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Ionic Processes in Water Electrolysis: The Role
of Ion-Selective Membranes
S. Z. Oener,*,† S. Ardo,‡,§ and S. W. Boettcher*,†

†Department of Chemistry and Biochemistry, University of Oregon, Eugene, Oregon 97403, United States
‡Department of Chemistry and §Department of Chemical Engineering and Materials Science, University of California Irvine, Irvine,
California 92697, United States

ABSTRACT: Ionic separation and recombination processes in
water electrolysis and fuel cell devices are of equal importance as
the electron transfer processes that occur at the electrode surfaces.
We illustrate the basic thermodynamic concepts governing the flow
of ions in electrolyzer and fuel cell systems and the effects of
pH gradients on the electrochemical phenomena. Particularly, we
focus on the use of bipolar membranes, which are composed of
anion- and cation-selective membranes enabling operation with
different pH environments at the anode versus the cathode. The use
of bipolar membranes thus broadens the materials’ availability and
could enable low-cost electrolysis systems that operate at very high
efficiency. We end by discussing different materials and highlighting
key gaps needed to realize such a system.

Catalytic fuel production from renewable energy sources
and feedstocks is a promising approach for sustainable
energy storage. The chemical fuels that are provided via

catalysis can be safely stored for long times and exhibit the high-
energy-density-to-weight ratio that is necessary for long-distance
transportation.1 Among those promising fuels, hydrogen has
attracted interest from research and industrial communities due
to its compatibility with a clean production-reaction cycle: water
splitting stores electricity in hydrogen while fuel cell operation
releases electricity via the reaction of hydrogen and oxygen
forming water.2,3 However, the application of this energy storage
solution has been limited.
Fundamentally, among the key bottlenecks in improving

water-splitting and fuel-cell technologies are the reaction
kinetics, particularly the oxygen reduction and water oxidation
reactions. A catalyst must provide ideal conditions for four
separate electron-transfer steps involving four adsorbing inter-
mediates on the catalyst’s surface, all proceeding in series.
Recently, several researchers have pointed out that it is important
to engineer catalysts providing ideal local environments and
adsorption energies for each of the four intermediates inde-
pendently.4−6 Systems must be developed that break the limita-
tion that the binding energies of similar intermediates scale with
the same materials’ parameters.7−9

Many different material systems are available for potential
oxygen evolution reaction (OER) and hydrogen evolution reac-
tion (HER) catalysts, all possessing varying pH requirements for
active and stable operation.10−17 If the HER−OER catalyst pair
operates at the same pH, spatial overlap of water dissociation
with at least one of the two half-reactions is required. This means

that at least one catalyst must drive water dissociation before the
respective ion can be converted into O2 or H2 (see more dis-
cussion below).18 Furthermore, on a microscopic scale, there are
also challenges. For the HER on Pt, Ir, or Pd, the H-binding
energy to the metal changes upon varying the pH from 0 to 14,
resulting in a 100-fold decrease of the exchange current density.19

For the OER, only a few expensive Ir- and/or Ru-based catalysts
are known that show high and stable activity in acidic conditions
at all, while the vast majority of OER catalysts, including ones
from inexpensive materials such as Ni(Fe)OxHy, require basic
conditions.10,11,20−22 Recently, a few pH-universal catalysts have
been developed that show promise in reducing pH con-
straints.12,23−25 Importantly, the specific pH requirements for
the HER−OER catalyst pair have substantial implications on the
device level.
An integrated water-splitting device that operates the OER in

base and the HER in acid is of particular interest. This would
reduce the combined catalytic overpotentials and afford a large
set of suitable catalysts. Figure 1a shows an integrated electrolysis
device consisting of an additional water dissociation catalyst
(red) sandwiched between an anion-exchange membrane (AEM,
blue) and cation-exchange membrane (CEM, orange) that is fed
by pure water. This bipolar membrane (BPM) configuration
allows for direct application of the OER and HER catalysts on
the outer AEM and CEM surfaces, respectively, and hence the
formation of two triple-phase boundaries. Given sufficient ionic
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conductivities inside of the membranes, such a device can oper-
ate with pure feedwater, mitigating detrimental polarization gra-
dients andmembrane contamination from auxiliary ionic species,
such as from salts and buffers. Furthermore, ion-exchange mem-
branes effectively slow H2 and O2 product crossover.

26 For these
reasons, BPMs have been used in both electrochemical and
photoelectrochemical studies and have recently attracted renewed
attention.27−40

Figure 1b shows the structure of a traditional solar cell
as comparison. Instead of selectively transporting OH− and
H+ as in the case of the AEM and CEM, respectively, the n- and
p-type-doped semiconductor regions selectively transport
e− and h+.
In the following, we discuss the basic thermodynamic working

principles of integrated water-splitting device fed by pure water
and focus on those that sustain a pH gradient between the HER
and OER half-reactions. For such systems, ion-selective mem-
branes that provide high ionic conductivity and effectively ideal
local pH values at the active sites of catalysts are crucial com-
ponents. We discuss different materials and highlight key gaps
needed to enable the utilization of a system as in Figure 1. While
we focus on electrolysis, the basic working principles hold true
for the catalytic production of other fuels,40 as well as for fuel-cell
operation,41 assuming that pure water is a reactant or product of
the electrochemical reactions.
Kohl and co-workers have investigated the same system in

Figure 1 with the focus on fuel-cell operation.42−44 Recently, in
analogy to semiconductor junctions and based on the forma-
tion of a Poisson−Nernst−Planck theory, Grew et al. provided
in-depth information about the physical processes at the critical

AEM−CEM interface. For a fuel cell, high ionic recombination
rates in the junction region are of prime importance to support
high current densities for a BPM-based system. Grew et al.’s
analysis shows that bimolecular recombination processes are not
sufficient to explain the high recombination rates that have been
observed in experimental studies. Only additional trap-assisted
recombination, e.g., via columbic interaction between mobile
ions and fixed ionic charges (at the membrane surfaces), enables
the required high recombination rates. Ahlfield et al. have inves-
tigated the BPM junction experimentally.42 A large influence
on the membrane resistance was found from the exact location
of the junction within the BPM. Formation of the junction by
applying an anion exchange ionomer directly on the surface of a
CEM resulted in an improved current output in comparison to
demonstrations where the junction was located in the center of
the membrane. While membrane conductivity is equally impor-
tant for membrane-based fuel-cell and electrolysis devices, the
role of the ionic recombination in fuel cells (i.e., H+ and OH− to
form water) is replaced by water dissociation and ionic separa-
tion (via water dissociation) in electrolysis devices (assuming
that OER is driven at the AEM side to take advantage of earth-
abundant alkaline stable catalysts). This situation will therefore
be discussed in more detail below.
Electrolysis Basics. Water splitting proceeds via the HER and

OER half-reactions. Depending on the pH of the electrolyte, the
two half-reactions are given by the following equations (refer-
enced to the standard hydrogen electrode, SHE:45
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From these equations, it is apparent that besides the transport
of water and gas products, an integrated water-splitting device
that links the HER and OER efficiently also needs to deliver the
required electronic charge carrier type and the correct ion type to
the respective reaction center. The OER requires the removal of
electrons and the presence of OH−, and therefore, in acid (eq 3),
the OER is preceded by water dissociation. Likewise, HER
requires the presence of H+ and electrons, and therefore, in base,
the HER is preceded by water dissociation (eq 2). In any case, all
H+ and OH− originate from H2O, even if acid, base, or salt is
present. The presence of coupled electronic and ionic charge
carriers at each electrode is an intrinsic property for energy
conversion processes such as water-splitting devices and bat-
teries. Solar cells in contrast only require spatial asymmetry
of electronic charge carriers via two carrier-selective contacts
(in traditional solar cells, the n- and p-doped semiconductor
regions).46 For electrochemical water splitting, the electronic
asymmetry can be easily achieved if electrically biased electrodes
are spatially separated in solution.
Electric asymmetry is sufficient for water splitting if the

OER−HER catalyst pair does not require a pH difference for
stable and active operation (ΔpH = 0). As a result, at least one of
the two half-reactions necessarily overlaps spatially with water

Figure 1. Integrated electrolysis device and traditional solar cell.
(a) A water dissociation catalyst (red) is sandwiched between an
AEM (blue) and CEM (orange). The OER and HER catalysts are
directly applied on the two outer surfaces of this BPM, forming two
triple-phase boundaries. The layer thicknesses are not drawn to scale.
(b) Traditional solar cell with n- and p-type-doped regions that are
selective to electrons and holes, instead of OH− and H+, respectively.

ACS Energy Letters Perspective

DOI: 10.1021/acsenergylett.7b00764
ACS Energy Lett. 2017, 2, 2625−2634

2626

http://dx.doi.org/10.1021/acsenergylett.7b00764


dissociation (either before, after, or simultaneously with electron
transfer). This can be seen, for example, for theHER−OER couple
according to eqs 1 and 3. Even though the OER reaction con-
sumesOH−, most OH− ions are bound toH+ and are transported
as the neutral water molecule; only at the OER catalyst is OH−

dissociated from H2O and oxidized. If the two half-reactions
are proceeding in less extreme pH regions, e.g., due to catalyst
stability constraints, including additional salts is necessary to
increase the low intrinsic conductivity of water. Furthermore, the
system must maintain a specific range of H+ and OH− concen-
trations, e.g., by employing a pH buffer that prevents large pH
gradients from forming, although concentration gradients in the
buffer can form and reduce the efficiency.
For OER−HER catalyst pairs that require a pH difference

(ΔpH ≠ 0), ion-selective contacts are essential components of a
sustainable integrated device. Figure 2a shows the well-known
Nernstian potential pH dependence of the OER (red line) and
HER (blue line). The difference between the two half-reactions
(Ee− = Ecathode e− − Eanode e−) is the electrochemical potential that
has to be afforded to transfer electrons at the electrodes, and it
varies depending on the respective pH of the two half-reactions
and can even change sign at the (nonphysical) ΔpH of ∼21.
To sustain a pH gradient across the cell, a potential must be
afforded to separate the ionic species (Esep). In general, Esep
equals the membrane potential of two regions with varying
pH and is equal to the Gibbs free energy of mixing divided by
Faraday’s constant. In contrast to regular junction potentials
that develop during operation due to differences in conductivity
of the involved species,47 Esep does not depend on the trans-
ference numbers of OH− and H+; it is thermodynamic in nature
and depends only on the absolute OH− and H+ concentra-
tions.43,44

Figure 2b shows the relation between the two potential
contributions Esep (blue line) and Ee−(orange line) to the total
potential Etot

0 = −1.23 V (green line) for water splitting. Etot
0 , Esep,

and Ee− denote potential differences at electrochemical equilib-
rium. Those differences are a direct measure of the free-energy
change ΔGtot = −nFEtot = −nF(Esep + Ee−) = ΔGe + ΔGsep.
Externally supplying a pH difference of >21 units and in the
correct direction (with the smaller pH value on the HER side)
results in spontaneous hydrogen and oxygen production from
the strong acid and base, respectively (green shaded area);
however, the total potential at 1 bar H2 and O2 and 25 °C is still
given by Etot

0 = −1.23 V if one includes the energy of creating the
external supply of acid and base. Figure 2a,b supports the notion
that water splitting can be considered as consisting of at least two
distinct steps, the separation of water into H+ and OH− and the
transfer/separation of electrons at the electrodes. Only atΔpH =
∼ 21 (Ee− = 0 V) is the reaction solely dictated by the energetics
of proton and hydroxide separation, and only atΔpH = 0 (Esep =
0 V) is the reaction solely dictated by the energetics of electron
separation at the electrodes. Importantly, the ionic and electronic
separations are both driven by differences in electrochemical
potentials due to the intrinsic linkage of charge and the number
for electric and ionic charge carriers.

Figure 2c depicts the cell potential (Vcell) under conditions
where pure water is the feed (left) and acid/base are the feeds
(right) and oxygen and hydrogen gases are present at the anode
and cathode, respectively. On the left side of Figure 2c, the cell
potential isVcell =−1.23 V, with no net current, while on the right

Figure 2. Influence of pH and ionic separation on the Nernstian
potential. (a) pH dependence of the Nernstian potential at elec-
trodes (Ee−) for the OER (red line) and HER (blue line). (b) Con-
tribution of ionic separation Esep(blue line) and Ee−(orange line) to
the total potential Etot

0 = −1.23 V (green line) for water splitting as a
function of ΔpH = pHanode − pHcathode. For ΔpH > ∼21, electrolysis
would occur spontaneously at the electrodes (green shaded area)
if the pH gradient and hence free energy ΔGsep = nFEsep are exter-
nally supplied. (c) Schematic emphasizing the difference in cell
potential. On the left side, the total cell potential is Vcell = Ee− =−1.23
V. On the right side, Vcell = Ee− =−1.23 V− Esep, while Esep is supplied
via the pH gradient of the preceding separation of OH− and H+ by
affording ΔGsep. The system on the right builds up salt ions, OH−,
and H+ gradients, causing current opposite to the desired direc-
tion, part of which can be avoided by a porous separator (dashed
lines).

Water splitting can be considered as
consisting of at least two distinct steps,
the separation of water into H+ and
OH− and the transfer/separation of
electrons at the electrodes.
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side, the cell potential is Vcell = Ee− =−1.23 V− Esep. In the latter
case, the ionic separation has taken place externally and is not
accounted for by Vcell. The system on the left only requires neutral
water input, while the system on the right requires continuous
supply of H+ and OH−, which are generated/separated exter-
nally. This implies that systems that rely on continuous acid and
base supply are in fact externalizing the energetic costs (ΔGsep) of
H+ and OH− separation to the commercial production of base
and acid. Only considering the cell potential (Vcell) falls short
of an accurate energetic assessment. Therefore, irrespective of
where H+ and OH− separation occurs, the potential Esep always
has to be included, in which case, Etot

0 = Ee− + Esep = −1.23 V
always (at 1 bar H2 and O2 and 25 °C). The system on the left
side of Figure 2c is strictly limited to ΔpH = 0 between the
electrodes. By utilizing a BPM (more below), a pH gradient can
be maintained sustainably in an integrated device.

Figure 3 depicts current−potential curves for electrolysis
(green lines, V > Voc) with external acid and base supply
(1, dotted lines) and with integrated water dissociation and ion
separation across a BPM (2, solid line). For fuel-cell operation
(red lines, V < Voc), the dotted I−V curve represents the
generation of acid and base and their removal to the exterior.
In general, any unbalanced external production of H+ and OH−,
e.g., sulfuric acid coupled to potassium hydroxide production,
adds additional free-energy costs.
Membranes.Devices utilizing a BPM, such as in Figure 3 on the

right, require only pure water as input and integrate water dis-
sociation and ionic separation. While the water dissociation pro-
ceeds in the BPM junction region, the two oppositely polarized
membranes, the CEM and AEM, are the essential components
providing ionic separation via ion-selective transport.43

Figure 4 depicts the oppositely polarized nanochannels
with cationic (blue) and anionic surface charge (orange). The

ion-selective conduction inside the channels originates from
an inhomogeneous spatial distribution of ions in the channel
interior while overall charge neutrality is still satisfied. The ion
conduction inside a channel can deviate from bulk conduc-
tion substantially.48−50 For channel diameters in the range of
∼1−1000 nm (Figure 4a), the conduction can be influenced by
the point of zero charge (pzc) of the intrinsic surface material and
the pH of the solution, leading to either protonated (pH < pzc)
or deprotonated surfaces (pH > pzc). For large pore sizes and
high ionic strength solutions, the main conduction can still pro-
ceed via the bulk ionic concentration in the channel center and is
only slightly altered by surface conduction due to the counter-
ions; the channel has thus limited ionic selectivity.51,52 However,
with decreasing channel sizes, the electrical double layer overlaps

Systems that rely on continuous acid
and base supply are in fact externaliz-
ing the energetic costs (ΔGsep) of H

+

and OH− separation to the commercial
production of base and acid.

Figure 3. I−V curves for two different systems. Under reverse (green) and forward directions (red) for electrolysis and fuel-cell operation,
respectively. In case of acid and base addition to (removal from) two separate compartments (1), the I−V curve is shifted due to the supplied
(removed) free energy of ionic separation ΔGsep = nFEsep for electrolysis (fuel-cell operation). For systems that utilize a BPM (2), the ionic
separation term Esep is always integrated and only pure water supply is needed as input. The schematic assumes an ideal BPM, i.e., withΔpH = 14
between the CEM and AEM, resulting in Esep ≈ 830 mV.

Figure 4. Conduction mechanism in ion-selective membranes.
(a) Individual channels with cationic (blue) and anionic surface charge
(orange). For channel diameters in the range of d ≈ 1−1000 nm
(depending on the ionic strength of the solution), the conductivity is
strongly influenced by (b) the pzc of the surface material and the pH
of the solution, resulting in either a protonated (pH < pzc) or
deprotonated inorganic surface (pH > pzc). As a result of the fixed
ions, the Coulombic forces and Donnan equilibria lead to a strong
concentration increase of the freely moving counterions in the
channel center. (c) For organic membranes, charged functional
groups are attached to the polymer chain followed by ionic exchange
reactions to include H+ or OH− into the channel. Organic mem-
branes often exhibit structural heterogeneity where they partition
into two phases: hydrophilic channel domains (cavities) and
hydrophobic regions. (d) Inside those domains, Grotthuss and
vehicular conduction can lead to very high proton conductivities.
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inside the nanochannel, which leads to a strong increase in
counterion concentration in the channel center. As a result,
the counterion conductivity increases and, thus, the channel’s
overall selectivity also increases (Figure 4b). This ion selectivity
can also be described by Donnan exclusion effects.53,54 Such
conduction mechanisms have been investigated for intrinsic
surface terminations in inorganic channels by the nanofluidics
community.55−59

Organic materials are synthesized with controlled densities of
charged functional groups (Figure 4c) and exhibit a complex
internal structure. For example, according to the Gierke model,
Nafion-like membranes are composed of nanochannel segments
with diameters of ∼1 nm and larger hydrophilic cavities with
diameters ∼4 nm (Figure 4d).52 Depending on the degree of
hydration,60,61 those segments play a crucial role in the observed
high proton conductivities. Two major conduction mechanisms
have been identified; vehicular transport, i.e., solvation diffusion,
and Grotthuss “hopping” through a hydrogen-bonded network,
leading to largely increased mobilities.50,52 Due to the nature of
the hopping-like conduction, ionic ordering and water confine-
ment effects have been investigated for their influence on the
conduction mechanism.30,62−66 In general, different transport
models have been invoked that separate the membrane into
phases of varying conductivities and that are able to describe
conduction mechanisms that are influenced by material hetero-
geneity not only on the nanoscale but also on the microscale, e.g.,
in heterogeneous ion-exchange membranes.52,67,68 Furthermore,
we note that several improved models have been proposed to the
Gierke model, e.g., by Kreuer,69 which show more realistic geo-
metric heterogeneity.70

Currently, CEMs, e.g., Nafion, are used in polymer−electrolyte
membrane (PEM) fuel cells and electrolyzers.26,50,71−74 The acidic
conditions that result from use of Nafion necessitate that
these PEM-based devices use expensive but stable noble-
metal-containing catalysts (Pt, IrO2). The required amount of
noble metals continues to decrease due to optimization of
the triple-phase boundary (TPB),75,76 and new insights into the
degradation mechanisms might increase the catalyst lifetime and
lower the cost further.77−82 Another option is to use stable and
highly conductive AEMs that present basic conditions, thereby
allowing use of base-stable non-noble metal catalysts for the
ORR/OER. Realizing AEMs with these properties would lead to
major breakthroughs for fuel cells and electrolyzers, amongmany
other fields, such as redox flow batteries.83 Several advances in
AEMs have recently been reported, although more rapid devel-
opment will require better control over degradation.83−85

Several degradation mechanisms are known due to highly
reactive OH− ion attacking the bound cationic sites of the organic
network. However, novel structures that utilize, e.g., steric
shielding and high local electron densities are being investigated
as promising candidates to overcome limitations.83 Another
approach may be to use chemically and thermally robust inor-
ganic materials with relatively large nanochannels that were
recently shown to exhibit Grotthuss conduction.86,87 Future
designs could include hybrid approaches using organic−
inorganic materials that afford a vast parameter space of organic
synthesis, allowing tunability in functionality and chemical
robustness in combination with the high thermal stability of
inorganic frameworks.
AEM limitations and proposed alternative options aside,

fully integrated devices have been developed that utilize BPMs.
Those devices allow operation of a catalyst pair under the
presence of an internal pH gradient (ΔpH ≠ 0), which largely

extends the set of available catalysts.35,36,88−90 Furthermore,
compared to systems relying on continuous external acid and
base supply to sustain the pH gradient, ion-separating BPMs
working in pure water provide simultaneous water dissociation
and ion-selective contacts. However, with few exceptions,43,44

BPMs have largely been used with bulk solutions of base and acid
that contain counterions, which results in ionic crossover and loss
of the pH gradient over time. Furthermore, additional salts and
buffer are often required to raise the solution conductivity and
sustain the pH at the metal electrodes, respectively, which can
lead to additional polarization gradients of buffer species and thus
to free-energy losses. In addition, concentrated salt solutions can
negatively affect the stability of catalysts and they inevitably
lead to diffusion of counterions into the membranes (where they
are then termed co-ions) and thereby contamination and co-ion
conduction.31 Ideally, the catalysts for the two half-reactions
would be directly applied onto the two outer surfaces of the BPM
to establish two TPBs, mitigating many of the issues that arise
when ions other than H+ and OH− are used.

Membranes thus effectively control charge on the nano- and
subnanoscale, leading to pathways of strongly increased coun-
terion conductivities: ion-selective contacts are established. This
situation is reminiscent of impurity doping in semiconductors to
attain selective contacts for electrons and holes: charged impurity
atoms are bound by the crystal lattice while the electric counter
charge is free tomove at room temperature on a pathway in space
and energy, the conduction and valence bands.
Ion Selectivity and Thermodynamics. To understand the ion-

selective properties of ion-conducting membranes inmore detail,
it is instructive to recall that the H+ andOH− current density J for
constant pressure p is given by47,52

σ
μ= − · ̅

α
α

α
αJ

q
grad( )i

i

i
i

(5)

σ μ μ ϕ= · · ̅ = +α α α α α α α αq n m qandi i i i i i i i (6)

where σ is the ionic conductivity (ohm−1 cm−1) with the charge
per ion q = z · e (C/particle), the concentration n (particles/cm3)
and the mobility m (cm2 V−1 s−1). z is the unitless charge number
and sign, μ̅ is the electrochemical potential, μ the chemical
potential (both in J/particle) and ϕ is the electric potential (V).
The subscript i denotes the particle type (OH−, H+, e− or h+), the
superscript α denotes the phase (anode, solution near anode,
etc.). Due to the serial nature of the processes, electric currents in
the electrodes must be matched by ionic currents in each phase,
e.g., Janode = Jcathode = JOH−

γ + JH+
γ . Equations 5 and 6 imply that ion

separation for species i occurs at an interface between two phases
α and β if σi

α · grad(μ̅i
α) ≠ σi

β · grad(μ̅i
β), that is, if the current in

phase α cannot be matched by the current in phase β. An ion-
selective contact, e.g., phase α, supports the current for species i
while suppressing it for species j, that is, σi

α · grad(μ̅i
α) ≫ σj

α ·
grad(μ̅j

α). Ion selectivity can be achieved if the conductivities for
OH− ions differ largely from the ones for H+ ions. This is the case
for fast ion-conducting membranes, such as AEMs and CEMs,

Membranes effectively control charge
on the nano- and subnanoscale, lead-
ing to pathways of strongly increased
counterion conductivities: ion-selective
contacts are established.
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which exhibit largely varying conductivities for OH− and H+,
enabled by strongly differing concentrations and mobilities. The
degree of selectivity is traditionally expressed by the
permselectivity, as defined by Winger et al.91

Figure 5a shows an integrated electrolysis device whose
integral parts are the two ion-selective membranes that provide
an ideal local pH for the catalysts in direct contact with the
respective electrode. Such a system has been investigated theo-
retically43 and experimentally42,44,92−94 for fuel-cell operation.
Without loss of generality, we consider the case for which the
HER (OER) at the cathode (anode) is proceeding in an acidic
(basic) environment due to the tendency of HER (OER) cata-
lysts to work better in that respective environment. As explained
above, the pH at the cathode (anode) can be controlled by using
a CEM (δ) (AEM (α)), which is dominated by H+ (OH−) coun-
terion conduction in channels lined with fixed anionic (cationic)
groups. As the water dissociation catalyst at β|γ is positioned in
close vicinity to the water−membrane interfaces (α|β and γ|δ),
the dissociated ions are separated due to the ion selectivity of the
membranes. The ion-selective membranes are directly in contact
with the respective HER/OER catalyst on the outer surface to
avoid resistive and polarization losses in spatially extended bulk
solutions of traditional systems. Consequently, a TPB (TPBa and
TPBc) is established at the surface of each membrane between
the evolved gas species, the dissolved H+/OH−, and the electric
charge carriers from the anode and cathode.95 The TPBs require
careful optimization in terms of catalyst density and porosity,
ensuring ideal transport properties and catalyst activity, while
the membrane ideally prevents transport of H2 and O2 gases
(crossover) through the confined nanochannels and the mem-
brane bulk material.41,96,97 Importantly, the direct application of
a cathode to a CEM and the established TPB is employed in
CEM fuel cells and electrolyzers, as well as AEM fuel cells.72−74

Noteworthy, in the initial development stages of PEM fuel cells,
the membrane was separated by an acid contact layer from the
catalyst before systems were substantially improved and sim-
plified by removing the acid layer.50

At the open-circuit voltage, Voc, the electrochemical potential
of TPBa (TPBc) is aligned to the potential of the anode
(cathode). The system has free energy stored in H2 and O2 at
1 bar that can be released by operating the system at a voltage
V < Voc, that is, as a fuel cellΔG =−nF(Voc− V) < 0. At a voltage
V > Voc, additional free energy is added to the system and
electrolysis takes place with ΔG > 0. Instead of showing the
absolute constant electrochemical potentials at Voc for OH

− and
H+ on the same scale in Figure 5a, we adopt the definition of the
excess electrochemical potentials (μ̅ex) in Figure 5b from Grew
et al., who have provided detailed calculations for a fuel cell
based on the same system as that in Figure 5.43 According to this
definition the excess quasi-electrochemical potentials

μ μ ϕ μ̅ = ̅ − ̅C C( , ) ( )i i i i i
ex 0 0

(7)

where μ̅i
0(Ci

0) denotes the electrochemical potential of species i
(H+ or OH−) in neutral water at electrochemical equilibrium in
the absence of any electrical field ϕ. Conversely, μ̅i(Ci, ϕ)
denotes the electrochemical potential at a specific state relative to
the reference state. In analogy to the quasi-Fermi levels in solar
cells, the excess electrochemical potentials allow one to describe
the nonequilibrium condition for H+ or OH− on the same scale
and visualize free-energy changes to the system relative to the
reference state. However, in contrast to solar cells, the chemical
potential difference giving rise to the open-circuit voltage is

Figure 5. Electrolysis device incorporating a BPM. (a) Water is
dissociated via a catalyst (at β|γ) followed by the separation of OH−

(β) andH+ (γ) toward the respective ion-selective membranes (α, δ),
which provide local pH values in direct contact with the respective
electrode. The water dissociation catalyst must be positioned in close
vicinity to the water−membrane interfaces, avoiding recombination
and facilitating ion separation by gradients in electrochemical
potentials and ion-selective membrane conduction. (b) Schematic of
the excess electrochemical potentials (defined in the text) for the
different regions of the electrolyte in panel (a) for water electrolysis
(green,ΔG > 0) and fuel-cell (red,ΔG < 0) operation. For clarity, the
schematic shows the extreme case for which the junction potential
inside of the membrane is fully translated into splitting of the excess
electrochemical potentials for OH− and H+ due to large over-
potentials. When in electrochemical equilibrium, (c) the chemical
potential of OH− and H+ is compensated by (d) the electric potential
(dashed black lines). During water electrolysis (green), the electric
potential difference increases, while it decreases during fuel-cell
operation (red). The ionic separation term Esep is established
between the two membranes (α and δ), i.e., it is spatially separated
from the respective electrode surfaces.
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located outside of the ion-separating BPM, instead of inside as in
the analogous case of the light-absorbing and charge-separating
semiconductor. As a result, for fuel cells and electrolysis devices
at Voc, the excess electrochemical potentials for H+ and OH− are
constant and equal to each other and the thermal equilibrium
concentrations of OH− /H+ are established according to
[OH−][H+] = KW(T) = kd/ka. However, with applied membrane
overpotential positive or negative to the Voc the limited water
dissociation (small exchange current for the water dissociation/
association processes) and additional practical transport
limitations give rise to the occurrence of splitting of the excess
electrochemical potentials for H+ and OH−. Figure 5b shows the
extreme case for which the junction potential inside of the
membrane is fully translated into splitting of the excess elec-
trochemical potentials for OH− and H+.
Similar to solar cells, the occurrence of excess electrochemical

potentials for H+ and OH− has important implications for ion
separation via ion-selective membranes. Ideally, applying an
electrochemical potential gradient directly translates into ion
separation according to eq 5; due to the gradient, H+ and OH−

would move in opposite directions even for equal conductivities
in all phases. However, as described above, with increasing over-
potentials across the membrane, the excess electrochemical
potentials for H+ and OH− split increasingly from each other.
As a result of this increased splitting (e.g., red or green dashed
lines in Figure 4b), the excess electrochemical potential gradients
for H+ and OH− at the water−membrane interfaces decrease
compared to the theoretical case of vanishing splitting at an
applied overpotential. Thus, with increasing overpotentials, the
charge separation increasingly relies on the different conductiv-
ities for H+ and OH− inside of each membrane to establish the
required current asymmetry, i.e, σOH−

α ·∇μ̅OH−
α ≫ σH+

α · ∇μ̅H+
α and

σOH−
ω ·∇μ̅OH−

ω ≪ σH+
ω ·∇μ̅H+

ω . This situation is similar to a solar cell
for which charge carrier-selective contacts are of prime impor-
tance for efficient operation.46,98,99

Figure 5c and d show the chemical potential and electric
potential, respectively. At electrochemical equilibrium (black
dashed lines), the electric potential compensates the chemical
potential fully. The ionic separation term of the total potential
(Esep) is established between the two membranes α and δ, i.e., it is
spatially separated from the respective electrode reactions (Ee−),
in contrast to regular electrode assemblies operating at a single
pH. Applying an overpotential η negative (positive) of the Voc
during fuel-cell (electrolysis) operation leads to changing electric
potentials in the respective direction. One might be tempted to
state that the electric potential gradient, i.e., electric field, at
equilibrium causes the separation of H+ and OH−. However, this
wrong description neglects the chemical potential gradient,
which compensates the electric potential gradient at equilibrium;
unless one of the two potentials is strictly zero, an accurate
description can only be obtained via the electrochemical poten-
tial gradient due to the intrinsic connection of charge and
number for electronic as well as ionic charge carriers. None-
theless, at nonequilibrium conditions with an applied over-
potential driving water dissociation, the electric field inside of the
few-nanometer-thin interfacial layer can become very large
(Figure 5d). This condition has led to the development of theory
invoking Onsager’s theory of the second Wien effect to explain
the experimentally observed high water dissociation rates in
BPMs even in the absence of additional water dissociation
catalysts.100−103

The here-discussed intrinsic reversibility utilizing the very
same device for bothmodes is essentially the working principle of

unitized regenerative fuel cells (so far only at ΔpH = 0).104−107

By allowing operation of a single device either in water-splitting
or in fuel-cell mode, the total system costs of an integrated energy
storage solution could be largely reduced. However, currently,
the large costs associated with the catalysts and the membrane
stack and especially the balance of plant (water, gas and heat
management) are large obstacles for terrestrial commercializa-
tion, while space applications are being investigated.108,109

Summary and Future Outlook. We discussed integrated
electrolysis and fuel-cell devices that operate the OER/ORR
and HER/HOR at different pH values to reduce the combined
overpotentials and increase the set of available catalysts.
For such systems, ion-selective contacts that efficiently sustain a
pH gradient across the device and provide ideal local environ-
ments for the catalysts are important. Membrane-based systems

that utilize two triple-phase boundaries for an integrated device
instead of bulk solutions and operate in pure water potentially
avoid not only product crossover but also polarization gradi-
ents, membrane contamination, and co-ion conduction. On the
basis of those fundamental advantages, we stress the impor-
tance of the development of novel membranes for future
electrolysis and fuel-cell commercialization, in particular, the
development of stable and highly conducting AEMs. The
commercial success of the PEM fuel cell enabling stable
operation, reduced overpotentials and polarization gradients,
compactness, and intrinsically safe operation underlines the
importance of future research on membranes for low- and high-
temperature electrolysis and fuel cells.
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(32) Schreier, M.; Heŕoguel, F.; Steier, L.; Ahmad, S.; Luterbacher, J.
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