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Photo-assisted water splitting with bipolar membrane induced pH
gradients for practical solar fuel devices

David A. Vermaas,® Mark Sassenburg® and Wilson A. Smith®

Different pH requirements for a cathode and an anode result in a non-optimal performance for practical solar fuel
systems. We present for the first time a photo-assisted water splitting device using a bipolar membrane, which allows a
cathode to operate in an acidic electrolyte while the photoanode is in alkaline conditions. The bipolar membrane
dissociates water into H" and OH’, which is consumed for hydrogen evolution at the cathode and oxygen evolution at the
anode, respectively. The introduction of such a bipolar membrane for solar fuel systems provides ultimate freedom for
combining different (photo)cathodes and —anodes. This paper shows that photo-assisted water splitting at both extreme
pH gradients (0-14) as well as mild pH gradients (0-7) yields current densities of 2-2.5 mA/cm” using a BiVO, photoanode
and a bipolar membrane. The membrane potentials are within 30 mV of the theoretical electrochemical potential for low
current densities. The pH gradient is maintained for 4 days of continuous operation and electrolyte analysis shows that salt
cross-over is minimal. The stable operation of the bipolar membrane in extreme and mild pH gradients, at neglibile loss,
contributes to a sustainable and practically feasible solar fuel device with existing photoactive electrodes operating at

different pH.

Introduction

Direct conversion of solar energy into chemical energy has a
huge potential to supply the world with renewable fuel. The
incident solar energy of one hour is equivalent to the annual
worldwide energy consumption ! several systems have been
proposed to utilize solar power for producing a chemical fuel,
from which electrochemical water splitting, using either a
photovoltaic cell or integrated photoelectrodes, is most
intensively studied 28 |n these cases, a cathode is used for
hydrogen evolution while oxygen is produced at the anode.
The activity and stability of each electrode and/or catalyst are
strongly dependent on the pH of the electrolyte, due to
limitations and hydroxyl
12 For example,
hydrogen evolution catalysts and ion exchange membranes

(e.g., Nafion®) operate well in strongly acidic conditions 13,14

material corrosion,

absorption at the semiconductor surface

transport

whereas earth abundant oxygen evolution catalysts are most
active and stable in neutral or alkaline conditions 7.
Additionally, many photoelectrodes have been investigated at
various, narrow pH ranges between 0 and 15 7. As there is no
consensus about the optimal operating pH for the cathode and

anode, with their corresponding catalysts, the options for an
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integrated solar fuel system are strongly limited.

A bipolar membrane (BPM), traditionally used for the
production of acid and base 18,19
maintain an acidic cathodic compartment (pH 0) in conjunction

, was recently proposed to

with an alkaline anodic compartment (pH 14) for electrolysis 20,
21 Such a configuration could benefit photo-assisted or solar-
driven water splitting as well. However, previous research on
bipolar membranes only showed low voltage losses at extreme
pH-differences (0-14), while it was hypothesized that other pH
differences over the membrane would create major voltage
losses and unsteady pH differences. This paper demonstrates
for the first time effective photo-assisted water splitting using
a bipolar membrane induced pH gradient of pH 0 vs 14 as well
as pH 0 vs 7, and explores the feasibility for a practical solar
fuel application. This research enables the ability to combine a
broad spectrum of already developed (photo)electrodes
and/or catalysts in their optimal conditions.

Background

A bipolar membrane (BPM) is a polymer membrane composed
of a cation exchange layer, selective for cations, and an anion
exchange layer, selective for anions. When a current is applied,
neither anions or cations can pass both layers, assuming a
perfect membrane selectivity. Instead, water is dissociated
into H" and OH" at the interface of both ion exchange layers 2,

The H can pass through the cation exchange layer, while OH
can pass through the anion exchange layer, as illustrated in Fig.
1A. Assuming 100% Faradaic efficiency and high membrane
selectivity, the amount of protons and hydroxides produced by
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Figure 1. A: Working principle of a bipolar membrane. Positive ions (M*) cannot enter
the anion exchange layer (AEL) and negative ions (A’) cannot enter the cation exchange
layer (CEL) (1). This results in water dissociation on the interface of these two layers (3),
which is supplied by water diffusion (2) and leads to transport of H and OH™ (4). B: an
example of a bipolar membrane implemented in a solar fuel system, with 1 or possibly
2 photoelectrodes.

water dissociation at the bipolar membrane equals the
consumption at the electrodes, which facilitates a constant pH
difference over the membrane (Fig. 1B). The driving force
required for dissociating water into H* and OH™ equals the
electrochemical potential difference at the (local) pH in either
side of the bipolar membrane layer 2324 \which results into an
electric potential difference A®gpy (in V):

+
RT 1 [H " Jeathode ~0.059-ApH (Eq. 1)

ADgpy =
F [H i Tanode

In this equation, R is the universal gas constant (8.31
J/(mol-K)), T is the absolute temperature (K), F is the Faraday
constant (96485 C/mol), [H'] is the proton concentration at the
cathodic and anodic side of the bipolar membrane (M) and
ApH is the pH difference over the bipolar membrane. The
chemical potential difference from Eq. 1 determines the
thermodynamically ideal voltage that is required to drive the
water dissociation in the bipolar membrane, and maintain a
pH difference between the cathodic and anodic electrolytes.
The voltage over the membrane to facilitate the water
dissociation causes an equal shift in redox potential for the
hydrogen and oxygen evolution reaction, due to the pH
difference between anode and cathode (see Fig. 1B). Hence,
the total bias over the cell, assuming an ideal membrane, is
not increased nor decreased by the water dissociation in the
bipolar membrane (see supplemental information for further
elaboration).

Experimental
Photoanode preparation

BiVO, photoanodes were prepared in dense thin films of
approximately 200 nm, using spray pyrolysis according to the
method described in detail by Abdi et al. ZA precursor
solution was prepared by dissolving Bi(NOs3) (98% pure, Alfa

2 | J. Mater. Chem. A, 2015, 00, 1-3

Aesar) in acetic acid (98% pure, Sigma Aldrich), and added to
VO(AcAc), (99% pure, Alfa Aesar) dissolved in absolute ethanol
(99.8% pure, Sigma Aldrich). The final concentrations of Bi and
V were 4 mM, dissolved in 200 mL solution. This solution was
sprayed on FTO (fluorine-doped tin dioxide)-coated glass
substrates (TEC-15, Hartford Glass Co.) at 4802C in 200 cycles.
A SnO, interfacial layer (approximately 80 nm thick, using 0.1
M SnCl, in ethyl acetate) was sprayed prior to BiVO, to prevent
the FTO/BiVO, % The
FTO/Sn0,/BiVO, samples were annealed for 2 hours in a tube

recombination at interface
furnace at 4502C, using continuous flow of air.

For operation at pH 14, the BiVO, samples were covered with
amorphous TiO, using atomic layer deposition (ALD) as a
protective layer for alkaline conditions =4 TiO, was deposited
in 100 cycles, using tetrakis(dimethylamino)-titanium (TDMAT)
and H,0 as precursors, deposited at a sample temperature of
100 °oC. Each cycle corresponds to approximately 0.1 nm of
TiO,, as analysed with ellipsometry (J.A. Woollam Co.) on a
Si/TiO, sample.

Cobalt phosphate (Co-Pi) electrodeposited on all
photoanode samples to catalyse oxygen evolution

was
v using an
aqueous solution of 0.1 M potassium phosphate buffer (pH
7.00) and 0.5 mM Co(NOs3), (99%, Acros Organics). The
electrodeposition was performed for at a
controlled potential of 1.7 V vs RHE using a potentiostat
(PARstat MC, Princeton Applied Research), an AM1.5 light
source (100 mW/cmZ) and an Ag/AgCl reference electrode

15 minutes

(XR300, Radiometer Analytical), corresponding to a CoPi layer
thickness of approximately 30 nm 2,

Water splitting cell

A tailor made polytetrafluoroethylene (PTFE) water splitting
cell was used to house the prepared photoanode, bipolar
membrane and a planar Pt cathode. The Pt cathode was
prepared by sputtering 249 nm of Pt on Ti foil. A commercial
bipolar membrane was used (Fumasep FBM, FumaTech),
which was conditioned in K,SO, solution prior to installing in
the water splitting cell. The exposed photoanode area was 1.5
cmz, the cathode area was 4.0 cm? and the bipolar membrane
area was 19.6 cm®. The anode was illuminated from the back-
side using an AM1.5 solar simulator at 100 mwW/cm? (Newport
Sol3A Class AAA). The cathodic compartment was filled with 1
M H,SO, solution (from 95-98% concentrated solution, Sigma
Aldrich), which was separated from the anodic solution by a
bipolar membrane as illustrated in Fig. 1B. The anodic
compartment was filled with either 1 M phosphate buffer
solution with pH 7 (from 99% pure monobasic and 98% pure
dibasic potassium phosphate, Sigma Aldrich) or 1 M KOH
solution (from 45% solution, Sigma Aldrich). A pH meter
(ProLine B210, QIS) was installed in both compartments. The
anodic compartment was purged with N, gas at 8 sccm, and
the effluent gas was measured using a GC during
chronoamperometry. To measure the i-V curve for the bipolar
membrane at high current densities (Fig. 4), a Pt electrode was
used as an anode and a Luggin capillary was used to measure
the potential near the bipolar membrane. Samples from the

This journal is © The Royal Society of Chemistry 20xx
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anodic and cathodic electrolyte solutions were taken after the
experiment and analysed for ionic composition using
inductively coupled plasma (ICP-OES 5300 DV).

Electrochemical measurements

Cyclic voltammetry (in dark and illuminated conditions), linear
scan voltammetry (chopped illuminated) and
chronopotentiometry (illuminated) were performed for the
integrated water splitting cell with the bipolar membrane and
BiVO, photoanode. The voltages over each element in the PEC
system (cathode, bipolar membrane, photoanode) were
monitored using three synchronized potentiostats (PARstat
MC, Princeton Applied Research). A detailed description of the
voltage measurements is provided in Fig. S1.

Results

The electrode and membrane potentials are experimentally
investigated for a solar assisted water splitting system. For
operation at pH 14, samples of FTO/Sn0,/BiVO,/TiO,/CoP;
were used as the photoanode. The voltages over each element
in the BPM PEC system (cathode, bipolar membrane,
photoanode) are shown in Fig. 2 versus the current density of
the photanode, BiVO,. The sum of these voltages represents
the total bias applied to the system.
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Figure 2: Potential differences over the cathode (V) due to the HER overpotential,
over the bipolar membrane (Vgpy) and over the anode (V.nge), Which includes the
water reduction potential, the OER overpotential and the photovoltage. The solid lines
(from left to right) show the potential of the Pt cathode, SHE reference potential,
potential of anode electrolyte (at pH 14) and the BiVO4 photoanode. The cathode
operates in pH 0, while the anode operates in pH 14. A standard hydrogen electrode
(SHE) scale is used as the pH difference over the membrane disables conversion to RHE.
Potentials are obtained from three synchronized potentiostats as illustrated in Fig. S1.
No correction for ohmic losses is applied.

This journal is © The Royal Society of Chemistry 20xx
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The anode and the bipolar membrane contribute most to the
total voltage over the solar fuel system (Fig. 2), while the
voltage over the cathode is minor. Although the voltage
contribution of the bipolar membrane (Vgpy) is significant, it
does not imply that a bipolar membrane causes a major loss,
as the pH difference established by the bipolar membrane
reduces the potential for the oxygen evolution reaction (Vanoge)
14-0.059 = 0.83 V. Hence, the voltage over the anode is even
negative for low current densities (< 1 mA/cmz), causing an
intersection of the BPM and anode potentials in Fig. 2, which
implies the magnitude of the photovoltage is larger than the
oxygen evolution potential plus overpotential in this pH.

At pH 14, a current density of approximately 2 mA/cm2 is
obtained at the water oxidation potential (1.23 V vs SHE),
corresponding to a total bias of approximately 1.3 V in this
bipolar membrane device. Significantly larger potential
differences over the photoanode are required to obtain higher
current densities. Because the redox potential for oxygen
evolution and the photovoltage of BiVO, are independent of
the current density, this trend is due to the overpotential for
the oxygen evolution reaction. This limited current density at
higher potentials is also observed in cyclic voltammetry of the
BiVO,/TiO,/CoPi samples (Fig. S2). The exact mechanisms of
this behavior is beyond the scope of this paper, but may be
related with the TiO, layer, as BiVO,/CoPi demonstrates a
higher current density than BiVO,/TiO,/CoPi at pH 7 (see
supplementary information).
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Figure 3: Potential differences over the cathode (Vu), over the bipolar membrane
(Vepm) and over the anode (Vanoge), Obtained in the same configuration as for Fig. 2,
except that the anode operates in pH 7 in this case. No correction for ohmic losses is
applied.

J. Mater. Chem. A, 2015, 00, 1-3 | 3



Journal ef Matertals 'Chemistry A

To fully exploit the ability of having different pH’s at either side
of the bipolar membrane, photo-assisted water splitting was
also performed at pH O (cathode) vs pH 7 (anode), which
allows the ability to use BiVO,/CoPi without a TiO, layer. At
this pH difference, current densities of more than 2.5 mA/cm2
are obtained at a bias of approximately 1.3 V, as shown in Fig.
3. Faradaic efficiencies of nearly 100% are obtained for BiVO,
(for O, evolution) and Pt (for H, evolution) in previous research
28 Our data, using gas chromatography (Fig. S5), confirms that
oxygen was evolved at high Faradaic efficiency at the
BiVO,/CoPi photoanode. Hence, when envisioning a solar fuel
device with a double junction a-Si photovoltaic cell behind the
photoanode, as demonstrated by Abdi et al. 29, the obtained
current density would correspond to a solar-to-hydrogen (STH)
efficiency of 3.0% (see Fig. S4). This yield can be improved
using a higher performing photoelectrode, such as doped
BiVO, % or Si-based photoelectrodes 3032

Compared to the total bias over a BiVO,-Pt system operating in
a single pH without using a membrane, the bias over the BPM
system is similar or even smaller (see Fig. S4). In other words,
the use of a bipolar membrane in solar fuel systems, thereby
enabling a pH difference between cathode and anode,
features no significant thermodynamic loss.

In more detail, the voltages over the bipolar membrane are
even slightly smaller than the theoretical voltages required for
maintaining this pH difference, in particular for the case with
pH 0 vs pH 7 (Fig. 3), where 0.41 V is theoretically required for
maintaining a difference of 7 pH units. The lower actual
membrane voltage is due to imperfections in selectivity of the
membrane. As the membrane layers are in reality not perfectly
selective for anions and cations, other ions than H* or OH can
pass the BPM as well, although at small rates. Consequently, K*
and 5042’ can be transported through the BPM to some extent.
The transport of these ionic species is not limited to the
theoretical water dissociation voltage 2233 \which explains the
slightly lower than theoretical membrane voltage shown in Fig.
2 and 3.

Whereas efficient use of a bipolar membrane for extreme pH
gradients is acknowledged in literature 2433 the use of BPMs
for milder pH gradient was found to have relatively large
membrane voltages. According  to Eq. 1, the
thermodynamically ideal membrane voltage over the bipolar
membrane should be 0.83 V for a difference of 14 pH units
(i.e., 14-0.059), while 7 pH units should yield a membrane
voltage of 0.41 V (i.e., 7-:0.059). Previous research predicted
that a membrane voltage of >0.8 V would be necessary to
drive water dissociation for mild pH gradients as well 2 pased
on experiments at high current densities, typical for existing
bipolar membrane applications 2 However, solar fuel devices
need to operate at much lower current densities (order of 10
mA/cmZ) compared to previous applications of bipolar
membranes (typically 100 mA/cm?) %,

The bipolar membrane voltages are plotted as a function of
the current density in Fig. 4. Our results confirm the predicted
large membrane voltages over the BPM using a pH gradient of
0-7 for high current densities (Fig. 4). At low current density,
the membrane voltage is actually close to the

4 | J. Mater. Chem. A, 2015, 00, 1-3
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Figure 4: voltage over the bipolar membrane using a pH difference of 0-7 and 0-14 over
the membrane as a function of the current density. The potentials were averaged over
at least 300 s of constant current. As the bipolar membrane (BPM) area was larger than
the BiVO4 area, the corresponding current density for BiVO4 is plotted as a secondary
x-axis. No correction for ohmic losses is applied.

thermodynamically ideal case for a pH gradient of 0 and 7
(0.41 V). Although the current density scaled on the
membrane area is rather low (< 2 mA/cmZ) for this effect, it
provides evidence for this phenomenon and raises the
question whether and how this region can be extended to
higher current densities.

The transport at these particular conditions (low current and
mild pH gradients) are not well explored yet, while crucial for
the solar fuel application. Previous research indicated that
charge transport at low current densities was ascribed to
leakage of co-ions through the BPM 20:33 \which would sacrifice
the pH difference. To experimentally investigate the dominant
charge transport though the BPM at low current densities, the
membrane voltage, pH and ion concentrations are monitored
for 4 days of continuous operation using an inert (Pt) electrode
at either side, shown in Fig. 5. The voltages and the pH
differences over the bipolar membrane slowly decrease, but
still a significant pH difference over the bipolar membrane
remains after four days. The largest difference in pH is
observed for pH 7, because the pK, of phosphate is slightly
higher than 7, which makes this buffer most sensitive to
acidification. If the ion transport would be dominated by other
ions than H® and OH, the pH difference would have been
completely disappeared at charge transport of 1 mole
equivalent. As the pH difference is maintained for the greater
part after charge transport of 1 mole equivalent, the transport
through the bipolar membrane must by dominated by H" and
OH'.

In addition, samples from the cathodic and anodic electrolyte
after four days reveal that only a small fraction of the
potassium, and no significant sulphates or phosphates have
been transported through the membrane (Table 1). Only a
small fraction of the potassium, and no significant sulphates or

This journal is © The Royal Society of Chemistry 20xx
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Figure 5: Membrane voltage (left) and pH (right) as a function of time, at a constant curre
this case). Inert (Pt) electrodes were used as anode and cathode in this case.

phosphates have been transported through the membrane.
The high rejection rate for sulphates and phosphates is due to
the larger hydrated radius and larger charge of these ions,
which increases the rejection of these co-ions in ion exchange
membranes >*. The data in Table 1
dissociation dominates over salt cross-over, and hence bipolar
membranes can be applied to maintain a pH difference
acceptably in a practical water splitting device at low current
densities as well.

indicates that water

Table 1: pH and concentrations of cathodic and anodic solutions in the case of a pH 0-7
difference over the bipolar membrane, before and after 4 days of operation at 1
mA/cmZ. Concentrations are derived from ICP analysis.

- Sulphates Phosphates
Solution pH [K'] (in M)
(M) (M)
Cathodic solution
1 M H,SO, )
0.00 0.00 1.00 0.00
(as should be)
1 M H,SO,
0.08 <0.02 1.02 £ 0.07 <0.02
(as measured)
After 4 days 0.14 0.29 £ 0.04 0.99 + 0.07 <0.02
Anodic solution
1 M phosphate buffer
7.00 1.39 0.00 1.00
(as should be)
1 M phosphate buffer
7.01 1.48 +0.09 <0.02 1.00 + 0.07
(as measured)
After 4 days 6.15 1.30+0.08 <0.02 1.03 + 0.07

? Neglecting the activity coefficient of H,SO,

This journal is © The Royal Society of Chemistry 20xx
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Having established that the water dissociation in the bipolar
membrane causes the dominant transport mechanism, even at
low current densities, the obtained membrane voltage-current
curve for the pH 0-7 case in Fig. 4 requires a different
explanation than co-ion transport. The large membrane
voltages at high current densities can be explained from ion
transport limitations near the BPM-water interfaces A
stagnant diffusive boundary layer will be created at the
membrane-water interface when higher current densities are
applied, which increases the pH difference between the two
membrane-water interfaces (i.e., concentration polarization)
% as illustrated in Scheme 1. In this schematic representation,
the internal pH in the anion exchange layer (AEL) is assumed to
be close to 14 **. When no significant current is applied, a
Donnan potential exists at the AEL-water interface, due to the
sudden change in OH concentration and the selectivity for
anions only. This Donnan potential adds to the voltage for
water dissociation at the AEL-CEL interface, which yields a total
membrane voltage of approximately 0.4 V (i.e., 7 pH units in
Eq. 1) at low current densities (Scheme 1A). At higher current
densities, a diffusive boundary layer builds up near the
membrane-water interface, which causes a higher pH in the
electrolyte near the membrane surface. Hence, the
concentration polarization reduces the Donnan potential at
the membrane surface and leads to a higher membrane
voltage, as observed in Fig. 4.

Such a mechanism predicts that a low membrane voltage can
be maintained for higher current densities as well when the
mass transport in the electrolyte is improved. This implies that
a bipolar membrane system, offering a different anodic and
cathodic regime in term of pH and possibly electrolyte
composition, provides ultimate freedom to allow operation of
(photo)electrodes at maximum efficiency and stability.

J. Mater. Chem. A, 2015, 00, 1-3 | 5



Journal ef Matertals 'Chemistry A

A) Low current density

Page 6 of 8

B) High current density
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Scheme 1: Bipolar membrane with internal (dotted line) and external (solid line) pH profiles, as hypothesized for low current density (A) and higher current density (B). The internal
pH is assumed to be 0 in the cation exchange layer (CEL) and 14 in the anion exchange layer (AEL).
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Conclusions

For the first time, photo-assisted water splitting is performed
with an acidic cathodic compartment and a neutral or alkaline
anodic compartment. Such pH gradients are maintained using
a bipolar membrane, where water is dissociated into H* and
OH’ and these ions are transported to the cathode and anode,
respectively. Hence, water splitting is demonstrated using Pt
as a cathode in pH 0 and BiVO, as a photoanode in pH 7 and
pH 14. The measured voltage over the bipolar membrane is
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Grapical abstract

Photo-assisted water splitting with bipolar membrane induced pH gradients for

practical solar fuel devices

David A. Vermaas, Mark Sassenburg, Wilson A. Smith

A bipolar membrane maintains a pH gradient for solar driven water splitting with an acidic cathodic
environment and neutral or alkaline anodic environment.
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