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Challenges and Opportunities for lon-Exchange
Membranes in Solar Fuels Devices

William Gaieck’ and Shane Ardo'%*

'Department of Chemical Engineering and Materials Science, 2Department of Chemistry,

University of California — Irvine, 2131 Natural Sciences Il, Irvine, California, 92697-2025, USA

ABSTRACT

Separators or membranes are required in all electrochemical devices to prevent product crossover while main-
taining a large ionic conductance. In solar fuels devices, and electrolyzers and fuel cells, separators must also
support pressure differentials and serve as robust barriers to reactive chemical intermediates. Many different
ion-exchange materials exist for this purpose but no single material has been identified as a clear front-runner
for solar fuels applications. Described herein are state-of-the-art ion-exchange membranes, including cation
conducting, anion conducting, mixed conducting, proton selective, and electron conducting, which may be use-
ful in solar fuels devices. In addition, porous separators that afford mixing of electrolyte are also discussed
in the context of near-neutral pH electrolytes. Analogous to fuel cells, solar fuels devices that are fed with
water vapor are described, and possible membrane requirements for integrated tandem solar fuels devices are
presented and discussed. Interfaces between the membrane and other components of solar fuels devices are
briefly described as a new field with many opportunities for additional research.
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other clectrochemical reactions, while allowing conduc-
tion of ions. Nafion® is the state-of-the-art ion-exchange
membrane used in most electrochemical devices. Histori-
cally, it replaced the toxic Na-Hg amalgam and asbestos
diaphragm separators formerly used in the chlor-alkali pro-
cess (i.c., the production of Cl, and NaOH from brine)."-2
Nafion is a fluorinated copolymer membrane that was con-
ceived by Dr. Frank Gresham of DuPont™ in the early
1960s.2 It consists of a polytetrafluorocthylene (PTFE)

1. INTRODUCTION

Solar fuels devices store sunlight energy in chemical bonds
by driving a reduction and an oxidation reaction (e.g.,
4e” +4H;0" — 2H, +4H,0 and 6H,0 — 0,44H;0" +
4e~, respectively) that push the system away from thermo-
dynamic equilibrium. In the absence of illumination, e.g.,
at night, performing these two fuel-forming redox reac-

tions is thermodynamically unfavorable, and so the reverse
reactions occur to re-equilibrate the system as mandated by
the second law of thermodynamics. This, however, results
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backbone decorated with perfluorinated vinyl ethers and
terminal sulfonate ionic functional groups, and was first
synthesized by Dr. Walther Grot of DuPont in the mid-
1960s.2 The benefits of Nafion are its extreme chemi-
cal, thermal, and mechanical robustness, and its ability to
maintain large pressure differentials, while also affording
a large and sclective room-temperature cationic conductiv-
ity of ~ 100 mS cm~', which increases slightly at elevated
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Fig. 1. Schemes of hypothetical solar water splitting devices consisting
of (a) an integrated form factor with a composite material that contains
the light absorber(s), clectrocatalysts, and a cation-cxchange membrane,
and (b) an electrode-based form factor with a separate (photoanode
(top), (photo)cathode (bottom), and a cation-exchange membrane (mid-
dle). The membrane grealy auenuates crossover of O, and H, between
the top and the bottom compartments, and their subsequent exother-
mic reaction to generate water and waste the stored potential as
heat.

temperatures.>3 When hydrated, the sulfonate-lined water-
filled channels exclude negatively charged salt species duc

solar fuels devices propose to drive overall water split-
ting, or at least oxygen evolution through water oxida-
tion, it is likely that hydroxyl radicals will form during
operation of solar fuels devices, necessitating the use of
Nafion, or a membrane with similar chemical resistance.
Additionally, when the fuel is a gas at practical tempera-
tures and pressures, (photo)electrochemical pressurization
may be advantageous, again supporting the use of Nafion,
which can withstand large pressure differentials.!!

With the conjecture that Nafion is the state-of-the-art
membrane, is appropriate for solar fuels devices, and hag
been proven as an industrial technology in various elec-
trochemical devices for ncarly hall a century, why should
there be interest in a review paper on the subject of jon-
exchange membranes for solar fuels devices? The answer
is that there are several additional membrane properties
that may be desired in a solar fuels device beyond simply
a slable ion-exchange membrane, including compatibility
with non-platinum-group metal electrocatalysts, and for
tandem devices, the ability to electrically conduct and opti-
cally transmit nearly all above-band-gap sunlight. In addi-
tion, the design and evaluation of a completely engineered

solar fuels reactor has yet to be performed and may raise
unforeseen additional requirements and challenges for the
device, electrolyte, and/or materials. For example, using
numerical device physics modeling and simulations it was
shown that for a solar water splilling device operating
at 20 mA/cm? at room temperature, which equates to a
~ 25% efficient device, and with a light-absorber shortest
dimension of ~ 1 cm, a ~50 mV average ohmic potential

in part to Donnan exclusion," but allow positively charged
species to pass.” Even cations as large as [Ru"(bpy);]**,
methyl viologen, and ferrocene derivatives can enter and
conduct through Nafion.®?

A stable separator such as Nafion is desired for aqueous
electrochemical reactions that can generate highly reac-
tive side products, such as hydroxyl radicals from the par-
tial oxidation of water to hydrogen peroxide.'® As most
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droP (Vip) existed when immersed in a 1 M aqueous salt
solution (Fig. 2).'2 For this membrane-integrated device,
less than 1% of the distance that protons conducted was
tprough the Nafion membrane, the rest being through the
liguid electrolyte, and thus the conductivity of Nafion is
completely sufficient for application in solar fuels devices
jmmersed in strong liquid electrolytes. A recent techno-
economic analysis commissioned by the United States
Department of Energy compared various fixed-electrode

anel-based arrays and determined that in order to be cost
competitive with current fossil fuel technologies, a tan-
dem solar water splitting device with a nearideal energy-
conversion efficiency of ~25% would be required.'>"
Thus, even a 50 mV membrane V,, is problematic,' and
consequently a sub-centimeter-sized light absorber is most
likely required for membrane-integrated devices. This puts
additional constraints on the membrane, such as providing
physical support for the small light absorbers.

Optimal design criteria for solar fuels devices can be
determined with a rather straightforward analysis. For
most electrochemical devices the potential drop/loss in the
electrolyte can be approximated using Ohm’s law,

vdrop = Jyevice X Rclectrolyxc (1)
where Vi, is the potential drop (V), Iy, is the steady-
state current in the device (A), and Ry.cyoy is the resis-
tance of the electrolyte (£2). Thus, V,,, increases lincarly

as the resistance of the conductive components increases,

and/or as the operating current increases, such as with
increasing optical solar concentration. Thus, for all cases
described herein, if the device operates under optical con-
centration, then the resistance must be decreased in order
to minimize V. which will natrally occur to some
extent due to the resulting increase in temperature. The
resistance is a product of the inverse of the conductivity
of a phase, the distance over which the current flows, and
the inverse of the area through which the current flows,

R=0""'xdxa! @)

&

: I
<1mmIc b 6

I'ig. 2. Scheme of a hypothetical solar water splitting device consist-
ing of a regular square pattern of light absorbers containing clectrocat-
alysts (black) alternating with cation-exchange membranes (light grey),
and with an intervening material that can conduct both protons (purple)

and electrons (red).

where o is conductivity (S/cm), d is distance (cm), and
a is area (cm?). Combined with Eq. (1), this dictates
that V., increases when the conductivity of the materi-
als and/or electrolyte decrease, when the minimum dis-
tance over which current flows increases, and/or when
the cross-sectional area confining the flow of current
decreases, respectively. Said another way, Viwop decreases
when the volume of the material and/or electrolyte increase
while the minimum distance current must flow remains
unchanged.'? Thus, in order to minimize Virop» and maxi-
mize energy-conversion efficiency, in practice the conduc-
tivity and the volume of the materials and/or electrolyte
should be large, while the distance over which current
must flow should be small.

Prior 10 2011, no studies had reported specific prop-
erties of the ion-exchange membrane for use in solar
fuels assemblies,'® even though such membranes had been
described decades prior.'” Because the functions of solar
fuels devices are the sum of those from an electrolyzer and
a photovoltaic, it seemed reasonable that the knowledge
garnered from the photovoltaic and polymerelectrolyte-
membrane electrolyzer (and fuel cell) communities could
be leveraged for solar fuels devices. However, photo-
voltaics and electrolyzers operate at drastically different
current densities, and were engineered to perform best
under specific conditions. (Photovoltaics under unconcen-
trated solar illumination operate at 10-45 mA/cm? 18 while
clectrolyzers operate at ~ 1 A/cmz).lg Thus, for an effi-
cient solar fuels device that has properties of a photovoltaic
and an electrolyzer, either the active area of the photo-
voltaic materials must be one to two orders of magnitude
larger than that of the electrolyzer materials or the elec-
trolyzer materials (i.e., electrocatalysts and ion-exchange
membrane) must operate at a drastically smaller current
density than they were intended to operate. Alternatively,
the photovoltaic materials could operate under 10-100
times optical concentration but this then requires that the
resistance of the materials decreases by this same factor,
At these current densities, weaknesses in the membrane
will become more apparent because small shunt currents
will no longer be masked by large fuel-forming reaction
currents.

Commercial polymer-electrolyte-membrane electrolyz-
ers and fuel cells both incorporate Nafion as their
jon-exchange membrane.'*? However, both electrolyz-
ers and fuel cells operate at much larger current densi-
ties (~1 A/cm?)!-% than solar fuels devices, which are
projected to operate at 10-20 mA/cm?.?' The membrane
placement, electrode geomelry, and electrode materials in
electrolyzers and fuel cells have been engineered for these
specific rates. This is an important point because the rate
of product crossover, i.e., H, and O,, does not often scale
with the amount of product present; thus, although an elec-
trolyzer or fuel cell with 1% fuel loss due to product
crossover (i.e., 1 A/cm? operational current density and
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10 mA/cm? rate of loss) is not a problem, for a solar fuels
device generating products at 10 mA/cm? a 10 mA/cm?
product crossover rate will result in no net product forma-
tion and an overall zero percent efficiency.

Because acid-stable membranes were already presented
above, i.e., Nafion, the remainder of the review is organized
to present classes of solar fuels devices based on the mem-
brane properties as follows: liquid bulk electrolyte at an
alkaline pH, liquid bulk electrolyte with a pH gradient, lig-
uid bulk electrolyte with a buffered non-extreme pH, highly
porous and highly selective separators, polymer electrolyte
with vapor-phase fuel feeds, dual-conducting membranes,
and membrane-light-absorber contacts. Each subsection
describes state-of-the-art materials in cach class, new and
interesting applications, and opportunities for additional
research and development. The purpose is to bring to the
attention of the readers the challenges and opportunities for
ion-exchange membranes in solar fuels devices.

2. LIQUID BULK ELECTROLYTE
AT AN ALKALINE pH

Electrolyzers and fuel cells containing anion-exchange
membrancs would be of great commercial and practi-
cal benefit. Then, the precious-metal electrocatalysts used
with acid-stable cation-exchange membranes like Nafion
(e.g., those that contain the platinum group metals P,
Ru, Ir)" could be replaced by inexpensive and abundant
first-row transition-metal electrocatalysts which are stable
when in contact with alkaline electrolytes.*>%* Histori-
cally, quaternary-ammonium-based anion-exchange mem-
branes have been used for this purpose, but most are
unstable due to Hofmann elimination through beta-proton
abstraction and other side reactions, such as nucleophilic
‘substitutions.®*? In addition, polybenzimidazole doped
with concentrated aqueous KOH has been used as an
anion-exchange membrane for higher temperature opera-
tion, and exhibited an ionic conductivity similar to that of
Nafion.**:?% Cations based on phosphorus, sulfur, and tran-
sition metals have recently been utilized as fixed-charge
groups in anion-exchange membranes, and include qua-
ternary phosphonium (PR} ),? quaternary phosphazenium
(P(NR);),”-*® quaternary phosphatranium,? tertiary sul-
fonium (SRY'),* and tris(amino) sulfonium (S(NR)f);? in
addition, ruthenium bis-terpyridine and copper dications
have each been coordinated into separate crosslinked poly-
mers 1o serve as anion-exchange membranes.?'? The best
anion-exchange membranes based on phosphorus, sulfur,
and Ru(Il) cations were shown to exhibit rapid hydrox-
ide conduction, roughly five times smaller than the pro-
ton conductivity of Nafion which is sufficient given that
Nafion is far from the limiting resistive component in the
path of charge conduction in solar fuels devices, and excel-
lent stability over weeks to months when immersed in
strong alkaline electrolytes at room temperature, and up

Gaieck and Ardo

to 80 °C.26:28.30.31 The challenge that remains for anion-
exchange membranes is to engineer a membrane materia]
that is also forgiving to a small concentration of hydroxy]
radicals, like Nafion is. Functionalization of Nafion precyr-
sor materials with anion-conducting functional groups hag
been explored with limited successes* ¥ Alternatively,
a membrane design that occluded hydroxyl radicals or
hydrogen peroxide from entering the membrane would be
beneficial. Then, less expensive organic membranes that do
not incorporate synthetically demanding fluoropolymers
could be used. In addition, for electrochemical sysiemsg
that utilize carbon-based precursors, such as solar fuelg
devices that reduce CO, to liquid fuels, precipitation of
carbonale salts in the alkaline polymer clectrolyte resulig
in degradation and clogging of pores in the membrane 24.25

Physical occlusion of free cations or CO, and carbonate
from the membrane would, again, be a possible solution.

One means to occlude free cations and prevent carbonate
salt formation is 1o operate the solar fuels device using a

feed of deionized liquid water or vapor-phase water (see

Polymer Electrolyte with Vapor-Phase Fuel Feeds section

below).

3. LIQUID BULK ELECTROLYTE
WITH A pH GRADIENT

As described above, catalyst stability is the impetus for
using an alkaline-stable anion-exchange membrane. This is
most important for electrocatalysts of the oxygen-evolution
reaction (OER), because IrO, is the only acid-stable and
somewhat efficient OER electrocataiyst.®® However, alka-
line electrolytes are not always desired. Although silicon
is a widespread industrially produced material and has a
nearly ideal bandgap energy for use in a tandem solar
fuels device,2"*™39 it corrodes in alkaline electrolytes.
Thus, even if an extremely robust anion-exchange mem-
brane were to exist, silicon, a likely candidate material
for a scalable and efficient solar fuels device, could not
be in contact with the membrane. One solution to this
is a mixed conducting ion-exchange membrane. It can
be used in place of a proton-exchange membrane or
hydroxide-exchange membrane so that the OER compart-
ment is in contact with an alkaline electrolyte while the
hydrogen-evolution reaction (HER) compartment is in con-
tact with an acidic electrolyte. Then Si could be used
to drive the HER in the acidic compartment and a non-
IrO, electrocatalyst could be incorporated to drive the
OER in the alkaline compartment. This type of mem-
brane is known as a bipolar membrane, and has been
used for over half a century in commercial electrodial-
ysis devices.®C Stable pH differences can be maintained
across bipolar exchange membranes while affording ionic
conduction, as protons through the cation-exchange region
and hydroxides through the anion-exchange region, gen-
erated by water dissociation at the membrane interface
(Fig. 3). Protons liberated (consumed) by water splitting at

280
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Fig. 3. Scheme depicting ion migration through three different types

of membranes: proton conduction through a cation-cxchange membranc
(CEM), hydroxide conduction through an anion-exchange membrane
(AEM), and mixcd proton and hydroxide conduction within a bipolar
membrane (BPM). The bipolar membrane shown here is under a reverse-
pias applied potential such that water dissociates at the interface of the
anion-exchange region (top) and cation-exchange region (bottom).

the anode (cathode) are balanced by hydroxides (protons)
gained through this water dissociation phenomenon.

In addition to the challenges with H, and O, product
crossover described above, bipolar membranes must also
consider proton and hydroxide crossover. Different from H,
and O, reaction products, the electrolyte is not continuously
removed from the system, and thus as proton and hydroxide
crossover occurs there exists a slow loss in the pH gradient
that cannot be reformed without expenditure of energy by
adding exogenous acid and/or base, which constitutes an

overall loss in the energy-conversion efficiency. More sig-

nificant crossover of protons and hydroxidesis required to
convert the liquid electrolyte from pH 14 10 13 (or O to 1)
than to convert the liquid electrolyte from pH 13 to 12, or
121011, etc. (or 1 10 2, or 2 10 3, etc.), due to the logarith-
mic nature of the pH (Fig. 4). However, this also means that
after the pH has changed by one unit, it will quickly change
over the full pH range, and the electrodes will rapidly
become unstable. A figure-ol-merit can be defined, in units
of distance per time, which defines the thickness of the lig-
uid electrolyte on either side of the membrane required to
maintain the pH, initially at the extremes of 1 M H;0%
and 1 M OH™, to within one pH value (and thus essen-
tially all pH values) over a given time period. Based on the
899% current efficiency for water dissociation at 20 mA/cm?
using state-of-the-art bipolar membranes and 1 M HCI and
1 M NaOH at room temperature,*! the figure-of-merit is
~ 2.7 m/year per side (assuming 8 hours of sunlight, i.e.,
operation per day), implying that a total of ~5.3 m of elec-
trolyte is required to minimize the net change in the pH
gradient to two pH units after one year.

Recently, bipolar membranes were used in fuel cells,
where there was no bulk supporting liquid electrolyte and
the pH was determined by the pH of the ion-exchange
membranes.*? The results indicated that the pH gradient
could be utilized with little to no thermodynamic penalty.
The potential required to drive water splitting in the dif-
ferent polymer electrolytes was nullified by the potential

lon Crossover (ApH)

1

" 1 1
2 4 6 8
Electrolyte Thickness (m side™" yr-1)

Fig, 4. Relationship between the proton (hydroxide) crossover, and thus
pH change, versus the thickness of the electrolyte on each side of the
membrane peroperation time, for state-of-the-art bipolar membranes and
assuming an initial acid (basc) activity of I, i.c., pH O (pH 14).

required to drive ions up or down the pH gradient. To
mimic a typical embodiment of a solar fuels device, bipo-
lar membranes and accompanying electrolytes with the
appropriate pH values have been used for electrodialysis®!
and proposed solar fuels applicalio‘ns."3

The bipolar membrane systems described herein are
akin to that described in the initial Fujishima and Honda
demonstration of photoelectrochemical water splitting in
1971,%% and more clearly in a follow-up study where
a pH gradient was described that chemically biased the
device.®® Instead of a bipolar membrane, Fujishima and
Honda used a salt bridge which afforded rapid ion con-
duction and low product crossover. However, because salt
bridges are non-specific and not ion selective, a rapid loss
in the pH gradient was inevitable, due to diametric proton
and cation counterion diffusion, e.g., Na*, or hydroxide
and anion counter ion diffusion, e.g., CI~, resulting in an
unstable photoelectrochemical device.

4. LIQUID BULK ELECTROLYTE WITH A
BUFFERED, NON-EXTREME pH

A solar fuels device that operates at near-neutral pH would
be advantageous because the bulk electrolyte could be non-
corrosive and benign. In addition, such a device could use
seawater as the water source assuming the electrocatalysis
of chloride was slow and that fresh electrolyte displaced
the used electrolyte that contained concentrated seawater.
Integrated solar fuels devices operating at near-neutral pH
have been demonstrated,”*° but none have incorporated
a membrane. If a membrane had been incorporated, a pH
gradient would have formed over time, due to proton lib-
eration (consumption) and buffer or counterion migration
through the membrane that would have resulted in a larger
required potential to drive the water splitting redox chem-
istry. This added thermodynamic penalty (59.2 mVxApH,

Rev. Adv. Sci. Eng., 3, 277-287, 2014
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Fig. 5. (a) Scheme depicting the transport processes present across an anion-exchange membrane when used in an electrochemical cell conlaining
phosphate-buffered near-neutral pH water,! (b) Values of the pH in the anode and cathode compartment of a cell, each containing 4 mL of 3.5 M of
the indicated buffers, and separated by an anion-exchange membrane.”! Reprinted with permission from [51], E. A. Herndndez-Pagin, ¢t al,, Energy

Environ. Sci. 5, 7582 (2012), ® 2012, The Royal Society of Chemistry.

at room temperature) would have to be supplied from the
light absorbers and would result in a lower efficiency than
when no pH gradient was present.

The magnitude of the pH gradient formed during sim-
ulated solar fuels device operation was recently explored
experimentally to elucidate the complex ion transport that
occurs when neutral pH conditions are utilized.”' Many
buffers are negatively charged and thus when a cation-
exchange membrane was used, c.g., Nafion, the counter
ions, e.g., Na*, K*, Ca?*, were shown to carry nearly the
entire ionic current (i.e., their transport number was large),
whereas when an anion-exchange membrane was used, the
buffer anjons were shown o carry nearly the entire ionic
current (Fig. 5(a)). After three days of sunlight-simulated
operation, a phosphate or acetate buffer species on one
side of the membrane had moved almost entirely to the
other side; the resulting less buffered side of the device
was shown to cxhibit erratic changes in pH with continued
device operation (Fig. 5(b)). Akin 1o the bipolar mem-
branes described above, a figure-of-merit can be deter-
mined for these systems, also with units of distance per
year, again where the distance is the thickness of the lig-
uid electrolyte on each side of the membrane required to
result in a change in the concentration of the buffer from
1' M to 100 mM over a year (assuming 8 hours of sun-
light, i.e., operation, per day). Given the reported near-
unity jonic current efficiency and transport number for the
phosphate buffer, the figure-of-merit is ~ 24 m/year per
side and thus every year a total of ~49 m of clectrolyte
would be required!

An alternative means (o maintain the buffer concentra-
tion and near-neutral pH conditions is to continually mix
the clectrolytes in a controlied manner through a small

via.’* For solar fuels devices in buffered solutions at near-
neutral pH, as before the pH was shown to change dras-
tically during operation in quiescent solutions, and the

efficiency dropped to zero. When recirculation was intro-
duced to mix the system through a small via, this wag
shown to be sufficient to maintain the concentration of
protons and buffer to within one order-of-magnitude of the
initial values, and the resulting water splitting efficiency
remained nearly constant over time, although there is an
energetic cost to mix (Fig. 6(a)). The maximum dissolved
concentration of O, and H, at room temperature is so
small, i.e., ~1 mM for each,” that there is litlle fear of
generating an explosive mixture in the headspace, as long
as the recircolation flow rate is not too rapid. One consid-
eration not discussed was the effect of pressurization of
one compartment over the other. Given the stoichiomelry
of the reaction (i.e., 2:1 v/v of H,:0,) the cathode side
would pressurize more rapidly than the anode side and
force the liquid electrolyte from the cathode to the anode.
Tight control over the pressure is required; in the absence
of any material in the via, extremely small pressure dif-
ferentials must be maintained.’? One means to circumvent
this is to keep both sides at atmospheric pressure through
incorporation of flexible containers that raise and lower
with increased pressure, but do not stretch, such as baggie-
type reactors, described previously.'> !

5. HIGHLY POROUS AND HIGHLY
SELECTIVE SEPARATORS

Ion-exchange membranes hold back large pressure differ-
entials; porous separators cannol, however, they can be
much less expensive.'? Thus, if one could control small
pressure differentials during water splitting then a porous
separator would provide a clear cost advantage for solar
fuels devices. To this end, a porous benzoylated cellu-
lose membrane has been used in a water electrolysis cell
where H;PMo,,0,4, polyoxometalates were used to buffer
electrons and protons delivered from one water-splitting
half reaction so that later they could be used for the

282
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Nafion
OER Electrocatalysts

Photoanode
Photocathode
HER Electrocatalysts’

Devices

+2e”
2 H*

Fig- 6. (a) Scheme depicting a solar fuels device consisting of a light absorber(s) (PV), electrocatalysts for the O, evolution reaction (OER) and H,
evolution rcaction (HER), and a membrane, with recirculation of the electrolyte to attenuate the formation of gradients in pH and buffer concentration,
(b) Two-step scheme for water electrolysis using polyoxomctalates as an intermediate electron-coupled-proton buffer, “and a benzoylated cejlulose
staralor."" (c) Model image of a solar fuels device that is encapsulated in Nafion, and relics on H, diffusion through Nafion for product collection ¢!

other water-splitting half reaction (Fig. 6(b)).>* Over the .

timescale of weeks there was < 2% shunting current due
to O, reacting with reduced polyoxometalates, and thus
this suggests that an intermediate storage mechanism may
be useful in solar fuels devices.

Water splitting is a desirable reaction because water is
abundant, safe, and easy (o transport, and O, is a slowly
reactive and physiologically safe waste product. In order
lo access our current energy infrastructure, however, some
research groups are exploring solar fuels devices that
directly reduce CO, to fuels such as methanol. Notwith-
standing, methanol diffusive crossover through Nafion is
very rapid,” with an activation energy only two times
larger than for proton diffusion through Nafion,® and
thus a new non-Nafion polymer-electrolyte membrane is
required for carbon-based fuels. The fuel cell commu-
nity has yet to identify a membrane with sufficiently low
methanol crossover for their application,® and due to the
~ 100-fold smaller current densities present in solar fuels
devices, identification of an acceptable, low-permeability
membrane for this application is even more unlikely.

An alternative to a methanol-impermeable membrane is
a system whereby a proton-selective material is inserted
in the ion conduction path. Thus, by definition, methanol,
methane, and any non-proton species is entirely excluded
from crossing over. Palladium meltal serves this role. Pd
foils are used in electrochemical hydrogen separators and
purifiers, and as membranes to filter water out of wet

H, gas streams.”” An efficient polymer-clectrolyte fuel
cell with methanol contaminants has been demonstrated,
whereby a Pd foil was sandwiched between two Nafion
membranes to serve as the membrane.*® Pd is one of sev-
eral materials known to conduct protons and/or hydrogen
atoms, including FeS, and polythiophene,*® and thus there
exists several opportunities for new proton-selective ion-

exchange materials.

6. POLYMER ELECTROLYTE WITH
VAPOR-PHASE FUEL FEEDS

Akin to solar fuels devices, electrolyzers generate H, and
O, through water splitting of liquid water. In fuel cell
devices, the reverse net chemical reaction occurs whereby
H, and O, in the gas phase combine to generate water
vapor. Can water vapor be used as the water source
for an electrolyzer or a solar fuels device? For an elec-
trolyzer reacting with vapor-phase water, the challenge is
to feed water vapor at a fast enough rate to maintain
the large ~1 A/cm? current densities. However, because
solar fuels devices operate at ~ [00-fold smaller current
densities, water vapor is a plausible reactant feed even
at ambient humidity. It was recently demonstrated that a
polymer-electrolyte-membrane fuel cell could electrolyze
water vapor at solar-photon-flux-relevant current densities
and over potentials similar to those present in liquid elec-
trolyzers suggesting that a solar fuels device being fed by
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water vapor was feasible.%0 In addition, numerical device
physics modeling and simulation studies concluded that
efficient, integrated solar fuels devices could incorporate a
Nafion thin film that completely covered the electrocata-
lyst layers and relied on diffusion of H, through the Nafion
to release the H, fuel reaction product (Fig. 6(c)).®' For
this design it was imperative that the ion-exchange mem-
brane had a substantial permeability to H, and/or that the
membrane was thin. No integrated devices for solar water
splitting using a vapor-phase water feed have been reported
10 date.

7. DUAL-CONDUCTING MEMBRANES

The membranes discussed thus far could have been imple-
mented in electrolyzers, fuel cells, or solar fuels devices.
That is, the engineering designs were not specific solely (o
applications in solar fuels devices, although the crossover
requirements were ~ 100-fold more stringent and the ionic
conductlivities were ~ 100-fold less stringent. A form fac-
tor akin to that of a membrane-electrode assembly fuel
cell or a zero-gap electrolyzer is beneficial in order to
minimize V.. and maximize efficiency.® These designs
were engineered 1o minimize ion transport distances in
relation to electron transport distances because the resis-
tivity of most jon-conductive materials (i.e., electrolytes)
is orders of magnitude larger than the resistivity of most
electron-conductive materials (e.g., metals). Because solar
fuels devices pass much less current than electrolyz-
ers and fuel cells, the design requirements for conduc-
live pathways are relaxed and this allows alternatives
whereby the ion-conductive pathways are not smaller
than the electron-conductive pathways. For example, a
checkerboard/snakeskin design with alternating patches of
.ion-conductive membranes and electron-conductive light-
absorbing malerials has been described (Fig. 2),'217-63 g
well as a similar water-vapor-fed design with a polymer
electrolyte.®!

An alternative design consists of a composite mate-
rial that contains the light absorber(s), electrocatalysts,
and a cation-exchange membrane (Fig. 1(a)). For such
a design, an intervening material is required to connect
the two sides that must be both electrically and ioni-
cally conductive. For this dual-function membrane, var-
ious polymeric materials have been investigated. The
first demonstration in a solar fuels device used poly(3,4-
cthylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS$),'¢ which is a common hole-conducting material used
in flexible electrically conductive organic devices. The
PEDOT:PSS layer had to be made as thin as possiblc
because PEDOT* absorbs visible light strongly and thus
filters light to the second absorber. Because the functional
groups in the PSS counterions are the same as those that
form the charged pores in Nafion (i.c., sulfonates/sulfonic
acids), this dua]-conducting material also conducted pro-
tons, with a conductivity that was about three times smaller
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than that of Nafion and was in the range of conductivitics
observed for state-of-the-art anion-exchange membranes.®*

The electronic properties of this dual-conducting mem-
brane are similar to those for transparent conductive
oxides (TCOs), such as fluorine-doped tin oxide (FTO)
or indium-tin oxide (ITO), because large conductivity and
small sunlight absorption are beneficial to both. How-
ever, there is one very important difference; in the dual-
conducting membrane described herein, the charges must
conduct through the plane of the material and not in
the plane, like in a typical TCO (Fig. 7). Thus, the
goal for application in solar fuels devices i1s L0 minimize
the transverse area-specific resistance and not necessar-
ily the sheet resistance. For TCOs there is a tradeoff in
minimizing desired properties (i.e., sheel resistance and
light absorption), because as the thickness decreases the
sheet resistance increases and the absorption decreases.
However, for the dual-conducting membrane described
herein, as the thickness decreases the area-specific resis-
tance also decreases, and so both the absorption and resis-
lance decrease as the membrane is made thinner. Making
the dual-conducting membrane as thin as possible is a goal
for solar fuels devices.

To decrease light absorption by PEDOT:PSS, it has
been mixed with Nafion, which is transparent, resulting
in a composite material with decreased visible absorp-
tion coefficients, increased ionic conductivity, and suffi-
cient electronic conductivity.”® Using a two-point-probe
electrical technique this composite polymer was shown
to form highly conductive contacts to Si microwires 66-68
In addition, a layer-by-layer process was used to fabri-
cate a membrane that did not contain Nafion but still
alforded substantial proton conductivity and electrical
conductivity.® It was a compositc membrane consist-
ing of PEDOT:sulfonated poly(2,6-dimethyl-1,4-phenylene
oxide) (PEDOT:sPPO), and thus was similar in chemical
structure to PEDOT:PSS and had a conductivity about five
times smaller than that of Nafion.

A question that remains is whether a dual-conducting
membrane can be in contact with liquid electrolytes in both

e ""TCO"’”;""
@
]
| DM
Y,/"/ V
o~ TCO ",
; hv
€ hv A
% lDMg | WWWA— ‘

Fig. 7. Scheme depicting the orthogonal directions of electronic charge
conduction in the dual-conducting membrane (DM) of a solar fuels device
(left) and in a transparcnt conductive oxide (TCO) of a thin-film solar
cell (right).
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compartments. While such a structure would afford ionic
conduction between each electrolyte compartment, it would
also supply pathways for electronic conduction between
each eclectrolyte compartment. In a photovoltaic, this type
of contact is termed a shunt and results in decreased energy-
conversion efficiency.”® However, for the devices described
herein, a shunt will not exist if there are no species in the
electrolyte to react with the charge. That is, if the dual-
conducting composite membrane consists of materials that
are not electrocatalytic for the reverse reactions of H, oxi-
dation and O, reduction, then it should not form shunts
even if the materials are electronically conductive. This has
yelt to be reported in the literature but is an interesting point
that deserves further study.

8. MEMBRANE-LIGHT-ABSORBER
CONTACTS

A subtlety of the designs shown in Figures 1(a) and 2
is that contacts are required between the light absorbers
and the membranes. This is a new consideration in solar
fuels devices because micron-sized light-absorbing struc-
tures embedded in Nafion have only recently been inves-
tigated for solar fuels applications,'® yet they provide
a straightforward means o investigate interfacial effects.
Nafion and a poly(arylene-ether-sulfone) anion-exchange
membrane have been cast between micron-sized light
absorbers to form a robust, interpenetrating membrane—

semiconductor system that exhibited conductivities similar.

to the bulk ion-exchange membrane materials.'® To inves-
tigate the strength of the membrane-light-absorber inter-
face, a technique to mechanically pull these micron-sized
light absorbers consisting of silicon was developed. The
silicon surface was functionalized with different organic
groups and the interaction with an insulating polydimethyl-
siloxane (PDMS) polymer was investigated.”! A feature
on the top of a micron-sized light absorber was fabri-
cated using a focused ion beam (FIB), and served as
the handle for tensile tests so that the shear strength of
the membrane-semiconductor interaction could be quan-
tified. No interfacial tests have been performed using
jon-exchange membrane polymers. However, the interface
between planar silicon wafers and Nafion was studied by
grazing-incidence small-angle X-ray scattering to deter-
mine the pore and interfacial film morphology.’ 7 It was
shown that interfacial wetting interactions greatly affect
the bulk membrane morphology which in turn affects the
ionic conductivity.

9. CONCLUSIONS

Nafion is the membrane of choice in commercial elec-
trochemical systems due to its ability to withstand harsh
chemical environments, hold back large pressure differ-
entials, prevent rapid product crossover, and rapidly con-
duct cations. Thus, membranes for solar fuels devices will

Challenges and Opportunities for lon-Exchange Membranes in Solar Fuels Devices;

likely use this same type of membrane. However, some
interesting non-Nafion demonstration systems and new
separators exist that may represent opportunities for explo-
ration of alternative membranes for solar fuels devices.
Specifically, the following types of membranes and sys-
tems have yet to be incorporated into integrated solar fuels
devices:

e Anion-exchange membranes with fixed-charge groups
based on phosphorus, sulfur, or Ru(II) cations, which have
recently been shown to be stable and conductive.

e Bipolar membranes, which allow each half reaction
of water electrolysis to be performed in different pH
environments.

e Proton-selective ion-exchange-membrane materials,
which allow fuels such as methanol to be generated and/or
used with no product crossover.

e Vapor-phase reactions, which may prove beneficial
in solar fuels devices because all of the charged species,
besides protons, are fixed in the solid electrolyte and thus
buffer species cannot crossover and carbonates will not
precipitate in anion-exchange membranes.

Several aspects of solar fuels devices related to the mem-
brane have been explored but no consensus exists as 1o
optimal designs, and so unanswered challenges in the field
include the following:

e Solar fuels devices operating at near-neutral pH con-
ditions cannot simultaneously attenuate buffer crossover,
due to migration, and prevent mixing of the anolyte
and catholyte when a porous separator is used, due to
small pressure differentials arising from gaseous product
formation; a device architecture and materials to over-
come these challenges could greatly impact the solar fuels
field.

e Tandem integrated solar fuels devices could be fab-
ricated by laminating two malterials together if the mem-
branes conducted both ions and electrons; electronically
conductive polymers with sulfonate-based counterions are
well-suited for this purpose but most still absorb sunlight
too strongly.

e The mechanical properties of the contacts between
the light-absorbing materials and the polymer membranes
are just beginning to be explored, but understanding inter-
faces is important to attaining stable solar fuels devices,
especially in the presence of large H, pressures.

Using the above as starling points, it is our hope that
experts in ion-exchange membrane technologies can iden-
tify specific interests to investigate further that will ulti-
mately benefit solar fuels devices.
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