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a b s t r a c t

The storage of renewably-generated energy as hydrogen via the electrolysis of water is a fundamental
cornerstone of a sustainable hydrogen economy. Conventional electrolysers usually require stable power
inputs in order to operate effectively and safely and so may be unsuited to harnessing renewable power,
which is often intermittent and diffuse. Electrolysis mediated by Electron-Coupled-Proton Buffers has the
potential to overcome some of the challenges surrounding electrolysis using low and/or sporadic power
inputs (especially those related to gas crossover) as the use of Electron-Coupled-Proton Buffers allows
the oxygen and hydrogen evolution reactions to be completely decoupled from one another. Herein, we
show that silicotungstic acid can be used as an Electron-Coupled-Proton Buffer in a proton exchange
membrane cell, decoupling the hydrogen and oxygen evolution reactions at steady state current densities
as high as 500 mA cm�2. O2 and H2 can be produced continuously by this system by cycling a fixed
volume of the Electron-Coupled-Proton Buffer solution. Even at current densities as low as 25 mA cm�2,
the level of hydrogen in the oxygen stream is <0.4%, whereas a conventional proton exchange membrane
electrolyser operating at this current density produces oxygen containing nearly 2% hydrogen (unac-
ceptable for most applications). Furthermore, using silicotungstic acid as an Electron-Coupled-Proton
Buffer also confers greater tolerance to non-deionised water inputs and reduces fluoride release from
the perfluorosulfonated membrane (a marker for membrane degradation) relative to a conventional
proton exchange membrane electrolyser. Together, these results highlight the promise and potential
advantages of Electron-Coupled-Proton Buffers (and silicotungstic acid in particular) for the electrolytic
production of hydrogen and oxygen over a wide range of current densities, such as might be delivered by
renewable power inputs.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The electrolysis of water to generate hydrogen and oxygen is
seen as an increasingly attractive route by which to store inter-
mittent, renewably-generated electricity, as hydrogen is an excel-
lent transportable fuel [1e3]. Consumption of this fuel (either by
combustion or in an electrochemical device such as a fuel cell)
releases only energy and water, meaning that electrolytically-
generated hydrogen has tremendous potential as a sustainable
energy vector [4,5]. Significant challenges remain, however, for the
large-scale electrolytic production of H2 using renewable power
onin), mark.symes@glasgow.
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inputs, not least because conventional electrolysers do not function
well when driven by intermittent and/or low power inputs, which
tend to characterise renewables [6e9]. For example, at low current
densities, the rates at which H2 and O2 are produced in an elec-
trolyser may in fact be slower than the rates at which these gases
permeate themembrane [10]. Such gas crossoverwould, at the very
least, reduce the amount of hydrogen that could be harvested from
such a device and hence the efficiency of electrolysis, and could in
extreme cases lead to the creation of hazardous mixtures of
hydrogen and oxygen. Gas crossover of this nature would also be
expected to lead to the production of reactive oxygen species that
degrade cell components (in particular the membrane) and hence
shorten the electrolyser’s lifespan [11,12].

Against this backdrop, we recently began exploring the concept
of decoupled electrolysis [13e15], whereby the oxygen evolution
reaction is coupled to the simultaneous reversible reduction and
protonation of a redox mediator (rather than to the reduction of
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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protons to H2). Subsequent re-oxidation of the redox mediator then
provides the necessary electrons and protons to drive the hydrogen
evolution reaction, which can take place at an entirely different
time and in an entirely different place to the oxygen evolution step
[16]. On account of their ability to reversibly store both protons and
electrons, such mediators are known as Electron-Coupled-Proton
Buffers (ECPBs). When using an ECPB, the rate of the hydrogen
evolution reaction depends on the rate of re-oxidation of the redox
mediator, rather than the rate of the oxygen evolution reaction. The
two half-reactions of water splitting can thus be considered to be
decoupled from each other, inasmuch as the current for the oxygen
evolution reaction need not bear any particular relationship to the
current for any subsequent hydrogen evolution reaction (in
contrast to coupled electrolysis, where the oxidation of water
proceeds with concomitant reduction of protons and so the cur-
rents for these processes must necessarily be the same). Since our
initial reports, the concept of decoupled electrolysis has subse-
quently been elaborated upon, both by ourselves [17e24] and
others [25e40].

Amongst the various redox mediators that have been suggested
for such decoupled electrolysis, the polyoxometalate silicotungstic
acid ([H4SiW12O40]) presents considerable scope for future appli-
cations on account of its robustness and the position of its redox
waves. At pH 0.5, this polyoxometalate possesses two reversible 1-
electron redox waves with E1/2 ¼ þ0.01 V and �0.22 V vs. NHE
respectively [41]. This means that both reductions can be per-
formed on a carbon electrode in aqueous solution without any
concomitant hydrogen evolution activity (H2 evolution on carbon is
not appreciable at potentials more positive than �0.6 V), but that
subsequent exposure of the two-electron reduced species
H6[SiW12O40] to a catalyst such as platinum will lead to sponta-
neous hydrogen evolution until equilibrium between H2 and
reduced mediator is reached [17]. In practice, this means that after
contacting a fully two-electron reduced mediator with a suitable
catalyst, an equilibriummixture of H4[SiW12O40] and the 1-electron
reduced form, H5[SiW12O40] is obtained, as the E1/2 value for this
couple (þ0.01 V) is almost exactly the same as for proton reduction
at this pH. Indeed, it was also observed that a mixture of
H4[SiW12O40] and H5[SiW12O40] could be produced by exposing
H4[SiW12O40] to hydrogen gas in the presence of a suitable catalyst
[17]. Moreover, this same study established that the two-electron
reduced form of the mediator, H6[SiW12O40], spontaneously re-
acts with oxygen and so has the ability to remove dissolved oxygen
from solution, which could be useful for the prevention of forma-
tion of reactive oxygen species in any decoupled electrolysis device
employing this polyoxometalate.

Our previous study of silicotungstic acid as an ECPB was con-
ducted entirely batch-wise in glassware, using small-area elec-
trodes inserted into wide-gap H-cells inwhich resistive losses were
high [17]. In order to more properly assess the potential advantages
and disadvantages of a decoupled electrolysis system based on this
mediator, it is necessary to move towards a more carefully engi-
neered back-to-back configuration with flowed anolyte and cath-
olyte feeds. Herein, we report the construction and optimisation of
the electrochemical part of this system, wherein water is oxidised
to generate oxygen and the ECPB is reduced and protonated.
Through the use of a second electrochemical cell to re-oxidise the
reduced ECPB, we show that this system can almost completely
decouple (by 99%) the oxygen and hydrogen evolution reactions
from each other under continuous and stable steady-state opera-
tion at an imposed current density of 500 mA cm�2, with cell
voltages only a little in excess of 2 V. We then go on to show that
such a system allows the production of oxygen at current densities
as low as 25 mA cm�2 without hazardous levels of hydrogen being
evident in the oxygen product, in contrast to the behaviour of a
conventional proton exchange membrane electrolyser operating
under analogous conditions. This validates one of the key claims
made for decoupled electrolysis (that it allows that production of
the product gases of electrolysis in a safe manner under very low
power inputs, such as might be delivered by renewable energy
sources). Moreover, we then show that the suppression of hydrogen
production inside the electrochemical cell brought about by the
high level of decoupling might also lead to a lower rate of mem-
brane degradation relative to that observed in a conventional
proton exchange membrane electrolyser. This study therefore
forms an important milestone in developing the applications of
decoupled electrolysis.

2. Materials and methods

2.1. Materials and general methods

Sodium bicarbonate, potassium sulfate, calcium nitrate and
magnesium chloride were purchased from Sigma Aldrich. All
chemical reagents were used as purchased. All aqueous solutions
were preparedwith ultrapure gradewater (18.2MU-cm resistivity),
unless otherwise stated. All other materials were obtained as stated
in the text. All electrochemical data were collected using a BioLogic
SP-150 potentiostat coupled to a BioLogic VMP-3B 20A booster.
Data were collected and analysed using the EC-Lab software (Bio-
Logic, version 10.40).

2.2. Electrolysis system design and construction

A general schematic of the set-up used in this work is shown in
Fig. 1.

The oxygen-producing electrochemical cell was constructed as
follows: the anode of this cell consisted of a 10 mm-thick titanium
serpentine flow field utilising 6 parallel flow channels of 1 mm2

cross-section and a platinised titanium mesh (supplied by Fuel-
cellsetc). These elements were sealed using a 0.1 mm-thick poly-
tetrafluoroethylene (PTFE) gasket (Labtex). The cathode consisted
of a 10 mm-thick titanium serpentine flow field as described above
and a layer of TGP-H60 carbon paper (Alfa Aesar). Prior to insertion
of the cathodic flow plate into the cell, the flow fields of the plate
were immersed in Aqua Regia for 90 min. This ensured a
completely clean surface and minimised any parasitic cathodic
hydrogen generation. These elements were sealed using a 0.15mm-
thick cellulose fibre gasket (Klinger, AE5057613). The anode and
cathode were separated by a Nafion 117-based catalyst-coated
membrane supplied by Ion Power. This membrane was coated
with IrO2 (1 mg/cm2) (anode side, producing oxygen). No catalyst
was applied to the cathode side (reducing the ECPB). The active area
of the membrane was 12.96 cm2. The anode and cathode were
compressed against the membrane via 10 mm-thick PTFE insu-
lating plates and 10 mm-thick aluminium end plates. The bolts
fastening the cells were tightened to a torque of 5 Nm. Prior to all
experiments, the catholyte loop and reservoir were sparged with
argon for 30 min at a flow rate of 300 mL/min.

The electrochemical cell for re-oxidation of the reduced ECPB
was constructed from similar components to those used for the
oxygen-generating cell as follows. The anode of this cell consisted
of a 3 mm-thick titanium serpentine flow field, and a layer of TGP-
H60 carbon paper. These elements were sealed using a 0.15 mm-
thick cellulose fibre gasket. The cathode consisted of a 3 mm-thick
titanium serpentine flow field and a layer of TGP-H60 carbon paper.
These elements were sealed using a 0.15 mm-thick cellulose fibre
gasket. The anode and cathode were separated by a Nafion 117-
based catalyst-coated membrane supplied by Ion Power. This
membrane was coated with Pt (0.3 mg/cm2) (cathode side, for



Fig. 1. A schematic of the device set-up used in this work. A full description of materials and construction is given in the text.

Fig. 2. Current-potential curve for the conventional proton exchange membrane
electrolyser used as a comparison to the ECPB-mediated system.
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hydrogen generation). No catalyst was applied to the anode side
(ECPB re-oxidation). The active electrode area of this membrane
electrode assembly was 12.96 cm2. The anode and cathode were
compressed against the membrane via 10 mm-thick PTFE insu-
lating plates and 10 mm-thick aluminium end plates. The bolts
fastening the cells were tightened to a torque of 5 Nm.

2.3. Configuration of standard PEM electrolyser

For comparison between coupled and decoupled electrolysis, a
conventional Proton Exchange Membrane (PEM) electrolyser was
constructed as follows. The anode of this cell consisted of a 3 mm-
thick titanium serpentine flow field and a platinised titaniummesh.
These elements were sealed using a 0.1 mm-thick PTFE gasket. The
cathode consisted of a 3 mm-thick titanium serpentine flow field
and a layer of TGP-H60 carbon paper. These elements were sealed
using a 0.15 mm-thick cellulose fibre gasket. The anode and cath-
ode were separated by a Nafion 117-based catalyst-coated mem-
brane supplied by Ion Power. This membrane was coated with IrO2
(1 mg/cm2) (anode side) and platinum (0.3 mg/cm2) (cathode side).
The active area of the membrane was 12.96 cm2. The anode and
cathode were compressed against the membrane via 10 mm-thick
PTFE insulating plates and 10 mm-thick aluminium end plates. The
bolts fastening the cells were tightened to a torque of 5 Nm. Unless
stated otherwise, ultra-pure water (18.2 MU-cm resistivity) was
pumped through the anode of this electrochemical cell at a rate of
40 mL min�1. The temperature of the water reservoir was main-
tained using an oil bath such that the temperature of the water
entering the cell was 30 �C. A gas outlet from this anolyte reservoir
was connected to the auto-sampling port of the gas chromatog-
raphy machine (see below) to monitor gas compositions as a
function of operational parameters. A current potential curve was
obtained for this cell to test its operation (Fig. 2). This curve was
obtained by stepping the voltage in 100 mV steps at 10 min in-
tervals. The average current was measured across the last 5 min of
each interval. The performance of the electrolyser was comparable
to that of proton exchange membrane electrolysers of similar
construction at similar temperatures reported in the literature
[42e44].

2.4. Quantifying decoupling of the oxygen and hydrogen evolution
reactions

The extent of parasitic hydrogen evolution on the cathode side
of the cell during reduction of the ECPB was gauged by collecting
the hydrogen gas generated in a gas burette. The number of moles
of hydrogen to which this volume equated was then calculated by
taking the volume of 1 mol of an ideal gas at room temperature and
pressure to be 24.5 L. This number of moles was then compared to
the number of moles of hydrogen that could theoretically have
been produced if all the charge passed during the reduction reac-
tion had been used in driving the hydrogen evolution reaction
(instead of ECPB reduction). This theoretical (0% decoupling)
number of moles of hydrogen was obtained by dividing the charge
passed during the electrolysis by 2F (where F is the Faraday con-
stant). The efficiency of decoupling (as a %) is then obtained by
applying the formula:

Decoupling Efficiency¼

1� moles of hydrogen detected
theoretical maximummoles hydrogen

�100
2.5. Quantifying hydrogen levels in the oxygen stream

The oxygen stream from the anode side of the cells was routed
through an Agilent Technologies 7890A gas chromatography (GC)
system (equipped with a thermal conductivity detector) via a
pneumatically-operated automatic gas sampling valve. The cells
were connected to the GC system using 316 stainless steel tubing of



Fig. 3. Voltage-time (black solid line) and state-of-charge (blue dashed line) curves for
the charging of the catholyte in the ECPB electrolyser to a 100% state-of-charge (every
silicotungstic acid molecule reduced by one electron). Operational parameters are
given in the text.

Table 1
Cell voltages and decoupling percentages at a range of steady state current densities
at an ECPB concentration of 0.25 M, at 30 �C with an anolyte flow rate of
40 mL min�1 and a catholyte flow rate of 250 mL min�1.

Current Density 100 mA/cm2 250 mA/cm2 500 mA/cm2

Initial state of charge (%) 100 100 100
Final state of charge (%) 105 93 99
Decoupling (%) 97 98 76
Cell voltage (V) 1.85 2.01 2.35
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1/8 inch internal diameter. An Agilent 19041P-MS4 columnwas used
(dimensions ¼ 30 m � 320 mm � 12 mm) at a flow rate of
0.45108 mL min�1, and a pressure of 2.8504 psi. The GC oven
temperature was set to 27 �C and no carrier gas was used. The GC
system was calibrated for H2 using certified standards of hydrogen
at a range of volume % in argon supplied by CKGas Products Limited
(UK). Linear fits of volume % vs. peak area were obtained, which
allowed peak areas to be converted into volume % of H2 in the
measured gas.

2.6. Determination of electrolyte fluoride content

Electrolyte fluoride content was measured using a perfectION™
ion specific fluoride electrode from Mettler Toledo. Calibration of
the electrode was carried out using a low level “Total Ionic Strength
Adjustment Buffer” (TISAB) prepared as follows: 500 mL of deion-
ised water was added to a 1 L beaker. 57 mL of glacial acetic acid
was added followed by 58 g of sodium chloride. The pH of this
solution was adjusted to 5.0e5.5 using an aqueous 5 M NaOH so-
lution. 25 mL of a standard fluoride solution was prepared using
250 mL of 1000 mg/mL fluoride standard (supplied by Mettler
Toledo) and 18.2 MU-cmwater. A calibration standard solution was
then prepared using 18.2 MU-cmwater (25mL) and low level TISAB
solution (25 mL). Volumes were measured accurately using a
graduated pipette. The electrode potential was then plotted versus
the log of the fluoride concentration for each calibration standard.
The resulting calibration curve gave a linear relationship between
the log of the fluoride concentration and the electrode potential.
The R2 for this calibration was typically >0.98.

3. Results and discussion

3.1. Optimisation of steady state electrolysis conditions

A system as shown in Fig. 1 was constructed, using an aqueous
solution of fully-oxidised silicotungstic acid (0.25 M) for both the
anode and cathode feeds in order to balance the osmotic pressure
across the membrane. The flow rate in for the anode feed (per-
forming water oxidation in the presence of oxidised poly-
oxometalate) was set to 40 mL min�1, whilst the cathode feed flow
rate (performing polyoxometalate reduction in competition with
hydrogen evolution) was initially set to 250 mL min�1. The tem-
peratures of the reservoirs for both feeds were maintained using oil
baths such that the temperatures of the feeds as they entered the
cell were both 30 �C.

The state of charge of the catholyte solution was then increased
to 100% (corresponding to complete reduction of the poly-
oxometalate in the catholyte solution by one electron) by
controlled current electrolysis at 1.296 A (100 mA cm�2) across the
O2-production cell. During this time, the circuit on the ECPB re-
oxidation cell was left open so that no re-oxidation of the ECPB
occurred. The ECPB became progressively more reduced during this
charging process, but no H2 was ever detected in the cathode loop,
suggesting complete decoupling was achieved during charging. A
representative plot of applied voltage and state of charge of the
ECPB versus time for this charging process is shown in Fig. 3.

The elongated “S” shape in the voltage-time curve in Fig. 3 is
characteristic of this charging process, with a steady increase in
voltage as the concentration of silicotungstic acid available for
reduction is depleted. There is then a plateau in voltage as the state
of charge reaches 100%, signalling that all the polyoxometalate is
reduced by one electron and that the second reduction process is
beginning.

After charging to 100% (corresponding to complete reduction of
all the polyoxometalate in the cathode loop by one electron per
polyoxometalate molecule), the circuit on the ECPB re-oxidation
cell was closed, allowing re-oxidation of the polyoxometalate. By
setting the imposed current density across this ECPB re-oxidation
cell to the same value as that imposed across the oxygen produc-
tion cell, the system could then be placed into steady state. We note
here that although the reduced silicotungstic acid ECPB can be re-
oxidised spontaneously in a non-electrochemical catalytic reac-
tion (generating hydrogen without an applied potential as in our
previous report [17]), the system under discussion in this paper
employs electrochemical re-oxidation as that was found to be the
simplest way in which to place the system into a controlled steady
state and hence monitor accurately the performance of the water
oxidation and ECPB reduction electrochemical cell. The voltages
across the oxygen-producing cell required to maintain steady state
current densities of 100, 250 and 500 mA cm�2 were then
measured, as shown in Table 1. Fig. 4 shows an example voltage-
time curve for one such steady state experiment, where charge in
excess of five times that required to fully reduce the poly-
oxometalate by two electrons was passed after the system was
placed into steady state (without altering the overall state-of-
charge of the mediator, as gauged by subsequent re-oxidation of
the ECPB), demonstrating that a steady state of ECPB reduction and
re-oxidation was reached.

At the end of each experiment, the ECPB in the catholyte loop
was fully re-oxidised by application of a voltage to the ECPB re-
oxidation electrochemical cell only. The number of coulombs
required for complete re-oxidationwas measured and compared to
the number of coulombs used in the initial charging process. This
gives a “Final state of charge” value (where 100% indicates that the
state of charge after the steady state experiment is exactly the same



Fig. 4. Example voltage-time curve for the charging of the catholyte solution at a
current density of 100 mA cm�2, followed by steady-state operation at 250 mA cm�2.
In the initial charging step, 4240 C were transferred. After placing into steady state
(indicated by the arrows in the figure) an additional 44,164 C were passed. After this
steady state operation, the catholyte was re-oxidised and the 4240 C used in the initial
reduction were recovered (data not shown).
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as that at the beginning), which gives an indication as to the degree
towhich the process was operating at a steady state during the test.
The variations in starting and final charge in Table 1 all suggest that
the system is operating at steady state under these conditions.
Furthermore, the volume of hydrogen production in the cathode
loop (an unwanted parasitic side-reaction to ECPB reduction) was
also measured to give a measurement of the effectiveness of sili-
cotungstic acid as amediator for decoupled electrolysis under these
steady state conditions. As shown in Table 1, this “Decoupling %”
(see Section 2.4 for definition) is very high at 100 and 250 mA cm�2

(indicating very little parasitic hydrogen production), but this value
falls off considerably at the higher current density of 500 mA cm�2.

In an attempt to improve the extent of ECPB-mediated decou-
pling of the oxygen and hydrogen evolution reactions at high cur-
rent densities, the concentration and flow rate of the catholyte feed
were varied (the anolyte flow rate was maintained at 40 mL min�1

in all experiments). Working on the hypothesis that the low %
decoupling observed at higher current densities was due to
depletion of the ECPB at the cathode of the oxygen-producing cell
(leading to an increase in parasitic hydrogen evolution in order to
maintain the imposed current density), the concentration of sili-
cotungstic acid in the catholyte solutionwas increased to 0.4M. The
concentration of the anolyte feed was also increased to 0.4 M in
order to maintain the osmotic balance across the membrane. The
effects of increasing the concentration of silicotungstic acid in this
way are summarised in Table 2, which also shows that increasing
the catholyte flow rate from 250 mL min�1 to 500 mL min�1 leads
Table 2
The effect of ECPB concentration and flow rate on cell voltages and decoupling
percentages at 30 �C at a range of steady state current densities.

Current Density (mA cme2) 250 250 250 500 500 500a

[ECPB] (M) 0.25 0.4 0.4 0.25 0.4 0
Catholyte flow rate (mL min�1) 250 250 500 250 500 N/A
Decoupling (%) 98 100 100 76 99 0
Cell voltage (V) 2.01 1.99 1.92 2.35 2.16 1.85

a A conventional electrolyser operating using 18.2 MU-cm water with no cath-
olyte and with an anode feed flow rate of 40 mL min�1 (the same as for the ECPB
system).
to a small reduction in the required cell voltage under an imposed
current density of 250 mA cm�2.

These data show that increasing the ECPB concentration and
catholyte feed flow rate have only very marginal effects on the cell
voltage and % decoupling at a current density of 250 mA cm�2, but
significantly improve both metrics at the higher current density of
500 mA cm�2, leading to 99% decoupling at a silicotungstic acid
concentration of 0.4 M and a flow rate of 500 mLmin�1. In this way,
it can be seen that effectively complete decoupling of the hydrogen
and oxygen evolution reactions can be achieved using silicotungstic
acid as a mediator, even at steady-state current densities as high as
500 mA cm�2. Meanwhile, Table 2 also shows a comparison to a
conventional electrolyser (see Section 2.3) performing entirely
coupled oxygen and hydrogen evolution. Hence, at 500 mA cm�2,
there is an approximate 300 mV penalty for decoupling the
hydrogen and oxygen evolution reactions using silicotungstic acid
as a mediator.
3.2. Comparison of conventional and ECPB-Mediated electrolysis at
low current densities

The above results relate to operation at comparatively high
current densities. However, one of the chief advantages of an ECPB-
mediated system is that it should, at least in theory, allow water
splitting to occur at much lower current densities (such as might be
delivered by diffuse renewable power sources) without significant
mixing of the product gases as the gases are not made in the same
cell at the same time [16,17]. In order to test this hypothesis in our
silicotungstic acid-mediated system, we conducted low-current
density electrolysis of water in a conventional electrolyser and
compared the purity of the oxygen generated by this cell with that
obtained from our ECPB-mediated system.

Current densities of 25 and 50 mA cm�2 were probed for both
the conventional and ECPB-mediated systems. For both systems,
the anode feeds were circulated at 40 mL min�1. There was no
cathode feed for the conventional electrolyser, which was instead
equipped with a gas outlet to allow hydrogen to escape. The flow
rate for the catholyte feed for the ECPB-mediated electrolyser was
maintained at 250 mL min�1. The temperature for both systems
was maintained at 30 �C, and the purity of the oxygen generated at
the anode side of the cells was gauged by gas chromatography (see
Section 2.5). The ECPB catholyte feed was charged to a state of
charge of 105% before the experiment was initiated (corresponding
to complete reduction of the polyoxometalate by one electron, with
5% of the polyoxometalate molecules reduced by a second electron
as well) and then maintained at steady state during the subsequent
electrolysis. The % H2 in the anode oxygen product stream was
monitored over the course of 16 h (see Table 3) and the percentages
of H2 detected are quoted as averages of at least five measurements
in each case.

A general regulatory rule-of-thumb is that any process involving
mixtures of hydrogen in oxygen should aim tomaintain a hydrogen
concentration in oxygen below 0.4% (10% of the lower explosion
limit of hydrogen in oxygen), with H2 levels up to 25% of this lower
explosion limit (i.e. a 1% mixture of H2 in O2) allowed only on an
Table 3
The percentage of hydrogen in the anolyte oxygen product stream as a function of
current density at 30 �C for a conventional and ECPB-mediated electrolyser.

Current Density
(mA cme2)

% H2 in O2 stream

Conventional electrolyser ECPB-mediated electrolyser

25 1.89 (±0.02) 0.31 (±0.07)
50 1.47 (±0.04) 0.31 (±0.04)
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occasional and temporary basis [45]. Levels of hydrogen in oxygen
above this limit, or above 0.4% for extended periods of time, are
deemed unsafe. Hence the data in Table 3 show that a conventional
electrolyser operating at 25 or 50 mA cm�2 under our conditions
would be in breach of these regulatory guidelines, whereas an
ECPB-mediated system has the potential to allow safe water elec-
trolysis (% H2 in O2 < 0.4%) to proceed even at current densities as
low as 25 mA cm�2.

3.3. Comparison of conventional and ECPB-Mediated electrolysis
using non-deionised feeds

A conventional proton exchange membrane electrolyser relies
on the proton conductivity of its perfluorosulfonated membrane to
operate. The presence of other metallic cations can poison this
membrane, as the protons in the sulfonate ReSO3

�Hþ units ex-
change for these metal ions (Mþ) forming ReSO3

�Mþ species, which
in turn leads to a dramatic increase in the resistance of the elec-
trochemical cell [46]. In order to prevent such an exchange of
protons for other cations in the membrane, a conventional proton
exchange membrane electrolyser must therefore use extensively
deionised water. If a membrane becomes deactivated due to the
presence of alkali metal or other cations, then it is usually possible
to recover the performance by treating the membrane in acid in
order to exchange the extraneous cations for protons. However, this
process is time-consuming and not conducive to continuous
operation with non-deionised water.

In contrast, a silicotungstic acid-mediated electrolysis system
requires an acidic catholyte feed. Whilst this has the disadvantage
of requiring a pump to flow it through the cell (whereas a con-
ventional electrolyser simply has a gas outlet on the cathode side),
the acidic ECPB medium should provide a ready route for the
removal of cations from the cathode side of the membrane,
potentially improving the tolerance of the cell to excursions from
ideal water quality. To test this hypothesis, we prepared a standard
mineralised water (identical to the cation concentration quoted for
Evian mineral water), consisting of 6.5 mg of sodium bicarbonate,
1.0 mg of potassium sulfate, 80 mg of calcium nitrate and 26 mg of
magnesium chloride per litre, and used this as the basis of a
“mineralised anode feed” for both our conventional and ECPB-
mediated electrolysers. The conductivity of this mineralised solu-
tion was measured, and was found to be 708 mS/cm.

To this end, our conventional electrolyser was firstly operated
using 18.2 MU-cm water at 30 �C with an anolyte flow rate of
40 mL min�1 at an imposed current density of 500 mA cm�2 for
60 min. During this time, the required cell voltage was roughly
Fig. 5. A: Comparison of the performance of a conventional proton exchange membrane el
demineralised to a mineralised anolyte feed. The data collection was paused at the point o
transition was complete. Hence transition times are not included in the graph. 5B: An expans
from panel A.
constant at around 1.9 V. After this time period, the experiment was
paused and the anolyte feed was switched to the mineralised water
described above. The voltage requirement to maintain this current
density rose immediately and dramatically, causing the galvanostat
to trip (a rate of voltage increase of 950 mV/h was recorded). The
first derivative of the voltage vs. time for this experiment is plotted
in Fig. 5A (with an expansion in Fig. 5B), inwhich it can be seen that
the rate of change in the voltagewas constant until the transition to
mineralised water was made. This demonstrates that a conven-
tional electrolyser struggles to handle anything other than very
pure water input streams.

In order to test the response of the ECPB-mediated electrolyser
to this mineralised water feed, 0.25 M solutions of silicotungstic
acid were made up in both 18.2 MU-cm water and the mineralised
water detailed above. The temperature of the electrolytes entering
the electrochemical cell was maintained at 30 �C and the flow rates
of the anolyte and catholyte were 40 mL min�1 and 250 mL min�1

respectively. Again beginning with the 18.2 MU-cm based electro-
lytes for both the anolyte and catholyte, the catholyte was first
charged to 100% state-of-charge and then placed into steady state
at an imposed current density of 250 mA cm�2 in for 1 h. During
this time, the voltage requirement was stable and in line with the
metrics reported in Tables 1 and 2. After this time, the anolyte so-
lution was replaced with a fresh 0.25 M silicotungstic acid solution
prepared using the mineralised water described above (Fig. 5A). In
contrast to the behaviour of the conventional proton exchange
membrane electrolyser, the ECPB-mediated electrolyser was able to
maintain a current density of 250 mA cm�2 under these conditions,
with only a comparatively modest rate of increase in the required
voltage (15e20 mV/h). The ECPB-mediated electrolyser thus seems
to be far more resilient (at least over the time-course of a few
hours) to the presence of metal cations in the electrolyte than a
conventional proton exchange membrane electrolyser. Experi-
ments examining the longer-term effects of using such non-
deionised water in ECPB-mediated electrolysis are ongoing. The
performance of this silicotungstic acid-mediated electrolyser is
compared to the performance of other continuous-flow systems for
decoupling the electrochemical oxygen evolution reaction from
hydrogen evolution in Table 4.

3.4. Comparison of membrane durability in conventional and ECPB-
Mediated electrolysis

In a conventional proton exchange membrane electrolyser, one
of the chief routes to membrane degradation is through attack by
reactive oxygen species that form in the presence of H2/O2mixtures
ectrolyser (black line) and an ECPB-mediated electrolyser (red line) on moving from a
f transition of anolytes in both cases (indicated by the arrow) and recommenced once
ion of the d(V)/d(t) curve for the conventional proton exchange membrane electrolyser



Table 4
A comparison of the electrolysis system reported in this paper to other mediated continuous-flow systems for decoupling the electrochemical oxygen evolution reaction from
hydrogen evolution. A “-“ symbol in the table below indicates that this data is not given in the corresponding publication.

Entry Mediator Max. steady state current density (mA cm�2) % H2 in O2 Feedwater purity Ref.

1 Anthraquinone-2,7-
sulfonic acid

250 None a 18.2 MU-cm 22

2 [P2W18O62]6� 50 e 18.2 MU-cm 23
3 H6ZnW12O40 30 e e 24
4 Ce(III)/Ce(IV) 80 e 18.2 MU-cm 25
5 H4SiW12O40 500 0.31 Mineralised feeds tolerated This work

a The report states that no hydrogen was detected in the oxygen stream, but no detection limit is quoted.
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[11,47,48]. In the case of Nafion (currently the membrane of choice
for proton exchange membrane electrolysers), the degradation of
the membrane can be gauged by monitoring the concentration of
fluoride in the solution emerging from the electrochemical cell as a
proxy for membrane degradation [49,50]. However, in an ECPB-
mediated cell using silicotungstic acid, almost no H2 is produced
in the water-oxidising electrolytic cell. This vastly reduces
hydrogen cross-over into the anode side of the cell (see Section 3.2)
and hence the likelihood of reactive oxygen species forming on the
anode side of this cell. Hence we hypothesised that the use of sil-
icotungstic acid as an ECPB should help to reduce the formation of
reactive oxygen species that form as a consequence of gas cross-
over, and hence lead to slower rates of membrane degradation.

In order to test this hypothesis, a conventional electrolyser was
constructed as before (Section 2.3) and ultra-pure water (18.2 MU-
cm) was pumped through the anode of this electrochemical cell at a
rate of 40 mL min�1 at a constant temperature of 30 �C. The
durability of the membrane was then tested by running the elec-
trolyser at a current density of 100 mA cm�2 for 200 h. Samples for
fluoride concentration analysis (see Section 2.6) were taken peri-
odically by combining any condensate from the hydrogen gas
stream with the anode water reservoir, thoroughly mixing and
withdrawing a 25 mL sample using a graduated pipette. Prior to
analysis, this 25 mL sample was combined with 25 mL of low level
TISAB solution (see Section 2.6). In the following calculations,
correction has been made to take into account any apparent in-
crease in fluoride concentration that might manifest as a conse-
quence of the reduction in volume of the water in the anode loop
due to electrolysis. As shown in Fig. 6A, the concentration of fluo-
ride in the samples collected from the conventional electrolyser
increases considerably over the course of the experiment, reaching
0.5 mg L�1 after 200 h.

The performance of an ECPB-mediated system at steady state
and at 30 �C was then evaluated. In this system, the anolyte was
again fully oxidised 0.25 M aqueous silicotungstic acid (flow
Fig. 6. A: Fluoride concentration in solution as a function of time for a conventional electro
6B: Rate of fluoride release as a function of time for a conventional electrolyser (black line
rate ¼ 40 mL min�1), whilst the catholyte was 0.25 M aqueous
silicotungstic acid at a 105% state of charge (flow
rate ¼ 250 mL min�1). Samples were taken periodically from both
the anolyte and catholyte solutions and combined, and the fluoride
content for these combined samples was determined as per the
general method in Section 2.6. These results were then compared
with those obtained for the performance of the conventional pro-
ton exchange membrane electrolyser as shown in Fig. 6A and B (the
latter of which shows the rate of fluoride production normalised to
the active area of the membrane electrode assembly). These results
demonstrate that the release of fluoride is at least an order of
magnitude lower in the ECPB-mediated system than in the con-
ventional proton exchange membrane electrolyser over this time-
scale, suggesting that an ECPB-mediated system might indeed
reduce membrane degradation via attack of reactive oxygen
species.
4. Conclusions

In summary, we have demonstrated the operation of an elec-
trolyser using silicotungstic acid as an electron-coupled-proton
buffer where complete decoupling of the oxygen evolution and
hydrogen evolution reactions can be achieved at current densities
of up to 500 mA cm�2 under steady state conditions. This allowed
O2 and H2 to be produced continuously, and demonstrates that this
electron-coupled-proton buffer can be cycled numerous times in
any given experiment. The ECPB-mediated electrolyser was able to
produce oxygen with under 0.4% hydrogen contamination at cur-
rent densities as low as 25 mA cm�2, in contrast to the abilities of a
conventional proton exchange membrane electrolyser built using
similar components. Moreover, we have shown that an electrolysis
device containing a silicotungstic acid ECPB is potentially more
tolerant of mineralised water inputs than a conventional proton
exchange membrane electrolyser, and also that fluoride release
from the perfluorosulfonated membrane (a marker for membrane
lyser (black line and squares) and an ECPB-mediated electrolyser (red line and circles).
and squares) and an ECPB-mediated electrolyser (red line and circles).
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degradation) is lower in an ECPB-mediated cell than in a conven-
tional proton exchange membrane electrolyser. This work thus
serves to highlight the potential advantages of using silicotungstic
acid as an electron-coupled-proton buffer for electrolysis over a
wide range of current densities, with implications for harnessing
renewably-generated power for hydrogen production.
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