER with cycles. Both membranes in the 
HER and OER cells were AEMs which separated the V(II)/V(III) redox 
and H2SO4 and V(II)/V(III) redox and KOH, respectively [69]. The pH 
and absolute value of the voltage rapidly increased with stepwise elec-
trolysis time on the OER side. Only by significantly increasing the 
amount of KOH could mitigate the pH change. It is noted that PEM 
cannot be employed even if in the HER cells with acidic cathode elec-
trolyte because the PEM cannot prevent the outflow of the vanadium 
cations to the HER side. However, the degradation of AEM in the OER 
part was obvious because a large quantity of hydrated SO4

2− species with 
a large ionic radius of 2.32 Å were transported through AEM due to a 
large concentration difference at the basic KOH–acidic vanadium solu-
tion interface. Furthermore, authors may have overlooked the fact that 
the amount of soluble vanadium cations would decrease if the OH− ions 
from the OER side permeated to the V(II)/V(III) redox side to precipitate 
the vanadium ions. The AEM degradation led to the outflow of the va-
nadium cations and hence decrease the duration of each HER and OER 
with cycles. The cell voltage increased suddenly at the end of each HER 

Fig. 7. Separation of simultaneous HER and OER in water electrolysis with 
electrically connected bipolar electrodes [68] (Copyright 2017, ACS). 
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and OER due to the unfavorable side reactions, including the oxidation 
of V3+ to V4+ and the reduction of H+ to H2, after the vanadium cations 
were completely converted, respectively. 

From the two examples, at least three severe problems need to be 
addressed in the base acid hybrid alternate water electrolysis. Firstly, 
the voltage drop across the membrane due to the concentration differ-
ence between the basic and acidic electrolytes increases energy con-
sumption, which should be offset by the ideal potential difference 
between HER in acidic and OER in basic electrolytes. Secondly, the 
dramatic change in pH after consuming the electrolyte would decrease 
catalytic activity. Thirdly, the specific membranes are more prone to 
degradation. 

3.7. Non-alternate 

Considering that the kinetics of OER are sluggish, other oxidation 
reactions like oxidation of 5-hydroxymethylfurfural (HMF) to value- 
added 2,5-furandicarboxylic acid (FDCA) requiring less positive poten-
tial could replace OER, which can not only save the energy but also 
avoid the mixture of H2 and O2 [70,71]. When Na4[Fe(CN)6] was used as 
the redox medium, the decoupling of HER and the oxidation of HMF to 
FDCA could be achieved [72]. 

All-vanadium dual circuit redox flow battery could also be applied to 
decouple HER and OER. The reduction of V(V) to V(IV) [73] replaced 
the part of Ce(IV) to Ce(III) [48]. The reduction of V(V) to V(IV) could be 
matched with the oxidation of SO2 gas to power a cell, instead of 
releasing O2. 

Another work also employed the configuration of a redox flow bat-
tery with iron triethanolamine (Fe(III)TEA) and K2MnO4 in an alkaline 
supporting electrolyte to induce HER spontaneously with the Pt/C 
catalyst in its reduced state (Fe(II)TEA). On the K2MnO4 side, no OER 
occurred. It can be inferred that the oxidation of K2MnO4 to KMnO4 
replaced OER by electrolysis [74]. 

There is no doubt that substituting another oxidation reaction for the 
sluggish OER can reduce the voltage of the entire cell. It is even more 
advantageous when the oxidation reaction is urgently useful and can 
even generate electricity. However, the reduced specimen must be 
continuously supplied, which is much more expensive, or at least more 
troublesome, than using water. Additionally, the pH on the oxidation 
side cannot be buffered, which would decrease catalytic activity over 
cycles. Therefore, alternate water electrolysis remains the primary 
method for producing pure H2. 

4. Alternate water electrolysis by solid redox electrode 

The ECPBs used to decouple HER and OER in Session 3 are soluble 
redox ions in liquid phases. In principle, as long as redox reactions can 
occur, it is possible to use them to realize alternate water electrolysis. 

4.1. Ni(OH)2 

Ni(OH)2 has been widely used as the electrode material in alkaline 
aqueous rechargeable batteries [75]. Its charging and discharging 
courses depend on the reversible transformation between Ni(OH)2 and 
NiOOH. Ni(OH)2 as the redox medium completed the separation of HER 
and OER in alkaline water electrolysis in 2016. To enhance the electric 
conductivity and cyclic ability of Ni(OH)2, carbon nanotubes (CNTs) 
were introduced, constituting 30% of the composite. Additionally, 10 wt 
% acetylene black was used as a conductive agent during electrode 
preparation. In fact, the real active component of Ni(OH)2 accounted for 
about 60%. In the first step, Ni(OH)2 was oxidised to NiOOH, whilst HER 
occurred simultaneously. In the second step, NiOOH was reduced to Ni 
(OH)2 whilst OER occurred concurrently, as shown in Fig. 8a [76]. The 
corresponding electrochemical reactions are shown in Eqs. (16)–(19). 

2Ni(OH)2 + 2OH− − 2e = 2NiOOH + 2H2O (16)  

2H2O+ 2e = H2↑+ 2OH− (17)  

2NiOOH + 2H2O+ 2e = 2Ni(OH)2 + 2OH− (18)  

2OH− + 2e =
1
2
O2↑+H2O (19) 

The separation of HER and OER in time prevented the mixing of 
gases. More importantly, diaphragms or AEMs can be omitted because 
the redox medium was a solid electrode which generally could not flow 
to influence the HER or OER on the other side. Visually, having no 
membrane reduced the cost of the alkaline electrolyser. The cell voltage 
for HER exhibited a cell voltage of about 1.6 V at 20 mA cm− 2 with the 
commercial Pt coated Ti mesh, derived from the potential difference 
between Eqs. (16) and (17) and that for OER − 0.4 V (assuming Ni(OH)2 
always as the working electrode) with the commercial RuO2/IrO2 coated 
Ti mesh, derived from the difference between Eqs. (18) and (19). The 
energy consumption of the two-step water electrolysis using these 
precious electrodes was 1.09 times that of conventional water electrol-
ysis, estimated by mean values of voltages, assumed to be close to the 
more accurate integration. Slight self-discharge was found during the 
rest between HER and OER, during which purging was carried out. The 
faradaic efficiency of HER was 94.7%. 

As H2 is more desirable than O2 for the energy society, OER in the 
aforementioned Step 2 was replaced by the discharge of the (− ) Zn | 
1 mol L− 1 KOH | NiOOH (+) battery (Fig. 8b). As the discharge product 
of the battery is Ni(OH)2 and ZnO2

2− , as shown in Eqs. (18) and (20), a 
circuit can be established between the HER and discharge of the battery. 
Although energy was saved by adopting the discharge of the battery 
instead of OER, the same problems may be of concern, as mentioned at 
the end of Session 3, in addition to the passivation and dendrite growth 
of the Zn electrode in practical applications. 

Fig. 8. Schematic illustration of Ni(OH)2 as solid redox electrode for separation of (a) HER and OER in water electrolysis and (b) HER and discharge of (− ) Zn | 
1 mol L− 1 KOH | NiOOH (+) battery instead of OER [76]. 
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Zn+ 4OH− − 2e = ZnO2
2− + 2H2O (20) 

Almost simultaneously, the concept of using Ni(OH)2 as the redox 
electrode was also applied in the separation of HER and OER [77]. As we 
know, a salt bridge, which can separate the anodic and cathodic re-
actions in two compartments, is not a practical operation, because the 
series resistance of a salt bridge reduces the electrolysis efficiency. That 
is why a PEM or AEM was used to separate the anode and cathode 
compartments. Drawing a lesson from the configuration of the salt 
bridge, the design of the separated water electrolysis by two electrically 
connected Ni(OH)2/NiOOH redox electrodes in Fig. 9a realised that HER 
and OER occurred simultaneously in different spaces. The Ni(OH)2 
electrode paired with the HER electrode whilst the NiOOH electrode 
with OER. The electrolysis curves of the system delivered an average 
voltage of 2.12 V. In order to avoid the OER (or HER) side reaction in the 
HER (or OER) compartment, threshold values were set. It is worth noting 
that the electrolysis curves ended with a sudden jump, indicative of 
complete charging and discharging of the redox electrodes. However, 
when the charging capacity exceeded 80%, the opposite side reactions 
occurred, leading to the mixture of H2 and O2. Combining with analysis 
in the literature with similar jump tails [69], the sudden jump may be 
associated with the opposite side reactions. The cycle duration 
decreased by an average of 0.3% per cycle due to polarization or 
degradation of the redox Ni(OH)2 electrodes. The authors stated that the 
average voltage drop between the two electrically connected Ni(OH)2 
and NiOOH electrodes was 0.12 V, but from the corresponding figure in 
the literature [77], at least 0.38 V of voltage drop can be seen. The 
authors stated that the energy efficiency was 58% by comparing with the 
theoretical 1.23 V, for which only HER was considered. Perhaps as the 
energy efficiency was low, a hydrogen fuelling station with unsealed 
PEC solar cells or photoelectrochemical-photovoltaic (PEC-PV) tandem 
cells was envisaged. For a hydrogen fuelling station with a production 
rate of 400 kg H2 per day, an array consisting of >3000000 cells was 
required under a series of reasonable assumptions. The configuration of 
the PEC-PV system is shown in Fig. 9b, in which a Si PV module was 
conformally mapped by the OER electrode connected to the Ni foil and 
the Pt coated mesh electrodes in the OER and HER cells, respectively. 
The polarization curves of the PV module and the two-cell PEC system 
crossed at 1.7 V and 6.7 mA cm− 2. However, the coupled PEC-PV system 
was operated at slightly higher voltages and lower current densities due 
to additional coupling losses such as contact resistances. Finally, the 
solar to energy efficiency of 7.5% was obtained. 

As referenced in literature [77], the metal Ni anodes in the PEC-PV 
system could be replaced by semiconductor photoanodes, such as he-
matite (α-Fe2O3). Scalable PEC-PV tandem devices were proposed, 
wherein the oxygen cell contained two 100 cm2 back-to-back hematite 
photoanodes placed in tandem with Si PV mini-modules [78]. For a 
hydrogen fuelling station, the HER and OER cells are fixed. Hence, after 
the Ni(OH)2 electrode in the HER cell was charged and the NiOOH 
electrode in the OER cell discharged, the two redox electrodes must be 

swapped between the cells to continue operating. A swapping scheme 
was designed consisting of intracell swapping in the OER cell with the 
more complicated structure of photoanode/PV stack and subsequent 
intercell swapping between OER and HER cells. Furthermore, full charge 
and discharge should be strictly avoided due to competitive side re-
actions of OER and HER. The state of charge (SOC) or discharge could 
not exceed 28% in practical applications. Incomplete charging of the Ni 
(OH)2 electrode in the HER cell would lead to operational instability due 
to charge accumulation. This has to be amended by discharging the 
electrodes to their initial state between cycles. Accordingly, between 
cycles, the HER cell was disconnected from the OER cell and the two 
cells operated separately at a constant voltage of 1.45 V for an additional 
45 mAh for drift-free water splitting cycles. The extra step is too 
complicated to make the method based on the Ni(OH)2 redox electrodes 
unrealistic in practical applications. 

Cobalt substitution can shift the Ni(OH)2/NiOOH redox potential 
negatively, suppressing the side reaction of OER when charging the Ni 
(OH)2 electrodes in the decoupled water electrolysis. Therefore, 
Ni0.9Co0.1(OH)2 anodes can be charged to a higher SOC without 
competitive OER. The authors stated that the sharp current peak in CV 
was from pseudocapacitive Ni0.9Co0.1(OH)2 anode oxidation [79], 
which confuses the concepts of battery and pseudocapacitive behaviours 
[80]. In the first step, when Ni(OH)2 in Ni0.9Co0.1(OH)2 was oxidised to 
NiOOH, concurrent HER occurred at 25 ◦C. It was found that the Ni 
(OH)2 electrode regenerated from NiOOH with spontaneous OER in a 
hot electrolyte at 95 ◦C in the second step. The swinging of the cold and 
hot electrolyte realised the continuous alternate water splitting, during 
which the hot loss should be controlled by heat management. 

The FeP-CoP/N doping carbon bifunctional catalysts were applied in 
the alternate water electrolysis with the redox Ni(OH)2 and NiOOH 
electrodes in the flow electrolytes [81]. The cell voltages of HER and 
OER lasting for 10 min each cycle were 2.1 and − 2.1 V at a high current 
density of 750 mA cm− 2. 

4.2. Organics 

Recently, organic lithium-ion batteries have been gaining promi-
nence. The corresponding electrode materials rely solely on naturally 
abundant elements such as carbon, hydrogen, nitrogen and oxygen 
rather than the rare and expensive elements like lithium and cobalt. 
These lighter elements means that organic batteries have greater theo-
retical capacities compared with conventional lithium-ion batteries, 
albeit with lower specific energies due to their relatively low working 
voltage [82,83]. Polytriphenylamine (PTPAn) previously utilised as the 
electrode material in organic lithium-ion batteries, can also serve as a 
solid state redox mediator to separate HER and OER in water electrolysis 
[84]. The capacity of PTPAn delivered a reversible capacity of 77 mAh 
g− 1 in 0.5 mol L− 1 H2SO4 at 0.2 A g− 1, which was much higher than the 
theoretical capacity of 18.6 mAh g− 1 for the soluble ECPB of 

Fig. 9. Schematic illustration of electrically connected Ni(OH)2 and NiOOH as solid redox electrodes for separation of HER and OER in different spaces (a) in water 
electrolysis and (b) PEC-PV system [77]. 
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silicotungstic acid. If H2SO4 electrolyte as an electrolyte, the anodic 
n-type doping of PTPAn along with HER in the first step are described in 
Eq. (21). 

PTPAn+ SO4
2− − 2e = PTPAn2+||SO4

2− (21) 

The reverse reaction of Eq. (21) evoked OER in the second step. 
Finally, decoupled water electrolysis was driven by a PV cell. The solar 
to hydrogen efficiency was 5.4%. 

A similar research was that pyrene-4,5,9,10-tetraone (PTO) as a 
solid-state proton buffer electrode with a larger specific capacity to 
separate HER and OER [85]. 

4.3. Na0.44MnO2 for chlor-alkali process 

The chlor-alkali process was virtually electrolysis of saline solution. 
As the Na0.44MnO2 is the electrode of sodium-ion batteries, it was also 
used as the redox electrode to alternate HER and ClER in the chlor-alkali 
process [86]. The mechanism of the redox Na0.44MnO2 electrode 
involved the deintercalation and intercalation of Na ions from and to 
Na0.44MnO2. As OH− ions were produced during HER, the correspond-
ing electrolyte was 1 mol L− 1 NaOH, whilst the electrolyte in the ClER 
step was a saturated NaCl solution. The redox electrode had to be 
washed by new electrolyte and moved to the cell in the next step. The 
ClER faradaic efficiency was 90.2% in the two-step process, which was 
slightly smaller than 97.4% in the conventional chlor-alkali process. 

If HER is not as crucial in the chlor-alkali process, an ORR electrode 
with an electrolytic MnO2 catalyst can replace the HER electrode to 
lower the electrolysis voltage. On the other hand, to prevent Na0.44MnO2 
from the causticity of chlorates, the Na0.44MnO2 and Ag/AgCl redox 
electrodes divided the chlor-alkali process into three steps. The first step 
involved ORR and the oxidation of Na0.44MnO2 and the third step was 
reduction of AgCl to Ag and ClER. The second step between them is 
essentially a battery course rather than electrolysis, in which Na0.44- 

xMnO2 and Ag act at positive and negative electrodes [87]. The process 
was overly complicated and seemed to have little relevance to water 
electrolysis. Certainly, Na0.44-xMnO2 is no problem in achieving alter-
nate water electrolysis with decoupled HER and OER [88]. 

4.4. Others 

In addition to Ni(OH)2, NaMnO2 and organics as redox electrodes, 
other some redox electrodes were also used, such as the (Ni5Mn)2P on 
nickel foams [89], CuO/Cu2O [90], polyaniline [91] and NaTi2(PO4)3 
[92] electrodes. The former two works stated that the materials showed 
the pseudocapacitive behaviours which in fact were Nerst characteristic 
peaks in CVs. In the latter work [92], Ni(OH)2 was also investigated in 
alternate water electrolysis along with a trifunctional electrode of 
Ni3S2/CNT foam which acted as a catalyst for HER, ORR and OER. In the 
first step, NiOOH was reduced to Ni(OH)2, accompanying concurrent 
OER. In the second step, when Ni(OH)2 was oxidised to NiOOH, ORR, 
which has a potential higher than HER on Ni3S2, occurred firstly if re-
sidual O2 was trapped on the catalytic electrode or dissolved in the 
electrolyte, subsequently HER occurred. It was asserted that the ORR 
course could consume the residual O2 after OER. However, it was also 
inevitable to consume the charging capacity of Ni(OH)2 and hence 
reduced the amount of produced H2 in the second step. 

5. Alternate half-electrolysis of water 

5.1. Half-electrolysis 

In 2014, the concept of half-electrolysis was proposed to reduce the 
energy consumption of conventional electrolysis [93]. In conventional 
electrolysis, there are two faradaic redox half-reactions. Half-electrolysis 
was defined to run only one wanted faradaic redox half-reaction for 

electrolysis with the aid of a supercapacitor electrode. The charge 
storage of the supercapacitor electrode relies on a non-faradaic electric 
double layer (EDL). Therefore, the other unwanted counter electrode 
reaction is eliminated in the half-electrolysis process. As a result, the 
whole electrolysis voltage as well as the electrical energy consumption, 
part of which is supposed to be afforded on the unwanted counter 
electrode, is remarkably reduced. Typically, polypyrrole can be syn-
thesized by electric polymerization by anodic electrolysis. In conven-
tional electrolysis, HER in the cathode concurrently occurred with the 
oxidation of pyrrole monomer in the anode. The oxidation of pyrrole is 
wanted but the energy consumed by HER is unwanted for the production 
of polypyrrole by electrolysis. The onset potential of pyrrole polymeri-
zation and HER in the electrolyte containing pyrrole and KCl with Ti 
electrodes was 0.68 V and − 1.3 V, respectively, indicating that the 
conventional electrolysis voltage is at least 1.98 V. The conventional cell 
required 2.00 V to drive the electrolysis in CV (Fig. 10a), which highly 
agreed with the potential difference between the onset potential of 
pyrrole polymerization and HER. To avoid a large amount of electrical 
energy being wasted in HER, an EDL electrode of commercial activated 
carbon (CMPB) replaced the previous Ti cathode. The half-electrolysis 
cell only required 0.55 V to drive the pyrrole polymerization. In galva-
nostatic electrolysis (Fig. 10b), the conventional electrolysis delivered a 
nearly constant voltage of 2.15 V. The half-electrolysis cell exhibited a 
much lower initial voltage of 0.586 V, which was attributed to the low 
open circuit potential of CMPB. The voltage increased with electrolysis 
time because the potential of the CMPB electrode shifted to more 
negative values. According to Eq. (22), the energy consumption of the 
half-electrolysis accounted for 81.4% of that of the conventional elec-
trolysis, meaning that the half-electrolysis could save 18.6% of the 
electric energy. 

W = I
∫ t

0
Udt (22)  

5.2. Half-electrolysis of water 

However, the challenge with half-electrolysis lies in how to easily 
continue the process once the supercapacitor electrode is fully charged. 
Relying on the self-discharge of the supercapacitor electrode, though 
partially feasible [93], is not a comprehensive method to regenerate the 
supercapacitor electrode for sustaining the half-electrolysis. If 
half-electrolysis is applied to water electrolysis, it would work contin-
uously to achieve alternate water electrolysis, as revealed in our patent 
applications in 2019 [94,95]. Typically, the cell for the half-electrolysis 
of water consisted of a supercapacitor electrode of activated carbon 
(AC), an electrolysis electrode of commercial Pt wire or Pt/C in an 
electrolyte of simulated seawater with an alkaline additive (0.5 mol L− 1 

KOH + 0.5 mol L− 1 NaCl). When the AC electrode was charged, HER 
occurred on the Pt electrode as a cathode according to Eq. (17), whilst 
AC discharged, OER on the same Pt electrode as an anode according to 
Eq. (19) [96]. Because HER and OER occurred stepwise, the diaphragm 
was omitted in the half-electrolysis of water, overcoming the drawbacks 
of a diaphragm-based cell mentioned in Introduction. 

It is crucial to note that the half-electrolysis of water differs essen-
tially from decoupling HER and OER with redox solid electrodes by 
faradaic reactions in last session, because only one faradaic reaction, for 
example either Eq. (17) for HER or Eq. (19) for OER, occurred during 
each step in the half-electrolysis of water, rather than two faradaic re-
actions, for example Eqs. (16) and (17) for HER or Eqs. (18) and (19) for 
OER. The AC electrode, different from those materials with Nerst CV 
peaks, stores electric energy by a highly reversible EDL mechanism and 
hence help realize the real “half-electrolysis”, which is expected to in-
crease the applied current and prolong the lifetime of the instrument. It 
is important to emphasize again that the sharp Nerst characteristic 
current peaks in CV are arising from faradaic reactions having fixed 
redox potentials rather than pseudocapacitive behaviours, similar to 
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EDL mechanisms, having no peaks in CV [80]. A work on decoupling 
HER and OER even confused the AC electrode with redox medium [88]. 

The key of the half-electrolysis of water is the energy comparison 
with conventional water electrolysis. Firstly, the half-electrolysis cell 
was compared with the ideal conventional electrolyser without a dia-
phragm but with two identical Pt electrodes in alkaline saline water. The 
conventional cell required a constant voltage of 3.548 V at 50 mA cm− 2. 
Nevertheless, the electrolysis curve of the half-electrolysis cell was 
superimposed. To produce equal amounts of H2 and O2, the energy 
consumption of the half-electrolysis cell accounted for 96% of the ideal 
conventional cell (Fig. 11a). Then the conventional electrolyser without 
and with the diaphragm was investigated. The conventional cell without 
the diaphragm delivered a nearly constant voltage of 4.459 V, whilst 
that with a diaphragm 4.943 V, as shown in Fig. 11b, indicating a dia-
phragm resistance of 7.563 Ω. The increased energy consumption by 
10% resulted from the diaphragm. Comparing with the conventional cell 
with the diaphragm, the half-electrolysis of water saved 14% in energy 
input. The same 14% energy saved was realised at 20.0 mA cm− 2. When 
the electrolyte was changed to 1 mol L− 1 Na2SO4, a PEM with high 
electric conductivity replaced the diaphragm in the conventional elec-
trolysis. Finally, the half-electrolysis also saved 8% of energy input 
compared with the PEM based electrolyser. 

With the aid of the supercapacitor electrode, the half-electrolysis of 
water could independently adjust the cathodic and anodic currents and 
last for 300 cycles, equivalent to 123 h in the Na2SO4 electrolyte. Similar 

excellent cyclic performance is observed in acidic and alkaline saline 
water electrolytes. Furthermore, no Cl2 was detected during cycling in 
the alkaline saline water electrolytes. However, the faradaic efficiency 
of OER with the commercial Pt wire electrode was only 65.2%. The N,N- 
diethyl-p-phenylenediamine (DPD) method indicated that competitive 
hypochlorite was produced, resulting in the low OER efficiency. When 
Pt/C replaced the Pt wire, after HER and OER each for 700 s, the cor-
responding volumes of H2 and O2 were 5.6 and 2.75 mL, corresponding 
to 98.0% and 96.3% in current efficiency, respectively (Fig. 12). The 
faradaic efficiency of OER increased to nearly 100% due to a higher 
active surface area in Pt/C impeding hypochlorite formation. 

5.3. Advantages of half-electrolysis 

Evidently, due to the supercapacitor electrode based on the EDL 
mechanism, the half-electrolysis of water offers several advantages 
compared with alternate water electrolysis with liquid and solid redox 
mediums. Firstly, the half-electrolysis of water is expected to afford a 
larger electrolysis current than other systems with redox mediums due 
to the high electric conductivity of the supercapacitor electrode. The 
high electric conductivity also enhances the utilization rate of active 
electrode materials. Typically, Ni(OH)2, a redox solid electrode, requires 
the introduction of CNTs for high electric conductivity, leading to a 
decrease in active content to 60% [76]. However, if a graphene mem-
brane with high electric conductivity is used, the active component 

Fig. 10. (a) CVs and (b) galvanostatic electrolysis of Cell 1 (conventional) and Cell 2 (half-electrolysis) [93].  

Fig. 11. Galvanostatic electrolysis comparison between (a) half-electrolysis and ideal conventional electrolysis without diaphragm as well as energy comparison in 
inset of (a), (b) conventional cell with two identical Pt wire electrodes with or without diaphragm at 50.0 mA cm− 2 in alkaline saline water electrolyte [96]. 
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content can reach 100%. Secondly, the supercapacitor electrode with 
high reversibility and coulombic efficiency can results in better cyclic 
performance than alternate water electrolysis with redox mediums with 
faradaic reactions. Thirdly, supercapacitor electrodes can adapt to 
acidic, neutral, alkaline and even seawater with different pH values. In 
contrast, liquid redox mediums of polyoxometallic acids or solid redox 
mediums like Ni(OH)2 can only be applied in acidic or alkaline elec-
trolytes. Fourthly, supercapacitor electrodes can fully utilize the po-
tential range between HER and OER. Not all polyoxometallic acids have 
redox potentials within the potential range between HER and OER, 
especially when Pt electrodes are applied. For example, the more 
negative reduced peak of the H4[SiW12O40] solution is beyond potentials 
of HER with the Pt electrode [42]. As the potential of all supercapacitor 
electrodes must be within the range between HER and OER in the cor-
responding electrolyte, all supercapacitor electrodes can realize the 
alternate half-electrolysis of water. Of course, the same applies to the 
redox electrodes in aqueous batteries. The potential range change of the 
supercapacitor electrode can reach at least 1 V which is 100% of SOC, 
however, SOC of Ni(OH)2 cannot exceed 28% in practical applications 
[78]. Last but not least, it is demonstrated for the first time that the 
half-electrolysis of water can save 14% of energy input, corresponding to 
86% of the energy ratio of alternate water electrolysis to practical 
conventional with membrane or diaphragm, as shown in Table 1. Other 
literature on whether liquid [41,42] or solid [76] redox mediums 
showed that the energy ratios were beyond 100%, meaning that their 
systems of alternate water electrolysis consume more energy than those 
of conventional water electrolysis. 

6. Conclusions and perspective 

The main challenges of conventional water electrolysis include the 
explosive mixture of hydrogen and oxygen gases and high energy con-
sumption. To address these issues, alternate water electrolysis has been 
developed by decoupling HER and OER. 

Solar water thermolysis with decoupled H2 and O2 production can be 
achieved via multistep thermochemical processes with metal oxides as 
redox mediums at temperatures much lower than that for one-step water 
thermolysis. The main issue is that the metal formed from reduction of 
the metal oxide can be readily passivated and retard H2 production. 
Electrolysis replacing thermochemistry in HER could overcome passiv-
ation when metal is oxidised to metal oxide but exhibited low efficiency. 
Using redox couples of low valence metal oxide/high valence metal 
oxide could increase the cycle efficiency to above 60%. The electrolysis 
for HER only requires 0.7 V when the Fe3O4 particles are used as the 
anode. It is demonstrated that the proposed concept of alternate ther-
molysis and electrolysis of water with a metal oxide anode is possibly 
feasible in industry. 

Alternate water electrolysis can be realised by the liquid redox me-
diums at room temperature. Polyoxometallic acids, such as H3PMo12O40 
and H4SiW12O40, can be used as an electron-coupled proton buffer 
(ECPB) to decouple HER and OER. The spontaneous HER on the reduced 
H4SiW12O40 can separate HER and OER in space, further preventing the 
mixing of H2 and O2. The exploitation of a multi-electron ECPB can 
decrease the cycle times. Between neighbouring cycles, the extra purge 
has to be done in the same electrolysis time. Small organic molecules can 
also be used as the ECPB but the degradation is more severe. The long 

Fig. 12. (a) Galvanostatic electrolysis curves of half-electrolysis of alkaline saline water consisting of the AC electrode of 54.1 F and Pt/C pasted on the Pt wire 
electrode at 50 mA cm− 2 with inset of (a) DPD method after electrolysis. (b) Volumes of H2 (red dots) and O2 (black dots) collected with burette (markers) at different 
times and calculated (lines) from the charge passed during electrolysis [96]. 

Table 1 
Comparison of half electrolysis of water with other alternate water electrolysis with redox mediums.  

Medium OER electrode Ja / mA cm¡2 t / h (cycle)a pH SOC / % ηHER / % ηOER / % Ea/Eic
b / % Ea/Epc

c / % Ref. 

AC Pt wire 
Pt/C  

195  123 (300) 0–14 100 97.0 
98.0 

65.2 
96.3 

96 86 [96] 

H3PMo12O40 Pt disk  >250  4.4 (500) 0.3 — 100 100 — 127 [41] 
H4SiW12O40 Pt  130  200 (20) 0.5 60 68 100 — 107d [42] 
Ni(OH)2 RuO2/IrO2  100  6.7 (20) 14 — 94.7 94.7 109 — [76] 
Ni(OH)2 Ni  5  20 (20) 14 80 100 100 —e — [77] 
Ni(OH)2 Fe2O3  0.55  82 (10) 14 28 100 100 — — [78]  

a Maximum value in paper. 
b Energy consumption ratio of alternate water electrolysis to ideal conventional without membrane, <100 means saving energy. 
c Energy consumption ratio of alternate water electrolysis to practical conventional with membrane, <100 means saving energy. 
d 107% not consider low faradaic efficiency of spontaneous HER. 
e calculation in paper cannot be compared. 

Y. Chen and G.Z. Chen                                                                                                                                                                                                                        



Next Sustainability 3 (2024) 100029

13

run time for each cycle is the advantage of the alternate water elec-
trolysis with the liquid redox mediums. However, in the alternate water 
electrolysis by the liquid redox mediums, the membrane, even more 
than one, is still inevitable and the energy consumptions are readily 
increased in comparison with the conventional water electrolysis, 
especially considering the practical situation such as the increased flow 
rate. 

Alternate water electrolysis can also be realised by the solid redox 
mediums, typically such as Ni(OH)2 and Na0.44MnO2. In these systems, 
omitted membranes and usage of alkaline electrolytes can save the cost 
of the instrument. For the sake of electric conductivity, CNTs may be 
introduced, resulting in the low utilisation of Ni(OH)2. The energy 
consumption of the alternate water electrolysis with the solid redox 
medium is slightly higher than that of the ideal conventional water 
electrolysis without membrane. If building the scalable solar driven 
hydrogen fuelling station, only 28% of SOC of Ni(OH)2 can be utilised. 
Solid organic redox electrodes can also execute the alternate water 
electrolysis. 

Alternate half-electrolysis of water relies on a supercapacitor elec-
trode based on the EDL mechanism to realise the stepwise HER and OER. 
The membrane or diaphragm can also be omitted. The half-electrolysis 
of water is supposed to afford a larger electrolysis current and a 
longer cyclic performance. The half-electrolysis system can adopt to 
various aqueous electrolytes with different pH values. Nearly 100% SOC 
of the supercapacitor electrode can be utilised. The most important is 
that the energy consumption of the half-electrolysis of water can be 
saved by 14% and 8%, comparing with the practical conventional water 
electrolysis with a diaphragm and PEM, respectively. 

Liquid redox mediums cannot help the alternate water electrolysis 
omit the expensive membranes. So far, the alternate water electrolysis 
by the liquid redox mediums cannot replace the conventional water 
electrolysis in terms of instrument cost and energy saving. Even if using 
the spontaneous HER, the faradaic efficiency is also low. The sponta-
neous HER is virtually a chemical catalysis process and hence it cannot 
replace the chemical catalysis to produce H2 from some hydrogen 
storage materials with lighter weights, such as formic acid and ammonia 
borane. The alternate water electrolysis with the solid redox mediums 
can eliminate the membranes, but the energy consumption is still 
slightly larger than that of the conventional water electrolysis. 

The alternate half-electrolysis of water has the advantages of mem-
brane free and energy saving, compared with the other two systems of 
alternate water electrolysis. The energy consumption can be saved by 
the alternate half-electrolysis of water due to the highly reversible 
supercapacitor electrode without redox reactions. Therefore, among all 
alternate water electrolysis systems, the half-electrolysis of water is the 
most promising in the future industrial application. However, the half- 
electrolysis of water based on the supercapacitor electrode confronts 
some challenges. The main challenge arises from the supercapacitor 
electrode. Compared with the liquid and even solid redox mediums, the 
supercapacitor electrodes have much smaller specific charge capacity, 
which means the number of cycles in the half-electrolysis of water must 
increase in the same electrolysis time, meaning that more frequent purge 
between cycles might be necessary. On the one hand, the specific 
capacitance of carbon materials should be improved. The reversible 
pseudocapacitive materials, such as RuO2 which show the rectangular 
CVs without current peaks, incorporated into carbon materials should be 
investigated. On the other hand, the elegant configuration of half- 
electrolysis of water should be designed. Multiple supercapacitor elec-
trodes could be designed to surround the catalyst electrode. The whole 
half-electrolysis of water could be designed to separate HER and OER in 
space as well. Even the half-electrolysis instrument could combine the 
supercapacitors to circulate the HER courses. The other challenges of the 
half-electrolysis of water include the development of seawater-based 
electrolytes [97], more efficient and affordable catalysts [98], and 
design and manufacture of the whole instrument. 

It is worth noting that the innovative strategy of hybrid water 

electrolysis which employ thermodynamically favourable oxidation re-
action to replace OER can also realise the energy-saving hydrogen 
generation plus value-added chemicals [99–103]. The supplemental 
solution to address the issues in conventional water electrolysis can be 
also applied in the alternate water electrolysis. With the unremitting 
efforts from multidiscipline researchers, it is believed that the alternate 
water electrolysis can open up a significant vista for hydrogen genera-
tion in the near future. 
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