Open Access Article. Published on 05 April 2022. Downloaded on 3/5/2026 6:54:17 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy &

Environmental

Science

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Energy Environ. Sci.,
2022, 15, 2021

Received 23rd December 2021,
Accepted 7th March 2022

DOI: 10.1039/d1ee03982b

rsc.li/ees

Broader context

Membrane-less amphoteric decoupled water
electrolysis using WOz and Ni(OH), auxiliary
electrodesy

Martins Vanags,® Guntis Kulikovskis,? Juris Kostjukovs,” Laimonis Jekabsons,”
Anatolijs Sarakovskis,“ Krisjanis Smits,“ Liga Bikse® and Andris Sutka (=) *@

Energy storage and delivery play a crucial role in the effective management of renewable power sources
such as solar and wind. Hydrogen energy is proposed to be one of the major substitutes to fill the gap
between the production plant and consumer. The energy from renewable power sources is used to
generate hydrogen, which is later converted to electricity and water. Hydrogen generation in water
electrolysis from renewable energy is a sustainable process. However, the need for membrane
separation of hydrogen from oxygen in single-cell water electrolysis is detrimental. Moreover, the
hydrogen production rate in conventional single-cell electrolysers is strictly limited by the rate of oxygen
evolution. Recently decoupled water electrolysis has been proposed where hydrogen and oxygen are
generated in spatially separated alkaline cells. Here we demonstrate amphoteric decoupled electrolysis
by using an auxiliary electrode (AE) couple with H,WO3z and NiOOH being employed in separate acid
and alkaline cells, respectively. The average electrolysis efficiency of the proposed concept is up to 717%,
higher than that observed from decoupled electrolysis where both cells are alkaline.

Hydrogen is a road to clean and secure energy. Hydrogen has the highest gravimetric energy density and can be used in fuel cells, internal combustion engines,
and other energy generating units producing only clean water in the exhaust. Hydrogen is not available in free form on our planet and therefore it needs to be
produced from water by electrolysis, which is also a perfect solution for the management of power sources such as solar or wind. In conventional single-cell
electrolysers, however, the cathode must be separated from the anode by a diaphragm or membrane to avoid the formation of an explosive gas mixture. Both

the diaphragm and membrane have an ion diffusion resistance that increases the reaction overpotential and has a direct effect on efficiency. The decoupled
electrolysis strategy implemented in 2017 with solid Ni(OH), and NiO(OH) auxiliary electrodes (ref. 22) avoids using a membrane and mixing of gases because

the cathode is spatially separated from the anode in two individual cells. Here we present amphoteric decoupled electrolysis by using WO; and Ni(OH),
auxiliary electrodes, thus providing a high energy efficiency of 74%.

Introduction

central electricity grid. However, this approach suffers from
overgeneration, and variable load patterns generated by renew-

With the increase of energy production from renewable sources
(wind energy, solar energy, hydropower, etc.), there is an emer-
ging need for efficient energy storage. A grid-connected system
is used to transform the produced energy to be fed into the
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able energy plants." Due to this reason energy storage is
becoming one of the main priorities. The conventional tech-
nologies for energy storage such as water pumping and air
compression are being replaced by alternative technologies, for
example, electrochemical batteries that are being used on a
large scale.>® However, in many cases the energy efficiency of
batteries is below 50%.* For Li-ion batteries efficiency as high
as 83% has been reported.” However, Li is expensive and a
scarce material with a potential supply risk.’

The other option is to use an energy carrier such as
hydrogen. Hydrogen has a high gravimetric energy density of
33.3 kW h kg™ " and it can be converted into electricity using an
internal combustion engine or fuel cells with the production of
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water as the only by-product.® Hydrogen can also be used in
syngas for the Fischer-Tropsch synthesis of lower olefins,
gasoline, diesel, and jet fuel by the transformation of nonpe-
troleum carbon resources.’

Water electrolysis in conjunction with renewable energy
sources such as solar or wind is an environmentally friendly
path for hydrogen production. The energy efficiency of electro-
lysis is determined by the ratio between the produced hydrogen
and electrical energy consumed. For water electrolysis, there
are two commercialized technologies available, alkaline elec-
trolysers and proton exchange membrane (PEM) electrolysers.
A proton exchange membrane (PEM) or a diaphragm (alkaline
medium) is used to separate H,/O, and avoid the formation of
an explosive gas mixture. Acid PEM electrolysers are con-
structed from proton exchange membranes and expensive
catalysts like Pt and Ir.® Alkaline electrolysers use cheaper
catalysts like Ni and exhibit long-term operation.’ The stack
efficiency for both, alkaline and PEM electrolysers, is 70%."°

Membrane/diaphragm-based electrolysers have several lim-
itations: (i) unbalanced pressure in two sides (ii) high ion
diffusion resistance and (iii) high cost. The membrane/
diaphragm undergoes continuous deformation because the
released hydrogen volume is twice as much as oxygen volume
leading to membrane failure. Also, the membrane/diaphragm
has an ion diffusion resistance that increases the reaction
overpotential and has a direct effect on the efficiency. Thicker
membranes have a longer lifetime (mechanical and chemical
durability), but the overall efficiency of the electrolyser is
reduced due to increased overvoltage. Conventional water
electrolysis is usually conducted with a large voltage input of
1.8-2.4 V.M

The thermodynamic efficiency limit of water electrolysis is
determined by the sum of hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) standard potentials
(1.23 V). The standard potential of the HER at pH 0 is 0 V vs.
the standard hydrogen electrode (SHE) and the standard
potential of the OER is +1.23 V. In an alkaline medium, the
standard potential for the oxygen evolution reaction at pH 14 is
+0.4 V against the SHE and the standard potential for the HER
is —0.83 V."> If the HER was realized in an acidic environment
and the OER in an alkaline environment (amphoteric electro-
lysis), then the water splitting standard potential would be only
0.4 V. It has been demonstrated that the energy required for
water splitting can be greatly reduced by combining acidic and
alkaline electrolytes for the HER and OER, respectively."*™'® By
using a bipolar membrane for ion conduction and acid-alkaline
separation into one single electrolyser, water amphoteric elec-
trolysis has been driven by applied voltages as low as 1.2 V at
40 mA cm 3" 0.84 V at 13 mA cm %" and 0.79 V at
10 mA cm ™ >."® The energy consumption for hydrogen produc-
tion was reduced by 30-35%. The main drawback of the
amphoteric electrolysis concepts proposed so far is the need
for costly bipolar membranes.

Redox mediator assisted electrolysis has been demonstrated
in the literature to decouple the HER from the OER and avoid
membranes. First, the mediator is protonated and then
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converted back to its initial form. The step of deprotonation
has been realized over a special catalyst or by connecting to
another working electrode.’”?* However, H, and O, in redox
couple mediated water electrolysis are produced in separate
steps thus making the process time-consuming and compli-
cated to perform.

Recently, the simultaneous generation of H, and O, in
separate cells has been demonstrated by using an auxiliary
electrode (AE) couple - NiOOH and Ni(OH),.>* In the proposed
decoupled electrolysis the water is reduced in the cathode cell
as follows: 4H,O + 4e~ — 2H, + 40H . Hydroxyl ions are
further consumed by the Ni(OH), AE that transforms into
NiOOH as follows: Ni(OH), + OH -e~ — NiOOH + H,0. In
the anode cell, the OER occurs according to the equation:
40H  — O, + 2H,0 + 4e~, where OH is supplied by the AE:
NiOOH + H,0 + e~ — Ni(OH), + OH . This electrolysis process
is driven by a very high average electrolysis efficiency of 58%.
However, both spatially separated cells in the proposed electro-
lyser are alkaline. Here we show that the electrolysis efficiency
of this concept can be readily enhanced by combining an acid
and alkaline cell. Herein we demonstrate for the first time a
membrane-less decoupled amphoteric electrolyser where the
alkaline and acid cells are spatially separated by using WO; and
Ni(OH), auxiliary electrodes.

Results and discussion

Amphoteric decoupled water splitting was realized on an
electrolyser (Fig. 1) constructed from two separate cells filled
with 0.5 M H,SO, and 1 M KOH aqueous solutions. Two
primary Pt electrodes were placed in separate cells - the
cathode in an acid cell and the anode in an alkaline cell for
realizing the HER or OER. WO; and Ni(OH), were used as
auxiliary electrode materials to operate in acidic and basic
media, respectively. WO; nanoparticles in the diameter range
of 30-70 nm, as estimated from SEM studies (ESI,T Fig. S1),
were synthesized by a hydrothermal method. The prepared
WO; nanoparticles consist of a single tungsten oxide hydrate
phase as demonstrated by XRD studies (ESI,} Fig. S2). The
layered structure of tungsten oxide hydroxide has shown a
better capacity for the insertion of cations.”® The B-Ni(OH),
nanoparticles (diameter ~18 nm) were used as received from
the supplier. For the preparation of the AEs, WO; nanoparticles
were deposited on Ti foam and B-Ni(OH), nanoparticles were
deposited on the porous Ni mesh. All details related to the
materials synthesis and preparation are given in the Experi-
mental section. The electrochemical properties of the WO; and
Ni(OH), electrodes are discussed in detail in the ESIt (section
S2, Fig. S3, S4 and Tables S1, S2).

During electrolysis, an external power source was employed
to power the primary Pt anode and Pt cathode. The reactions
occurring on the primary and auxiliary electrodes depend on
the polarity of the applied potential. At the first cycle, during
the water splitting, the tungsten oxide is protonated to tungsten
bronze (WO; + xe~ + xH" — H,WO;) and nickel hydroxide is

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 The scheme of the spatially decoupled amphoteric water electro-
lyser operating in two different modes with different polarities of the
applied potential. The green cell represents the acid environment and
the blue cell represents the alkaline environment. Water splitting is
observed at the first step (a) while at the second (favourable) step (b) the
gases are generated under low potential from ions provided by AEs.

transformed into nickel oxyhydroxide (Ni(OH), + OH™ —
NiOOH + e~ + H,0). As discussed below, this step is energeti-
cally costly because the OER occurs on Pt in the acidic cell
(2H,0 — O, + 4e~ + 4H") while the HER (2H,O + 2~ — H, +
20H7) occurs in the alkaline cell.

In the case of electron flow from the Pt anode to cathode, the
HER (2H' + 2e” — H,) occurs on the cathode in the acidic cell.
H' ions are provided by the H,WO; auxiliary electrode. During
the H conversion to H, gas, H,WO; transforms into WOs;.
Simultaneously, the OER occurs on the anode in the alkaline
cell 4OH™ — O, + 2H,0 + 4e "), converting OH™ ions supplied
by the NiOOH auxiliary electrode to O, and H,O. During the
OER the NiOOH is transformed into Ni(OH), after the reaction:
NiOOH + e~ + H,0 — Ni(OH), + OH . The OER and HER
proceed in this direction until the H,WO; is converted to WO;
and the NiOOH is converted to Ni(OH),. Since the gases are
generated from ions provided by AEs, and the HER occurs in
the acid media and the OER occurs in the alkaline media, the
hydrogen generation at the second (favourable) step is highly
beneficial as discussed below.

One of the preconditions for the AEs to be used in decoupled
amphoteric electrolysis is that their reduction and oxidation
must occur between the OER and HER onset potentials. To
qualitatively determine the electrochemical profiles of WO; and

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Location of oxidation and reduction peaks of redox mediator
electrodes between the OER and HER onset potentials.

Ni(OH),, cyclic voltammetry (CV) studies were performed for
both electrode materials in a typical three-electrode system
using Pt as the counter electrode and Ag/AgCl as the reference
electrode. CV measurements were used to also determine the
onset potentials of the HER and OER for platinum. An aqueous
0.5 M H,SO, electrolyte was used in the case of WO3, but 1 M
NaOH electrolyte was used in the case of Ni(OH),.

The deintercalation of H" from H,WO; (brown curve max-
imum at 0.071 V on Fig. 2) is 0.3 V above the HER onset
potential (blue curve at —0.235 V). The NiOOH reduction
minimum (dark yellow curve minimum at 0.226 V) is 0.57 V
below the OER onset potential (green curve at 0.8 V). The onset
potential for H' intercalation in WOj in the acid cell is 0 V and
saturation of the curve is reached at —0.2 V which is 0.1 V above
the HER onset potential. The oxidation maximum potential of
NiOOH to Ni(OH), in the alkaline cell is 0.467 V which is 0.11 V
below the OER onset potential. The HER on the WO; electrode
in the acid cell and the OER on the Ni(OH), electrode in the
alkaline cell are close to the WO; intercalation reaction and
Ni(OH), oxidation potential, respectively (Fig. 2 shows both
reactions in red). The proximity of the OER and HER imposes
criteria to carefully select a potential window for the operation
of the amphoteric electrolyser.

The reduction and oxidation of WO; and Ni(OH), electrodes
was followed by XPS. The samples were oxidised and reduced at
potentials that allow avoiding the HER on OER on AEs. The
spectra of W and Ni recorded for WO; before and after the H*
intercalation and for oxidized and reduced Ni(OH), are shown
in Fig. 3. The spectrum of W of the WO; electrode consists of
peaks of binding energy at 35.8 eV (4f;),), 38.0 eV (4fs),), and
41.6 eV (loss feature of W). Similar values have been reported in
ref. 23 for WO; (Fig. 3a). The spectrum of tungsten bronze
contains additional peaks at 34.4 eV (4f;,,) and 36.4 eV (4f;),).
The respective peaks are located at lower binding energies
implying that the additional features correspond to tungsten
in a lower oxidation state (Fig. 3b).
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Fig. 3 XPS spectra of (a) deintercalated WOs3, (b) intercalated WOs3,
(c) reduced Ni(OH), and (d) oxidized Ni(OH), samples.

The binding energies of the peaks corresponding to Ni 2p3,
and Ni 2p,), in the nickel hydroxide electrode are observed at
855.2 eV and 873.0 eV, respectively. Additional peaks (859.9 eV,
862.7 eV, and 878.1 eV, and 880.6 eV), which are present in the
vicinity of the main peaks, are identified as the satellites
(Fig. 3c). The binding energies of the observed peaks are similar
to the ones reported for Ni(OH),.>* The respective peaks
measured for the nickel oxyhydroxide appear at 855.2 eV and
873.0 eV (2ps, and 2p,;,) with the satellites at 859.7 eV,
862.5 eV, 878.0 eV and 880.9 eV (Fig. 3d). One can see that
the positions of the peaks do not change upon electrochemical
oxidation. This fact combined with the XRD measured for the
oxidized nickel hydroxide electrode suggests the formation of
B-NiOOH.**

The chronopotentiometry measurements were performed
under constant 10 mA current between the Pt anode and
cathode to demonstrate the stability of the proposed electro-
lysis device, as well as to determine the potential window
between the electrolysis modes, where the favourable direction
represents the simultaneous OER and HER in the alkaline and
acid cells from ions provided by AEs. To suppress the OER and
HER on the auxiliary electrodes, the threshold potential in the
favourable direction was set to 1 V, while the unfavourable
reaction threshold was set to —3.5 V.

The chronopotentiometry curve showing potential versus
time for 10 cycles is demonstrated in Fig. 4a. As expected, the
cell operates asymmetrically. In the favourable direction, the
applied potential of 0.68 V is needed to afford 10 mA current. It
is a lower value when compared to that reported previously
using bipolar membranes for amphoteric electrolysis (0.79 V)**
indicating a smaller overpotential on the auxiliary electrodes
compared to the membrane. In the opposite direction —2.93 V
is necessary to afford 10 mA current. A large potential is needed
to operate the OER in the acidic environment and the HER in
the alkaline environment. The specific capacity of AEs in
chronopotentiometry measurements is 55 mA h g~ *. The total
specific capacity observed from CV measurements for the
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Fig. 4 Chronopotentiometry measurements for 10 cycles (a) and for
100 cycles (b) demonstrating stability.

Ni(OH), electrode was 78 mA h g ' and —96 mA h g ' for
WO; (ESL T section S2). Thus the percentage of the AE material
that has undergone reaction from chronopotentiometry mea-
surements is 70.5%. The smaller specific capacity in chrono-
potentiometry measurement can be explained by a major
structural change in the intercalation material® and the high
current/active substance ratio.*

The shape of the voltage curve in the two directions is also
different. In the favourable direction, the voltage curve bends
up rapidly at the end of the cycle indicating the complete
conversion of the auxiliary electrodes. In the other direction
where Ni(OH), is transformed into NiOOH but WO; to H,WOj3,
the applied voltage at the end of the cycle does not exhibit a
sudden increase. It was observed that the slope decreases to the
threshold —3.5 V but no saturation is obtained. This behaviour
indicates that the HER on the WO; auxiliary electrode is close
to the applied potential for the HER on WO; as demonstrated
by the CV measurements above (Fig. 2). However, the duration
of each half-cycle does not change more than 0.25% at each
step. This indicates that there is a complete switching between
the two chemical states of AEs during the operation and the
voltage window has been selected correctly. The time for the

This journal is © The Royal Society of Chemistry 2022
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full cycle drops by about ~25% in 100 steps as demonstrated in
Fig. 4b.

Both qualitative and quantitative gas analyses were per-
formed. The qualitative analysis aimed to find out the purity
of the gases during each cycle in the acid and alkaline cells. Gas
purity from each cell was analysed by mass spectrometry (MS)
by using a specially designed custom-made cell (ESI,{ Fig. S5).
The cell was operated at a threshold potential to avoid the HER
or OER on AEs (experimental details can be found in ESILt
section S3). In the acid cell, in the favourable operation regime,
the H, concentration was 99.6% and the oxygen concentration
was 0.4%, while in the alkaline cell the O, concentration was
99.6% and the H, concentration was 0.4%. The mass spectra
and gas concentration values are presented in ESI,f section S3,
Fig. S6-S9 and Table S3. In the other operation regime, the gas
composition was opposite as expected. The O, concentration in
the acid cell was 99.7% and the H, concentration was 0.3%,
while in the alkaline cell, the H, concentration was 99.8% and
the O, concentration was 0.2%.

The volume of hydrogen, produced during the two different
operation regimes, was measured to determine the current
efficiency (faradaic efficiency). The volume measurement of
the produced hydrogen was carried out with the volumetric
displacement method. The hydrogen volume was measured in
an acid cell during a favourable cycle and in an alkaline cell
during an unfavourable cycle. A glass capillary with an inner
diameter of 1 mm was used as a displacement volume (ESL,+
section S4 and Fig. S10). Knowing the produced hydrogen gas
volume V, the electrolysis current I, and the cycle time ¢, the
current efficiency was calculated according to the formula:

_ kVF
T 2241

NF @)
where 22.4 L mol " is the volumetric Avogadro number, F is the
Faraday constant, and k = 2 in the HER. The faradaic efficiency
in both operation regimes was found to be 98% (ESL,T section
S4 and Tables S5, S6).

Energy efficiency was calculated separately for the two
regimes, as well as for the whole operation cycle based on
Faraday’s efficiency value. The consumed electrical energy is
equal to:

E= IJu(t)dz @)

where E is the electrical energy consumed, I is the current
during the cycle and the integral is the area under the potential
curve obtained from chronopotentiometry.

The energy that can be obtained from the hydrogen gas
produced using the highest heating value HHV is:

_ pltMyoHHV

Ey ia

(3)

where My, is the molar mass of H (0.001 kg mol™ "), HHV is the
highest heating value for hydrogen gas (140 MJ kg™ ") and F is
the Faraday constant. The factor 7 is faradaic efficiency 0.98.
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The efficiency is obtained by dividing Ey by E and combin-
ing the eqn (2) and (3) gives an expression for determining the
efficiency:

Mo HHV

En = F[v(t)dt

(4)
In the favourable regime, the value of the energy efficiency
coefficient is 201%, while during the reverse half-cycle the value
is 43%. The overall cycle has an energy efficiency of 71%. It is
13% higher than the efficiency reported previously for a
decoupled electrolysis device using Ni(OH), AEs.*?

Although we have demonstrated a promising decoupled
amphoteric electrolysis process, it is important to show that
the proposed system can operate with higher current density
values in the range of 50-100 mA to prove the feasibility of the
concept. To perform measurements at 100 mA, AEs with
optimised current/mass ratio are needed. To maintain stable
operation the current/mass ratio should be 1 A g~" of active
substance.?® To reach the desired mass/current ratio, AEs were
prepared by using a carbon mat substrate.

To provide a current density of 100 mA, 1.15 V is required to
be applied between the cathode and the anode in the favour-
able direction, but in the opposite direction, 100 mA current
was achieved approximately at —2.4 V potential. The chrono-
potentiometric curve in the opposite direction in the 100 mA
mode changes the slope at —3.2 V, which indicates the start of
the unwanted HER and OER on the AEs (ESL Section S5 and
Fig. S11). When compared with 10 mA measurement (where
WO; was deposited on a Ti substrate, and Ni(OH), on a Ni
substrate) the required potential in the favourable direction is
larger but in the opposite direction it is smaller. By reducing
the electrolysis current from 100 mA to 50 mA and 10 mA, a
further voltage drop is observed in the unfavourable direction
(ESL section S6 and Fig. S12). To provide 50 mA current, the
required voltage plateau started at around 2 V, thus increasing
the efficiency in the unfavourable direction. At 10 mA, chron-
opotentiometry is divided into two parts, where the current is
initially supplied at a voltage less than the thermodynamic
limit (2.03 V, which is formed from the 1.23 V standard
potential in the OER acidic environment and the —0.83 V
standard potential in the HER alkaline medium). This can be
related to ion accumulation on more active sites. Electroche-
mical intercalation starts at about 2 V, which is in line with
thermodynamics.

Experiments show that the potential for ion accumulation in
the AEs based on carbon cloth decreases but for release, it
increases when compared with WO3; and NiOOH AEs deposited
on Ti and Ni substrates, respectively. The carbon fibre substrate
and current appear to play a major role in operating potentials.
Sites for ion accumulation into the carbon electrode material
seem more accessible. This has been observed also in studies
related to batteries. Carbon provides active sites and promotes
ion intercalation.”

The electrolyser based on carbon cloth substrate AEs oper-
ating at 100 mA maintains similar gas purity to the cell
operating at 10 mA based on a Ti electrode substrate. In the

Energy Environ. Sci., 2022, 15, 2021-2028 | 2025
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Fig. 5 Chronopotentiometry measurements in 100 mA current mode for
the electrolyser operating using AEs on carbon cloth.

favourable regime the H, concentration in the acid cell was
99.9% and the oxygen concentration was 0.1%, while in the
alkaline cell the O, concentration was 99.4% and the H,
concentration was 0.6%. In the opposite direction the O,
concentration in the acid cell was 98.8% and the H, concen-
tration was 1.2%, while in the alkaline cell the H, concentration
was 99.5% and the O, concentration was 0.5% (ESI,{ Section
S3, Fig. S7, S8 and Table S4).

The faradaic efficiency for the decoupled amphoteric elec-
trolyser operating at 100 mA was 96-98% (ESIt Tables S7 and
S8), but the overall cycle energy efficiency was 67%. The
efficiency in the favourable direction was 95%, but in the
opposite direction it is 50%. It is worth noting that the full
cycle energy efficiency for the electrolyser operating using AEs
on the carbon mat substrate was higher on lower currents -
70% at 50 mA and 74% at 10 mA. The efficiency of industrially
available alkaline electrolysers is estimated to be around 70%.”
This efficiency is comparable to that obtained using the
decoupled electrolysis concept proposed here.

The electrolyser was operated at 100 mA for 50 hours to
demonstrate its stability (Fig. 5). The cycle time decreases only
by 21% for 50 h, indicating satisfactory stability of AEs in the
amphoteric decoupled electrolyser. In order to better under-
stand the degradation of the AEs, chronopotentiometry mea-
surements for WO; and NiOOH were performed in single acid
and alkaline cells, respectively. The main indicator of stability
in these measurements was the time of the chronopotentiome-
try cycle, which remained unchanged for 10 hours for the WO,
electrode. For the Ni(OH), electrode the cycle time remained
the same only for five hours and then dropped by 30% over the
next five hours (ESL T section S7 and Fig. S13, S14). The f-
Ni(OH),/B-NiOOH redox couple is relatively stable during
charge and discharge, but extended charging causes formation
of y-NiOOH, which leads to a deterioration in the electrode
performance.”® At the same time, WO; has previously been
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shown to be stable in sulfuric acid solution both as an energy
storage electrode®” and as a photochromic material.*®

Conclusions

The novel membrane-less amphoteric decoupled water electro-
lysis concept has been demonstrated. The electrolyser consists
of two spatially separated cells - one acidic and the other
alkaline. Separate cells were connected by AEs. WO; was used
as an AE operating in an acidic cell but Ni(OH), was used in an
alkaline cell. The potential for gas generation depends on the
polarity of the applied potential. Different chemical processes
occur at different polarities. In both cycles, hydrogen and
oxygen are generated in separate cells. In the first cycle,
simultaneous water splitting and ion accumulation in AEs
occur. In the second cycle, hydrogen and oxygen are generated
in acid and alkaline cells, respectively, from ions released from
AEs. The total energy efficiency of the provided electrolysis
concept is up to 71%. The energy efficiency is dependent on the
operating current and properties of AEs.

Experimental
Material synthesis and electrode preparation

WO; nanopowder was prepared by a hydrothermal method
based on a procedure published in ref. 27. In a typical synth-
esis, 0.6 g of Na,WO,-2H,0 (Sigma Aldrich, 99%) was dissolved
in 10 mL of deionized water. After stirring using a magnetic
stirrer for 10 min, 2 mL of 3 M HCI solution was added to the
solution and stirred continuously for 1 h. By this time the
solution had turned to a milky appearance. The mixture was
filled into a 50 mL Teflon liner and sealed in a stainless-steel
autoclave. The autoclave was heated for 12 h at 160 °C and
naturally cooled to room temperature. The resulting precipitate
was washed four times with deionized water by centrifugation.
The resulting precipitate was dried at 80 °C and then annealed
at 270 °C in an air atmosphere for 2 h. After annealing, a yellow
WO; powder was obtained.

The redox electrode was prepared using a porous titanium
substrate (pore size 20-50 um, porosity 35%, Vector Trading
Company). The substrate was cut into 1.5 x 3.5 cm plates and
washed in an ultrasonic bath in acetone for 10 min and then in
deionized water for an additional 10 min. WO;, carbon black
(CB), and polyvinylidene fluoride (PVDF) were mixed in a
weight ratio of 85:7.5:7.5% according to the following proce-
dure. The WO; nanopowder and activated carbon were mixed
into a uniform mass by using a mortar pestle and added to
PVDF 15% solution in DMF. Stirring for 30 min resulted in a
homogeneous slurry. A Ti foam substrate was placed in the
slurry and kept in a vacuum desiccator for 30 minutes and then
dried at 80 °C for 1 h in an ambient atmosphere. The prepared
electrode was then placed in a vacuum oven and kept at 125 °C
for 12 h. The mass of WO; per 1 cm” electrode was about 5 mg.

Ni foam (pore size 50-100 pm, porosity 75-98%, Xiamen
Lith Machine Limited) was used as a substrate for Ni(OH),.

This journal is © The Royal Society of Chemistry 2022
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It was cut into 1.5 x 3.5 cm plates and washed in acetone and
water for 10 min in an ultrasonic bath. B-Ni(OH), nanopowders
(purity: 99.99%, particle size: 18 nm, Nanografi) were mixed
with carbon black and PVDF in a weight ratio of 85:7.5:7.5%
according to the same procedure as in the preparation of the
WO, electrode.

The electrode for 100 mA measurement was prepared by
using untreated carbon fibre cloth (200 g m~?, 0.28 mm thick)
as the electrode substrate. The diameter of individual fibres is
around 5 pm. The carbon cloth was washed in ethanol and
deionized water in an ultrasonic bath for 15 min and dried at
60 °C for 1 hour. Pieces of carbon cloth with an area of 18 cm?
were assembled in a 4 mm thick laminate with 14 layers. The
suspension of Ni(OH), or WO; nanopowder, PVDF and carbon
black in a weight ratio of 85:7.5:7.5 wt% was prepared. The
carbon cloth laminate was dipped into the mixture and impreg-
nated in an ultrasonic bath for 10 min. After impregnation, the
electrode material was dried in a vacuum for 12 hours at 125 °C.
The mass of the active substance impregnated in the substrate
was determined by weighing the carbon cloth before and after
impregnation and drying. Assuming that the active substance is
homogeneously distributed over the area of the carbon cloth,
the mass used in the electrode was determined by cutting the
required area.

Material characterization

High-resolution scanning electron microscopy (SEM, Helios 5
UX, ThermoFisher Scientific) was used for sample morphology
studies. Powder XRD measurements were performed on a
PANalytical X’'Pert Pro MRD diffractometer using copper Ko
radiation with Bragg-Brentano theta-theta geometry and a
PIXcel (1D) detector. The tube voltage and current were set to
40 kv and 30 mA, respectively. The patterns were recorded from
5° to 100° on the 20 scale, using a scan speed of 0.26° s~ .

X-Ray photoelectron spectroscopy (XPS) was carried out
using a ThermoFisher ESCALAB Xi+ instrument with a mono-
chromatic Al Ko X-ray source. The instrument binding energy
scale was calibrated to give a binding energy at 932.6 eV for Cu
2psj, line of freshly etched metallic copper. The charge com-
pensation system was used, with the surface of the sample
irradiated with a flood of electrons to produce a nearly neutral
surface charge. The spectra were recorded by using an X-ray
beam of size 650 x 10 microns, a pass energy of 20 eV and a
step size of 0.1 eV.

Electrochemical characterization. Electrochemical
measurements were performed on an Autolab PGSTAT302N
potentiostat

The cyclic voltammetry (CV) for each redox mediator electrode
was performed in a typical three-electrode cell, using WO; or
Ni(OH), as the working electrode, the 2 mm Pt rod (Metrohm
AG) as the auxiliary electrode and the Ag/AgCl 3 M KCl electrode
as the reference electrode. The aqueous solutions of H,SO,
(0.5 M) and KOH (1 M) were used for the acidic and alkaline
cell, respectively.
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Chronopotentiometry of the assembled amphoteric
decoupled water electrolysis cell was performed by applying
10 mA current between the Pt working electrodes and 100 mA
in the case of auxiliary electrodes on carbon cloth. The thresh-
old voltage for the unfavourable cycle was set to —3.5 V and
—3.2 V, and for the favourable cycle to 1 V and 2 V for 10 mA
and 100 mA, respectively.

Gas quantitative and qualitative analysis experiments

Gas purity from each cell was analysed by mass spectrometry
(MS) using an RGA-100 residual gas analyser (Stanford
Research Systems). Prior to MS analysis, the cell was purged
with argon. An overpressure of 200 mbar was set, and a blank
measurement was performed. The cell was operated at 10 or
100 mA with the same threshold potential as defined in
chronopotentiometry measurements above. The blank
measurement spectrum was subtracted from the gas sample
before analysis. To determine the current efficiency (Faraday
efficiency), the volume of hydrogen, produced during the
favourable and unfavourable cycle, was determined. The
volume measurement of the produced hydrogen was carried
out by the volumetric displacement method. Hydrogen volume
was measured in an acid cell during a favourable cycle and in
an alkaline cell during an unfavourable cycle. A glass capillary
with an inner diameter of 1 mm was used as a displacement
volume.
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