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ABSTRACT: Bipolar membranes (BPMs) have the potential to
become critical components in electrochemical devices for a variety of
electrolysis and electrosynthesis applications. Because they can operate
under large pH gradients, BPMs enable favorable environments for
electrocatalysis at the individual electrodes. Critical to the implementa-
tion of BPMs in these devices is understanding the kinetics of water
dissociation that occurs within the BPM as well as the co- and counter-
ion crossover through the BPM, which both present significant obstacles
to developing efficient and stable BPM-electrolyzers. In this study, a
continuum model of multi-ion transport in a BPM is developed and fit to
experimental data. Specifically, concentration profiles are determined for
all ionic species, and the importance of a water-dissociation catalyst is
demonstrated. The model describes internal concentration polarization and co- and counter-ion crossover in BPMs, determining the
mode of transport for ions within the BPM and revealing the significance of salt-ion crossover when operated with pH gradients
relevant to electrolysis and electrosynthesis. Finally, a sensitivity analysis reveals that the performance and lifetime of BPMs can be
improved substantially by using of thinner dissociation catalysts, managing water transport, modulating the thickness of the
individual layers in the BPM to control salt-ion crossover, and increasing the ion-exchange capacity of the ion-exchange layers in
order to amplify the water-dissociation kinetics at the interface.
KEYWORDS: bipolar membrane, transport, model, electrochemistry, ionomers, electrolysis, CO2 reduction, water splitting

1. INTRODUCTION

As electricity from renewable sources becomes less expensive
and more prevalent, the electrochemical conversion of low-
value feedstocks to high-value products (electrolysis or
electrosynthesis) will become a key means for storing excess
electrical energy in chemical carriers, simultaneously offsetting
the intermittency of renewable energy sources and decarbon-
izing various sectors of the economy.1,2 For many electrolysis
or electrosynthesis reactions, the optimal device configuration
would enable operation under an applied pH gradient, where
the anode catalyst is immersed in a drastically different pH
environment than the cathode catalyst.3−6

Consider the electrolysis of water to hydrogen (H2) and
oxygen (O2)a relatively simple electrochemical reaction that
has been heavily studied due to hydrogen’s particular
attractiveness as a fuel alternative for a wide range of
applications.7 In a water electrolyzer, the hydrogen-evolution
reaction (HER) and oxygen-evolution reaction (OER) occur
at the cathode and anode, respectively. It is often true that
optimal conditions for the desired OER catalyst occur in a
drastically different environment than that for the HER
catalyst. For example, platinum (Pt), the state-of-the-art
cathode material, exhibits higher activity in acidic environ-
ments than in alkaline environments.8 Conversely, practically

all low-overpotential, earth-abundant OER catalysts are only
stable in alkaline environments.8 Currently, electrolyzers
circumvent the stability issue by using expensive iridium or
iridium oxide catalysts that can withstand acidic environ-
ments.8 However, it would be preferable to operate in an
alkaline environment in order to facilitate usage of more
affordable transition metal catalysts that possess higher OER
activities than iridium-based catalysts.7 Therefore, the optimal
configuration for a water electrolyzer would be one in which
the cathode is at an acidic pH, while the anode is
simultaneously maintained at an alkaline pH.
A similar behavior can be observed for other electrochemical

processes. For instance, electrochemical CO2 reduction6 and
ammonia synthesis9 would benefit from use of a BPM under an
applied pH gradient of pH 7 at the cathode and pH 14 at the
anode. This differs slightly from the pH 0-14 gradient optimal
for water electrolysis, with the pH 7 chosen at the cathode to
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decrease HER selectivity. The benefits derived from operation
under pH gradients even extend to the field of organic
electrosynthesis; the cathodic organic electrosynthesis reaction
of acrylonitrile to adiponitrile is most selective in near neutral
pHs (∼pH 7) due to solubility concerns of the organic
reagents and selectivity concerns with HER10,11 and would
most desirably be paired with an oxygen evolving anode at pH
14. For methane oxidation, an applied pH gradient of pH 0-7
would be beneficial to pair efficient HER at the cathode with
the near neutral environments of the organic reagents at the
anode.12 Nonetheless, pH 7-7 operation is still relevant for
solar-driven water splitting or seawater electrolysis applica-
tions.13

The pH gradients desired for water electrolysis and similar
electrochemical reactions cannot be feasibly maintained in the
uniform pH environments of current electrolyzers. While the
pH gradient could be maintained by a constant flow of
electrolyte on either side of the device, this is less practical
because of the amount of electrolyte required. However, by
implementing a bipolar membrane (BPM), composed of a
cation-exchange layer (CEL) and an anion-exchange layer
(AEL) laminated together, it becomes possible to maintain a
pH gradient across the device and enable optimal conditions
for the catalysis of both half reactions.4,14−19

A BPM is shown schematically in Figure 1. The CEL
contains negative fixed-charge groups, such as sulfonate anions

(−SO3
−). The high concentration of negative fixed-charge

groups ameliorates anion uptake in the CEL due to Donnan
exclusion, diminishing anionic transport due to their low
concentration in the CEL and thus enabling high selectivity to
cation transport.20,21 Conversely, the AEL contains positive
fixed-charge groups, such as quaternary ammonium cations
(−NH4

+), that help to exclude cations in the AEL, limiting
cationic transport in the AEL and leading to selective anion
transport in the AEL.22 In some cases, a water-dissociation
catalyst layer (CL) is included between the AEL and CEL that
contains weakly acidic or basic groups to catalyze the
dissociation of water.23 Various metal oxides,24 aluminum
hydroxide (Al(OH)3),

25 and graphene oxide19,26,27 have been
explored as water-dissociation catalysts.
BPMs have two modes of operation as defined by the

direction of the flow of current: reverse bias and forward

bias.28−30 In forward bias (Figure 1a), the CEL side of the
BPM is held at high potential and the AEL side is held at low
potential. Under this applied potential, the cations in the CEL
and the anions in the AEL will both move toward the AEL/
CEL interface due to migration, and the hydronium cations
and hydroxide anions will form water at the interface, resulting
in high recombination rates or current densities due to mass
action.23,28,29

In reverse bias (Figure 1b), the CEL is held at low potential
and the AEL is held at high potential. In this case, the mobile
charges in each ion-exchange layer will move away from the
junction. This decreases the concentration of mobile ions in
the catalyst layer, increasing the resistance of the BPM until a
mass-transfer-limited crossover current is achieved.23,31 How-
ever, as the applied potential in a reverse-bias BPM increases,
the BPM experiences a “breakdown”, at which point the rate of
water dissociation is sufficiently amplified by the electric field,
and consequently higher current densities are attained.23,31,32

This phenomenon is known as the Second Wien Effect.32 A
water-dissociation catalyst is used to reduce the free energy of
the Bjerrum dipole transition state and thus minimize the
applied potential required to achieve breakdown.33,34 The
reverse-bias configuration is preferable for implementation in
most electrolysis applications because it optimally pairs the
anode with the AEL while simultaneously pairing the cathode
with the CEL.4 Therefore, for this work, the BPM will be
considered in the reverse-bias configuration.
A number of experimental studies have utilized BPMs in

reverse bias for electrolysis.18,27,35,36 The electrochemical
characteristics of these materials have been widely charac-
terized using four-probe experiments to deconvolute the
membrane potential from the kinetic overpotentials at the
working electrodes, effectively isolating the interfacial water
dissociation. Nonetheless, the phenomena controlling water
dissociation in the interfacial catalyst layer are still poorly
understood. Furthermore, while there have been some
attempts to characterize the effects of ionic salt species, the
influence of co- and counter-ion crossover during the
operation of reverse-bias BPMs continues to be a subject of
discussion.4,23

In the study of BPMs, it is tempting to ignore ions other
than hydronium (H3O

+) or hydroxide (OH−) present in the
BPM and study only the dissociation of water. However, the
BPM can also uptake salt ions from the electrolyte and these
species can transport across the membrane. The salt ions are
typically classified as either co-ions (salt ions in the electrolyte
with the same charge as the adjacent ion-exchange layer) or
counter-ions (salt ions in the electrolyte with opposite charge
to the adjacent ion-exchange layer). Mitigating the transport of
these co- and counter-ions is vital for developing stable BPM-
electrolyzers because excess salt-ion crossover enables mixing
of the electrolytes and results in the gradual neutralization of
the pH gradient.5

Modeling efforts for reverse-bias BPMs attempted to
replicate four-probe experiments by solving the Poisson
equation locally near the junction32 or with continuum
transport models of the entire BPM based on a modified
Poisson−Nernst−Planck formulation that includes the Second
Wien Effect.23,34,37,38 Unfortunately, there is a dearth of studies
that have attempted to simulate the electrochemical character-
istics of BPMs under the high applied pH gradients relevant to
implementation in electrosynthesis devices. Prior models also
neglect water concentration gradients within the BPM, which

Figure 1. Schematic of a bipolar membrane with a cation-exchange
layer, an anion-exchange layer, and a catalyst layer in (a) forward and
(b) reverse bias. As depicted in the insets, the CEL contains sulfonate
negative fixed-charge groups, the AEL contains quaternary ammo-
nium positive fixed-charge groups, and the water-dissociation catalyst
is Al(OH)3. It is noted, though, that any combination of CEL, AEL,
and water-dissociation catalyst chemistries can be used in the BPM. In
the forward bias case, current (gray arrow) is driven by water
recombination. For reverse bias, current is driven by water
dissociation.
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are critical to driving ion transport within the BPM and can
have significant effects on its properties.20,25

In this paper, we present a comprehensive model that
describes multi-ion transport and interactions, homogeneous
reaction kinetics, and water-dissociation catalysis in a reverse-
bias-operation BPM under various applied pH gradients and
for electrolytes with varying buffer species. The model differs
from those reported in prior studies in its treatment of
homogeneous buffer kinetics and water uptake and is, to the
best of our knowledge, the first to simulate the BPM under
conditions relevant to efficient electrolysis and electrosyn-
thesis. By capturing the effects of the aforementioned
phenomena, the model explains experimental polarization
curves of BPMs in distinct electrolyte environments. The
impact of electrolyte species, water uptake, membrane
properties, and water-dissociation catalysts are examined in
these various pH environments in order to inform future
design of high-performance BPMs.

2. COMPUTATIONAL METHODS
This section describes the modeling approach, governing equations,
and assumptions with the aim of providing the reader with an
understanding of the methodology used to capture the complex
physics of multi-ion transport in a reverse-bias BPM. The BPM model
employed here is designed to mimic a four-electrode experiment
(Figure 2a), where an applied potential is measured between

reference electrodes that probe electrostatic potential in close
proximity to the two ends of the BPM through the use of Luggin
capillaries.4 By employing a four-electrode experimental setup, the
kinetic overpotentials associated with faradaic reactions occurring at
the working or counter electrode are separated from the potential
drop across the membrane, thereby allowing for isolated measurement
of current/voltage characteristics of the BPM.
The BPM is represented by a one-dimensional model that consists

of the region between and including the two reference electrodes in a
four-probe electrochemical cell. By modeling this domain, all physical
phenomena relevant to the measured polarization curves are captured:
the Donnan equilibrium between the electrolytes and the ion-
exchange layers, the transport of ionic species within the ion-exchange
layers, and the electric-field-enhanced water dissociation occurring at
the AEL/CEL junction. As shown in (Figure 2b), the model
comprises a cathodic reference electrode (Ref 1), a 20 μm catholyte
boundary layer (cBL), an 80 μm CEL, a 2.7 nm water-dissociation
catalyst layer (CL), an 80 μm AEL, a 20 μm anolyte boundary layer
(aBL), and an anodic reference electrode (Ref 2). The thickness of

the ion-exchange layers is taken from manufacturer specifications
(Fumatech) for the BPM used in the experiment.4,39 The 2.7 nm
thickness of the catalyst layer is a fitted parameter and is consistent
with a previous study.38 The thickness of the electrolyte boundary
layers between the Luggin capillaries and the BPM were chosen for
convenience, and the model results were insensitive to this choice
(see Figure S1 in the Supporting Information). All of the parameters
characterizing the membrane and the two electrolytes are listed in
Table 1. This table also lists the diffusion coefficients for all species,

the dielectric coefficients of the membrane and water, and the rate
and equilibrium constants for all reactions considered.

2.1. Kinetics of Water Splitting. To understand the electro-
chemical characteristics of BPMs, careful attention must be given to
the dissociation of water to hydroxide and hydronium ions that can
occur throughout the domain:

++ −

−

H Ioo2H O H O OH
k

k
2 3

1

1

(1)

where k1 and k−1 are the kinetic rate constants for water dissociation
and recombination, respectively. For consistency with the kinetic
parameters taken from Craig,23 the bimolecular mechanism of water
dissociation that involves the dissociation of two water molecules into
hydroxide and hydronium is implemented as opposed to the pseudo-

Figure 2. (a) Standard four-probe experimental setup. (b) Schematic
representation of model and boundary conditions.

Table 1. List of Model Parameters and Their Source

parameter value unit ref

membrane
LAEL 80 μm 39
LCEL 80 μm 39
IEC 1.81 mmol g−1 5
ρM. wet 1.0 g mL−1 39
Lchar 0.58 nm 23

electrolytes
LaBL 20 μm assumed
LcBL 20 μm assumed
cH2O
0 55.56 mol L−1 23

aqueous transport properties
DK

+
, w 1.96 × 10−9 m2 s−1 40

DNa
+
, w 1.33 × 10−9 m2 s−1 40

DSO4
2−
, w 1.07 × 10−9 m2 s−1 40

DHSO4
−
, w 1.33 × 10−9 m2 s−1 40

DHPO4
2−
, w 6.9 × 10−10 m2 s−1 40

DH2PO4
−
, w 8.46 × 10−10 m2 s−1 40

DH3O
+
, w 6.96 × 10−9 m2 s−1 23

DOH
−
, w 4.96 × 10−9 m2 s−1 23

εH2O 6.934 × 10−10 F m−1 23

εM 1.96 × 10−11 F m−1 23
homogeneous reactions

K1
0 3.26 × 10−18 23

k1
0 2.96 × 10−10 m3 (s mol)−1 23
k−1
0 9.08 × 107 m3 (s mol)−1 23
K2 1.116 × 10−9 41
k−2 10 × 1011 M−1 s−1 42a

K3 1.8 × 10−4 41
k−3 10 × 1011 M−1 s−1 42a

aRecombination rate constants were estimated from the work of
Eigen,42 which shows that acid recombination rate coefficients for
various inorganic oxy-acids range from ∼1010 M−1 s−1 to ∼1011 M−1

s−1. A value of 1011 M−1 s−1 for k−2 and k−3 was chosen for this study,
and it is demonstrated that the polarization curves are relatively
insensitive to these recombination rate constants as shown in Figures
S3 and S4.
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unimolecular dissociation mechanism of one water molecule splitting
to proton and hydroxide. The equilibrium constant for this
homogeneous reaction is tabulated with the electrochemical
potentials measured against a molar ratio reference state (see Section
S2 of the Supporting Information for a derivation) as opposed to the
standard reference state (again for consistency with Craig’s work) and
is therefore shifted by a factor of 55.562 from the standard reference
value of 1 × 10−14. This equilibrium constant is defined as

= =
−

− +

K
k

k

c c

c1
0 1

1

OH H O

H O
2
3

2 (2)

Prior studies have shown that the applied electric field at the
junction of a BPM can achieve values up to 109 V m−1 attributed to
the rapid change in background charge of the BPM at the AEL/CEL
interface.31,32 Under these very high fields, it is proposed that the rate
of water dissociation is enhanced significantly, a phenomenon known
as the Second Wien Effect, while the recombination rate changes only
slightly, pushing the equilibrium toward dissociation.23,43 To describe
this phenomenon physically, first consider an undissociated water
molecule as a dipole capable of dissociating. In order to dissociate, the
dipole must first pass through a transition state for which the size of
the dipole is equal to the Bjerrum length and dissociation becomes
energetically favorable. Thermodynamically, when an electric field E is
applied, the Gibbs free energy of the Bjerrum dipole transition state is
reduced:38,44

πε
Δ − Δ = − =G E G l eE l

e
k T

( ) (0) ,
4B B

2

B (3)

where e is the elementary charge, lB is the Bjerrum length, ε is the
permittivity of free space, kB is the Boltzmann constant, and T is the
absolute temperature. This reduction in Gibbs free energy of the
Bjerrum dipole transition state results in a corresponding increase in
the escape rate of ions and thus the dissociation rate:43

= =
i
k
jjjjj

y
{
zzzzz

i
k
jjjj

y
{
zzzz

k E
k

l eE
k T

l FE
RT

( )
exp exp1

1
0

B

B

B

(4)

where k1
0 is the dissociation rate coefficient in the absence of an

applied electric field, F is the Faraday constant, and R is the ideal-gas
constant. The value for k1

0 is determined from the rate coefficients
determined by Craig23 evaluated at a temperature of 298 K. In prior
studies,31,32,45 this uncatalyzed electric-field dependence has been
represented in the form

β=
k E

k
E

( )
exp( )1

1
0 (5)

where β = l F
RT
B as per comparison with eq 6. We note that the form of

eq 7 is consistent with the Butler−Volmer equation for describing the
electrochemical kinetics of faradaic charge-transfer reactions at solid
electrodes.46,47 More complicated kinetic models have been proposed
for the kinetics of water dissociation on various catalysts.23,38

However, for simplicity in considering the impact of the catalyst,
and due to the uncharacterized nature of water-dissociation catalysis
for the Fumatech BPM, we choose to adopt an exponential behavior
for the Second Wien Effect.
To incorporate the effect of the water-dissociation catalyst layer

into the treatment of the Second Wien Effect, a similarity in behavior
to Butler−Volmer kinetics is invoked and a parameter α, which will be
referred to as the catalyst effectiveness factor, is introduced, which is
treated like the charge-transfer coefficient in the Butler−Volmer
equation:

αβ=
k E

k
E

( )
exp( )1

1
0 (6)

where α is defined to be 1 in all regions outside of the water-
dissociation catalyst layer, preserving the proposed kinetics of the
non-catalytically assisted water dissociation (eq 7). On the other

hand, in the 2.7 nm thick catalyst layer, the value of α is fit to a value
of 1.8. Because there is no explicit treatment of both an uncatalyzed
and a catalyzed pathway within the catalyst layer, this effectiveness
factor should be thought of as describing a composite of both
pathways.

Recombination is also impacted by the presence of an applied
electric field, albeit to a much lesser extent. By following the
methodology of Onsager and Fuoss,48 one can derive the following
formulation for the recombination rate constant:23

σ β σ

σ

= + +

=

σβ
σβ

− −
σ−

−
( )( )

E1 (4.97 ) ,k E
k

E
E

a
l

( ) 1 exp

2
2 sinh(0.0835 )

cosh (0.0835 )

2

1

1
0

1

2

B (7)

The parameter σ represents a dimensionless bond length for
recombination and is based on the physical bond length for water
dissociation and recombination where a = 0.58 nm.23

2.2. Homogeneous Buffer Reactions. In addition to the
dissociation of bulk water within the BPM, the homogeneous buffer
reactions of the co- and counter-ions are considered. Doing so
contributes to a complete electrochemical description of the BPM,
which is critical at low current densities where co- and counter-ion
transport dominates. For the electrolytes studied (i.e., sulfate and
phosphate), these buffer reactions, which occur in both the aqueous
and ionomer phases, are given by

+ +− + −

−

H IooH PO H O H O HPO
k

k
2 4 2 3 4

2

2

2

(8)

+ +− + −

−

H IooHSO H O H O SO
k

k
4 2 3 4

2

3

3

(9)

Both buffer reactions are considered in their bimolecular form for
consistency with the bimolecular water-dissociation mechanism
employed in the present study (see eq 3). The equilibrium constants,
Ki, for eqs 10 and 11 are taken from the literature41 and converted to
the molar ratio reference (see derivation in Section S2 of the
Supporting Information), which shifts their values by a factor of 55.56
compared to the standard reference (see values given in Table 1). In
this model, the first buffer dissociation is assumed to be complete and
the molecular forms of sulfuric acid or phosphoric acid are assumed to
be absent. Additionally, while hydrogen phosphate (HPO4

2−) can
further dissociate to phosphate (PO4

3−) anions, because the Ka for
hydrogen phosphate is very small (Ka = 4.2 × 10−13), this dissociation
is neglected.

The forward rate coefficients for all dissociation reactions are taken
to be large enough to ensure equilibrium of the buffered species
throughout the domain over the range of applied membrane potential
(0−1 V). The rate coefficients for the reverse reactions are given by

=
−

K
k

kn
n

n (10)

The work by Divekar et al. suggests that the rate coefficients and
the unimolecular Ka of the buffer reactions change when measured in
an ionomer environment as opposed to an aqueous solution.49

Because the magnitudes of these differences have not yet been
established and likely vary with membrane hydration, co- and
counter-ion identity, etc., they are neglected in this study; the
magnitude of the rate coefficients and equilibrium constants are
treated as the same in both the membrane and the electrolyte.50−52

2.3. Treatment of Membrane Fixed Charge. The fixed-charge
density between the different regions in the membrane is modeled
using hyperbolic tangents:23

ρ
=

× −
−

−

+
−

−
−

i

k
jjjjjj

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz

i
k
jjjjj

y
{
zzzzz
y

{
zzzzzz

c x
x x

L
x x

L

x x
L

x x
L

( )
IEC

2
tanh tanh

tanh tanh

M
M,wet 3

char

4

char

2

char

1

char (11)

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c12686
ACS Appl. Mater. Interfaces 2020, 12, 52509−52526

52512

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c12686/suppl_file/am0c12686_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c12686/suppl_file/am0c12686_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c12686/suppl_file/am0c12686_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c12686?ref=pdf


Here, x is the position as measured from the center of the BPM. x1 is
the leftmost point of the CEL, x2 is the leftmost point of the catalyst
layer, x3 is the leftmost point of the AEL, and x4 is the leftmost point
of the anolyte boundary layer (see Figure 2). This distribution is
illustrated in Figure S5. Equation 13 allows for smooth, differentiable
transitions (i.e., a smoothed step function) at the interface between
the electrolyte and ionomer phases as well as between the AEL and
CEL. The hyperbolic tangents in this study have a characteristic
length of Lchar = 0.58 nm, which is the characteristic bond length for
water dissociation derived by Craig, and represents the length at
which the hydroxide and hydronium ions separate and start to diffuse
apart from one another.23

2.4. Electrochemical Potentials. To construct a thermodynami-
cally consistent model, expressions for the electrochemical potential of
the various ionic species are required.47 For the BPM, these
electrochemical potentials are dependent on temperature, pressure,
composition, electrostatic potential, and applied electric field.23 For
the present study, the system is assumed isothermal at 298 K and
isobaric at 1 bar pressure. The electrochemical potentials employed
(see Table 2) are also defined based on the molar ratio of the ionic

species concentration to the local water concentration.23 Due to the
choice of this molar ratio reference state (see Section S2), the local
water concentration appears in the definition for the electrochemical
potential of a given ionic species. This allows the model to capture the
effects of water concentration gradients that develop within the BPM
on the electrochemical potential and thus transport of each ionic
species. Because the electrochemical potential is solved for all aqueous
and ionomer phases and for all ionic species, Donnan equilibrium
with the bulk electrolyte is implicitly obeyed in terms of the
partitioning of the ionic species between the ionomer phase and the

bulk electrolyte (see Section S4 in the Supporting Information for
Donnan equilibrium calculation).53

For the special case of hydronium and hydroxide, an electric-field-
dependent activity coefficient, γ±

E , is needed to maintain thermody-
namic consistency due to the electric-field dependence of the
dissociation equilibrium resulting from the Second Wien Effect.
This field-dependent activity coefficient is determined by solving for
the activity coefficient necessary to satisfy equilibrium between the
hydronium, hydroxide, and water (μ μ μ̃ + ̃ = ̃+ − 2H O OH H O3 2

) through-

out the domain:

γ =±
−

−

k k E
k k E

( )
( )

E 1
0

1

1
0

1 (15)

2.5. Transport Equations. The fluxes of the mobile ions are
governed by the generalized Nernst−Planck equation:

μ
= −

̃
N

D c
RT x

d

di
i i i

(16)

where Ni is the molar flux of species i, and Di is the diffusivity of
species i. The Nernst−Einstein relationship is used to relate mobilities
and diffusivities. Substitution of eqs 14−16 into eq 18 yields the flux
of each individual ionic species, as shown in Table 3.

Typically, Stefan−Maxwell diffusion is used to capture species/
species interactions that are significant in concentrated systems.
Unfortunately, because our model describes the transport of up to
seven ionic species, implementation of the Stefan−Maxwell frame-
work would require an additional 42 degrees of freedom as well as the
determination of composition-dependent diffusion coefficients for the
frictional interactions between the seven salt-ion species, water, and
the membrane. This would increase the uncertainty and complexity of
the numerical model considerably; consequently, the Nernst−Planck
equation is used even though the conditions are not necessarily dilute.
We also note that, in the present study, we only simulate current
densities up to 10 mA cm−2, for which the dilute-solution theory has
been found to be sufficiently accurate.54

The diffusion coefficients for a given ionic species, Di, depend on
the phase. In the aqueous electrolyte phases, these diffusion
coefficients are equal to their values in pure water, Di,w. In the
ionomer phase, the effective diffusion coefficients for each ionic
species, Di,eff are calculated following work of Grew et al.:53,55,56
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1

(20)

In this framework, q is a fitting parameter related to the tortuosity
of the ionomer and xw is the ratio of the moles of water in the
membrane to the sum of the moles of water and fixed-charge groups
given by

Table 2. Chemical and Electrochemical Potentials of
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aμH2O
0 is the chemical potential of pure water at 1 bar. For any ionic

species, μ̃i
0 is a reference state for species i in water at 1 bar, ci is the

concentration of species i, ci
0 is the concentration of the species i at the

reference conditions, zi is the charge of the ion, and Φ is the
macroscopic electrostatic potential.

Table 3. Flux of Ionic Species in the Model
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λ
λ

=
+

x
1w (21)

where λ is the hydration of the ion-exchange layer defined as the ratio
of water molecules in the ionomer to fixed-charge groups. ϕL is the
water volume fraction in the ionomer:

ϕ
λ

λ
=

+
V

V VL
w

w M (22)

where Vw and VM are the molar volumes of pure water and membrane,
respectively. The parameter ζi describes the ratio of the species-water
and species-membrane diffusivities and can be approximated by the
kinetic theory:57
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where = +( )Mi M M,M
1 1

i M
is the reduced molar mass.

From these fluxes, material balances for each species provide
governing equations for the steady-state model:

=
N
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R
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where Ri is the production of species i from homogeneous chemical
reactions:
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where si, n is the stoichiometric coefficient of species i in reaction n.
To solve for the potential, Poisson’s equation is employed:
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where ε is the permittivity of the medium and is expected to vary from
the aqueous solution to the membrane. The permittivity of the BPM
is expected to be similar to that of a dioxane−water mixture and is
given as a function of the local water content by Craig:23,58,59
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where εM is the permittivity of pure dioxane, εH2O is the permittivity of
pure water, and ε3 is a mixing term that takes into account
interactions between the ionomer and absorbed water:
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This mixing term is quite significant and can account for up to a
40% difference in permittivity for a BPM fully exchanged with
hydronium or hydroxide.
Lastly, the electric field and electrostatic potential are related by

Φ ≡ −
x

E
d
d (29)

2.6. BPM Water Uptake. It has been shown that the water uptake
in BPMs is significantly lower from that in Nafion or other well-
characterized ionomers (λ = 9 for a BPM vs λ = 21 for Nafion).5,60,61

There is a lack of available data regarding the transport coefficients or
water-uptake isotherms for BPMs, and measured properties of
monopolar membranes are not a sufficient proxy for modeling BPM
water transport. Therefore, rather than solving for the water chemical

potential and water flux explicitly, which are nontrivial and quite
complicated, the concentration of water in the BPM is assumed to
follow a complementary functional form to that for the fixed charge
(eq 13). Therefore, the water concentration is given by
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where cH2O
0 is the concentration of pure aqueous phase water (55.56

M), and cH2O
M is the concentration of water in the ionomer phase:

λ ρ= ×c ( IEC)M
H O M,wet2 (31)

where ρM, wet is the density of the hydrated membrane and IEC is the
ion-exchange capacity of the BPM. These parameters are assumed to
be the same for both layers.

The water content, λ, defined as the molar ratio of water to fixed
ion-exchange groups in the CEL and AEL, are dependent on the
internal hydronium or hydroxide content (see Figure S6):21

λ λ λ= += =+ + +ff fCEL 0 H O 1H3O 3 H3O (32)

λ λ λ= += =− − −ff fAEL 0 OH 1OH OH (33)

where λ =+f 0H3O
and λ =−f 0OH

are the hydration of a completely salt-ion-

exchanged CEL and AEL, respectively, λ =+f 1H3O
is the hydration of the

proton-form CEL, and λ =−f 1OH
is the hydration of the hydroxide-form

AEL. +fH O3
is the fraction of hydronium ions calculated at every point

in the CEL:

ρ
=

×
+
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f
c
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3
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f OH− is the fraction of hydroxide ions calculated at every point in the
AEL:

ρ
=

×
−

−
f

c
IECOH

OH

M,wet (35)

λ =+f 0H3O
and λ =−f 0OH

are both fit to a value of 6 in order to ensure

consistency between the salt-ion current in the measured and
simulated polarization curves and are consistent with the lower
uptake of salt forms of the membranes.20,21,60 λ =+f 1H3O

and λ =−f 0OH

are both taken from measurements of BPM water uptake in DI water
(λ = 9).5

As noted in the previous subsections, explicit water species/
membrane interactions are not included in the model. However, such
interactions are included implicitly in the treatment of water uptake,
diffusivity, and dielectric permittivity. These interactions will be
important to model but are beyond the scope of the current study,
largely because these interactions in BPMs have not yet been
characterized fully and will likely differ substantially from those
measured in monopolar membranes. Further experimental work is
necessary to characterize BPM transport properties so that they can
be implemented in future transport studies.

2.7. Boundary Conditions. The boundary conditions for the
model are comprised of Dirichlet boundary conditions at each
reference electrode. The potential of Ref 1 is held at 0.0 V, and the
potential of Ref 2 is set to the applied membrane potential as
measured experimentally. The concentration of the ionic species at
Ref 1 (the catholyte boundary) is the concentration of the ionic
species present in the bulk catholyte. Similarly, the concentration of
the ionic species at Ref 2 (the anolyte boundary) is the concentration
of ionic species in the bulk anolyte. Four pH environments are
considered that are relevant to efficient electrolysis and electrosyn-
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thesis, as previously discussed, and correspond to those of Vermaas et
al.:4 a neutral pH 7-7 environment with both catholyte and anolyte as
a mixture of 0.45 M K2HPO4 and 0.55 M KH2PO4 (this will be
referred to as 1 M KiHjPO4 where i + j = 3 or simply KPi); a pH 0-7
environment with a 1 M H2SO4 catholyte and a 1 M KiHjPO4 anolyte,
a pH 7-14 environment with a 1 M KiHjPO4 catholyte and a 1 M
KOH anolyte, and a 0−14 pH environment with a 1 M H2SO4
catholyte and a 1 M KOH anolyte. In addition to the electrolyte pairs
considered by Vermaas et al.,4 polarization curves were collected
experimentally (see Section S6 in the Supporting Information for
experimental protocol) and modeled for a pH 0-7 environment with a
1 M HCl catholyte and either a 1 M Na2SO4 or 1 M KiHjPO4 anolyte.
2.8. Numerical Methods. The governing equations (ionic species

material balances and Poisson equation) were modeled in the General
Form PDE Module and were solved with the MUMPS general solver
in COMSOL Multiphysics 5.5 with a relative tolerance of 0.001 (see
equations presented in Section S7). The modeling domain was
discretized with a nonuniform mesh comprised of 1084 elements,
which used an exponential refinement near the electrolyte/ionomer
and AEL/CEL interfaces in order to capture the sharp concentration
gradients of about 0.58 nm characteristic length. A mesh
independence study was performed (see Figure S2 in the Supporting
Information) revealing that a mesh of at least 412 domain elements is
required to achieve convergence. For meshes finer than 412 elements,
the model is completely independent of the chosen domain meshing.

3. RESULTS AND DISCUSSION
3.1. Polarization Curves for Various Electrolytes.

Simulations were conducted for the four electrolyte environ-
ments investigated experimentally by Vermaas et al.4 For each
of the four environments, the model was fit to the measure
polarization curve by adjusting the fitting parameters listed in
Table S3. These fitting parameters are the same for all four pH
environments. As seen in Figure 3, the model exhibits the
characteristics of typical BPM polarization curves. There is an
initial regime between 0.0 and ∼0.6 V that is strongly mass-

transfer limited and corresponds to the crossover of electrolyte
salt ions. Beyond ∼0.6 V, the electric field at the junction
becomes sufficient to shift the equilibrium toward water
dissociation through the Second Wien Effect, and the BPM
enters a water-dissociation-controlled regime, where the
current is primarily dictated by the production of hydronium
and hydroxide ions at the interface.19,23 These distinct regimes
are well represented in the polarization curves for pH 7-7, pH
0-7, and pH 7-14. The pH 0-14 case does not exhibit a salt-ion
transport regime because the large dissociation and recombi-
nation currents present in this pH environment obscure the co-
and counter-ion crossover. In contrast to earlier models, which
have had difficulty capturing electrochemical characteristics of
the BPM in the salt-ion-leakage regime, the agreement
between the model and experimental results is quite strong
throughout the entire window of applied potentials. This
model is also one of the first to capture the effects of an applied
pH gradient. This is an important advance because it provides
critical insights needed for the implementation of BPMs in
electrolyzers with optimal environments for electrosynthe-
sis.4,5,14

Although the simulated polarization curves agree very well
with those observed experimentally within the water
dissociation regime for all pH ranges explored, there is some
disagreement between the simulated and experimental polar-
ization curves for the salt-ion crossover regime for pH 7-7 and
pH 7-14. Specifically, while the mass-transfer limit (∼1 mA
cm−2) is identical for both the modeled and experimental
polarization curves for pH 7-14, the experimental curve attains
its mass-transfer limit at a much higher membrane potential,
whereas the simulated polarization curve has a much sharper
and earlier transition to the mass-transfer limited regime.
Additionally, while the simulated curve for pH 7-7 exhibits two
distinct plateaus in current density, the experimental data from
Vermaas does not. These discrepancies can be initially
rationalized by recognizing that the simulations presented
here assume a steady state, whereas the experiments reported
by Vermaas et al. were carried out using a galvanostatic sweep
of 0.03 mA cm−2 s−1.4 Because of the transient nature of the
galvanostatic sweep, it is possible that, during the experiments,
the BPM did not have ample time to achieve equilibrium in the
salt-ion regime, and consequently a slower approach to its
mass-transfer limitations for pH 7-14 was observed. This
slower approach to equilibrium also obscures the distinct
plateaus for the 7-7 case. Nonetheless, we find that the steady-
state model adequately captures the essential physics of the
BPM in these environments; modeling a transient BPM is
beyond the scope of the current work.

3.2. Analysis of Partial Current Densities in a BPM. In
addition to describing the polarization curve for a BPM, the
model can be used to decompose the current density into the
partial-current-density contributions for each ionic species.
The ability to do so is important because there is still
disagreement between experimentalists regarding the primary
carrier of current in each regime of the polarization curve.
Most investigators have argued that in the mass-transfer-
limited regime, referred to above as the salt-ion crossover
regime, the current is solely due to the transport of electrolyte
salt ions.19,33 However, by fully modeling and deconvoluting
the contributions of individual ions to current density in the
pH environments explored, the present model demonstrates
that, while the plateau current density is largely dominated by
the transport of salt ions, hydronium and hydroxide ion

Figure 3. Calculated (solid lines) and measured (markers) polar-
ization curves describing electrochemical behavior of bipolar
membranes across various pH gradients. Experimental curves adapted
from the data in reference 4: (a) pH 7-7, (b) pH 0-7, (c) pH 7-14,
and (d) pH 0-14. Brackets depict the regimes (salt-ion crossover and
water dissociation) present in each polarization curve. Regimes are
defined by the phenomenon dominating transport in each applied
voltage window. Inset schematic displays the corresponding electro-
lyte combination for each modeled polarization curve.
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currents generated by water dissociation account for a
significant portion of the overall current density.
Figure 4 displays the polarization curves (gray curves)

decomposed into their contributions (colored curves) for each
ionic species for the four pH environments modeled. Due to
differing sign of the background charges in each ionomer layer,
there are stark differences in the ionic currents in each layer.
The current in the CEL is primarily carried by cations, and the
current in the AEL is carried by anions. Therefore, the partial
current densities for the CEL (Figure 4a−d) and AEL (Figure
4e−h) are distinct from one another. In examining these
partial-current distributions, the argument for a distinct salt-ion
crossover regime and a distinct water-dissociation regime
becomes clear. As shown in Figure 4a−d, at low current
densities, the current density in the CEL is dominated initially
by potassium transport (orange curves). However, once
significant water dissociation occurs (referred to as break-
down) and hydronium cations are generated in the CEL, the
shape of the polarization curve becomes dictated by the
hydronium partial current density (red curves). This
conclusion is further demonstrated in the partial current
distributions in the AEL (Figure 4e−h). For low current
densities, potassium and phosphate-species (green curves)
crossover dominate the electrochemical behavior. However,
when breakdown is achieved at high current densities, a sharp
transition is visible into a regime where hydroxide ions formed
at the interface account for most of the current carried in the
AEL. This demonstrates that the plateau observed in the
polarization curve is indeed due to mass-transfer-limited co-
and counter-ion crossover.
These two distinct regimes are not observed for the case of

pH 0-14. As shown in Figure 4d,h, the potassium (orange) and
sulfate (purple) currents achieve a value of up to ∼1.5 mA
cm−2 for a membrane potential of 1 V, which is comparable to

the co- and counter-ion current achieved in other pH
environments. Hence, the salt-ion contributions thus account
for a significant portion of the overall current. However, the
salt-ion contribution is almost totally obscured due to the steep
slopes of the hydronium and hydroxide currents carried in the
CEL and AEL, respectively.
To address the distribution of ionic current densities in the

plateau current density, the fractions of the total current
carried by hydronium and hydroxide ions were calculated
(partial current divided by total current) and plotted against
total current density (Figures S9 and S10 in the Supporting
Information). As seen in Figure 4, the plateau in current
densities for the polarization curves occurs at ∼1 to 2 mA
cm−2. Calculation of the fraction of the current due to water
dissociation at these current densities reveals that water
dissociation is responsible for up to 40% of the current in the
plateau. This demonstrates that, while co- and counter-ion
crossover does indeed dominates at low current densities and
applied potentials, interfacial water dissociation is responsible
for a non-negligible portion of the measured current.

3.3. Hydronium and Hydroxide Concentration Polar-
ization and Transport Mechanisms. Concentration gra-
dients in hydronium and hydroxide ions are particularly
relevant when considering a BPM device, where the gradients
affect membrane water uptake and drive ionic transport.21,61

Vermaas et al. hypothesized that hydronium and hydroxide
concentration polarization would occur within the BPM due to
the generation of ions from water dissociation at the CEL/AEL
interface.4 Additionally, Sun et al. hypothesized that the
concentration polarization would be greater within the AEL
than in the CEL due to the lower diffusivity of hydroxide in
comparison to hydronium.18 Both of these effects are captured
well by the model for ion-exchange layers in contact with a
neutral electrolyte (Figure 5a). At potentials larger than the

Figure 4. Analysis of partial current densities in the BPM. (a−d) Polarization curve breakdown into partial current density contributions for species
in the CEL. (e−h) Polarization curve breakdown into partial current density contributions for species in the AEL. Dashed lines are purely for
visibility of overlapping curves.
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breakdown potential, strong concentration gradients in the
simulated hydronium and hydroxide profiles form to preserve
electroneutrality with the salt ions within the BPM. These
concentration gradients are generated as follows. At the AEL/
CEL interface, both hydronium and hydroxide species achieve
maximum concentrations due to water dissociation. Con-
versely, at the ionomer/electrolyte interfaces, the hydronium
and hydroxide concentrations are significantly lower consistent

with the Donnan equilibrium between the ionomer and the
neutral electrolyte phases. Moreover, the simulated hydroxide
concentration gradients at a given voltage are larger than the
corresponding hydronium gradients. As the applied voltage
increases, the degree of concentration polarization observed
also increases, which corresponds to an increase in ion
transport by diffusion.

Figure 5. Hydronium and hydroxide concentration profiles at various applied potentials for four modeled pH environments: (a) pH 7-7, (b) pH 0-
7, (c) pH 7-14, and (d) pH 0-14. Arrows represent the direction of increasing membrane potentials.

Figure 6. Breakdown of mechanistic contributions to (a) hydronium current in the CEL and (b) hydroxide current in the AEL at an applied
potential of 0.8 V. All mechanistic partial currents are normalized by the total hydronium current or hydroxide current, respectively. Labels under
bars display the neutrality, acidity, or alkalinity of the electrolyte adjacent to the given ion-exchange layer. Normalized mechanistic contributions are
calculated as an average of the value in the given ion-exchange layer.
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Concentration polarization is not apparent for a CEL in
contact with a highly acidic (pH 0) or an AEL in contact with a
highly alkaline (pH 14) electrolyte. For these cases, because
the hydronium or hydroxide ions are the majority carriers in
the electrolyte solution, the corresponding ion-exchange layer
is already fully exchanged with hydronium or hydroxide once
Donnan equilibrium is achieved. The dissociation of water at
the interface is therefore incapable of imposing concentration
gradients in the hydronium and hydroxide ions the membrane,
and the gradients in electrostatic potential (Figure S11 in the
Supporting Information) must be the driving force for the
migration of hydronium and hydroxide. Prior work in BPMs
has consistently reinforced the concept that all gradients in
electrostatic potential outside of the bipolar junction are
negligible.18,31,32 While these electrostatic potential gradients
in the bulk ionomer are small (as depicted in Figure S11), the
current study finds that, for an ion-exchange layer in contact
with a strong acid or base, migration is indeed the dominant
mode of transport for hydronium or hydroxide ions.
As demonstrated, the concentration profiles for hydronium

and hydroxide are particularly pertinent to understanding
multi-ion transport in a BPM because, when coupled with the
electrostatic potential profiles, they elucidate the driving force
for transport within each ion-exchange layer for a given
electrolyte pairing. Figure 6 depicts the relative contributions

of diffusive transport (−Di
c
x

d
d

i ) and migration (z D ci i i
FE
RT
), in

addition to contributions to transport due to water

concentration gradients (D ci i
c

x

d(ln( ))

d
H2O ), for the four applied

pH gradients at a membrane potential of 0.8 V. In all cases, the

fluxes of hydronium and hydroxide ions due to water
concentration gradients within the BPM are small but
contribute in a non-negligible manner to the measured ionic
current. Nonetheless, for ion-exchange layers in contact with a
neutral electrolyte, the majority (∼90%) of the hydronium or
hydroxide current density is carried by diffusion. This is
expected due to the large concentration gradients that result
from interfacial water dissociation. Conversely, for ion-
exchange layers in contact with an acidic or alkaline electrolyte,
the hydronium or hydroxide current is dominated by
migration. In fact, for these cases, the driving force for
diffusion opposes the reverse bias and must be overcome by
the electrostatic potential driving force for migration. These
conclusions demonstrate that there is a distinct change in the
mechanism of transport for a BPM in a harsh applied pH
gradient compared to what occurs for a BPM submersed in a
neutral salt. This mechanistic change in BPM transport for very
high or low pHs is vital toward understanding BPMs for
electrolysis or electrosynthesis applications.
Keys to the electrochemical characteristics of a BPM are the

hydronium and hydroxide profiles at the interface between the
AEL and the CEL. It is in this region that the electric field
(Figure S12 in the Supporting Information) achieves its
maximum and electroneutrality is broken (see Figure 7),
thereby enabling the dissociation of water.23,31,32 Mafe ́ et al.
predicted the formation of a “depletion zone” locally
surrounding the AEL/CEL interface where there is an absence
of mobile hydronium or hydroxide charges.31 The analytical
solution by Mafe ́ also predicts that the double-layer thickness
would be a function of membrane potential and be between 2

Figure 7. Hydronium and hydroxide concentration profiles in the depletion region at the AEL−CEL interface for various applied voltages in four
modeled pH environments: (a) pH 7-7, (b) pH 0-7, (c) pH 7-14, and (d) pH 0-14 (zoomed-in plot of Figure 5). Arrows represent the direction of
increasing membrane potential.
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and 10 nm.31 This is shown in the simulated profiles (Figure
7). The double layer is initially thinner than the catalyst layer,
but as the applied potential increases, the thickness of the
double layer grows and eventually surpasses the catalyst layer
thickness. Notably, the concentration peak for hydroxide in the
double layer is larger than that for hydronium. This is again
due to the low diffusivity of hydroxide ions as the hydronium
ions can diffuse away from the double layer more rapidly.
Interestingly, Figure 5 reveals that the hydronium and
hydroxide concentrations can reach values of ∼1.85 M,
exceeding the fixed-charge concentration of 1.81 M. This
discrepancy is caused by the preservation of electroneutrality in
the presence of salt ions outside of the double layer. Therefore,
these profiles are not only a function of the transport
properties of hydronium and hydroxide ions but also a
function of other ions in the system. This finding reinforces the
significance of understanding co- and counter-ion transport
when modeling BPMs.
It is important to note the unique behavior of BPMs at zero

applied membrane potential (i.e., an applied bias of 0 V across
the membrane) in the pH 0-7, pH 7-14, and pH 0-14 cases.
For these three cases, at zero applied membrane potential,
there are measured negative currents of −4, −2, and −260 mA
cm−2 (see Figure S13 in the Supporting Information),
respectively. At these negative currents, hydroxide and
hydronium ions move toward the junction, and recombination
will occur due to mass action. For the pH 0-7 case, this
recombination rate is limited by the low concentration of
hydroxide ions in the junction, and hydronium ions from the
fully exchanged CEL appear in excess. Conversely, for the pH
7-14 case, the recombination rate is limited by the low
concentration of hydronium ions, and hydroxide ions from the
fully exchanged AEL appear in excess. In both cases, the
species that appears in excess can cross through the junction
because it is not completely consumed in the reaction,
explaining the observed crossover in the concentration profiles

at zero applied membrane potential. For the pH 0-14 case, at
zero applied membrane potential, the recombination current is
very high, and as shown in Figure S13, within a mass-transport-
limited regime. Both the CEL and AEL are fully exchanged
with hydronium and hydroxide, respectively, but because
hydronium transports faster than hydroxide, it appears in slight
excess in the junction, and large hydroxide concentration
gradients form (see Figure 5d) within the AEL due to its
slower transport. All behaviors observed at little-to-no applied
membrane potential are eliminated as the applied potential is
increased and the current direction reverses, evacuating the
junction and reducing the rate of recombination due to mass
action.

3.4. Salt-Ion Transport and Impact of Buffer. To
maintain steady pH gradients for electrolysis and improve
membrane functionality, a complete understanding of how co-
and counter-ions affect transport in a BPM is necessary. Several
investigators have commented on the factors affecting co- and
counter-ion transport. For example, Blommaert et al.5

demonstrated that co- and counter-ion transport are affected
by the equilibrium constant of the buffer reactions of the
electrolyte species. Additionally, for other applications such as
CO2 electrolysis, which involves similar applied pH gradients,
the electrolyte salt ions have been shown to have an impact on
the reaction selectivity, with larger electrolyte cations
suppressing HER and improving CO2-reduction selectivity.62

Therefore, optimizing the choice of the electrolyte salt to
maximize reaction efficiency and BPM performance is critical.
Insights into co- and counter-ion transport can be made by

an analysis of species concentration profiles. At increased
membrane potentials where breakdown occurs, the counter-ion
profiles are opposite to those for hydronium and hydroxide
ions and serve to maintain electroneutrality (Figures S14−S16
in the Supporting Information). For a reverse-bias BPM, the
counter-ions are in greatest concentration near the electrolyte
due to Donnan effects and are minimal near the AEL/CEL

Figure 8. Polarization curves (a, d) and AEL phosphate concentration profiles with (b, e) and without (c, f) buffer equilibria for (a−c) pH 7-7 and
(d−f) pH 0-7. Arrows represent the direction of increasing membrane voltage.
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junction where water dissociation occurs. Co-ions, on the
other hand, are not as readily absorbed into the BPM due to
Donnan exclusion and are thus present at low concentrations
throughout the membrane.
While homogeneous buffer reactions are frequently

neglected in models of BPMs, their impact must be considered.
This is especially true in the pH 7-7 and pH 0-7 cases, for
which the phosphate anions are strongly absorbed into the
BPM due to direct contact of the phosphate-containing
electrolyte with the AEL. For these environments, the AEL
is initially saturated with phosphate species, and the buffer
kinetics significantly affect the concentration profiles of the salt
ions and the electrochemical characteristics of the BPM. Figure
8 shows the polarization curves and AEL phosphate species
profiles for the pH 7-7 and pH 0-7 cases with and without
consideration of the homogeneous buffer equilibria for applied
voltages within the salt-ion-crossover regime. The polarization
curves (Figure 8a,d) exhibit significant changes when the
homogeneous reaction equilibria are considered. Namely, the
formation of a secondary plateau current is achieved when
buffer equilibria are included in the model. Reference to the
analysis of the partial current densities in the AEL presented in
Figure 4 demonstrates that current in the plateau region is
carried primarily by the phosphate (green) species. This is
further supported by examining the concentration profiles
(Figure 8b,e), where analysis of phosphate species concen-
tration in the AEL reveals profiles that can explain the
secondary plateau in the observed current. As the membrane
potential is increased, hydroxide anions form within the
catalyst layer and are transported into the AEL, thereby
shifting the equilibrium between hydrogen phosphate and
dihydrogen phosphate toward hydrogen phosphate (eq 10).
This shift decreases the concentration of hydrogen phosphate
and increases the concentration of dihydrogen phosphate in
the AEL. As shown in Figure 8c,f, when the buffer reactions are
ignored, the concentration profiles within the AEL for
phosphate remain linear, and no titration current is observed.

Hence, to describe co- and counter-ion transport in a BPM
fully, the homogeneous reaction equilibria must be considered.
Because the buffer equilibria affect BPM performance

significantly, the choice of the anolyte species, which contains
anions that readily transport into the AEL and undergo
homogeneous reactions, is very important for developing a
BPM-electrolyzer. To characterize the impact of the choice of
anolyte species, polarization curves and partial current
densities were analyzed for two additional electrolyte environ-
ments: 1 M HCl | 1 M Na2SO4 and 1 M HCl | 1 M KiHjPO4
(Figure 9). The experimental methodology for the measure-
ment of these polarization curves through four-probe experi-
ment and schematic (Figure S7) is given in Section S6 of the
Supporting Information. These curves were fit using
approximately the same fitting parameters used to fit the
data of Vermaas et al.,4 except for very slight changes in the
value of q (1.0 for Vermaas et al. to 1.1 for our data) and the
catalyst effectiveness factor (1.8 for Vermaas et al. to 1.6 for
our data) (see Table S4). Notably, in the measurement of
these polarization curves, the voltage at each applied current
density was not recorded until the voltage stabilized to capture
fully the steady-state behavior of the BPM (see Figure S8). In
both cases, the pH environment of the catholyte is 0 and that
of the anolyte is 7. These electrolytes were chosen because, as
shown in Figure 8, the current generated by titration for this
pH environment is higher than for the pH 7-7 environment.
The polarization curves for the two electrolyte combinations
demonstrate that the choice of anolyte has a significant impact
on the electrochemical characteristics of the BPM. While the
kinetics of the water dissociation seem largely unaffected, and
the magnitude of the salt-ion leakage currents are essentially
identical, there is an observable difference in the open-circuit
potential (OCP) of the two polarization curves. This is likely
due to internal buffering within the bipolar membrane, as
evidenced by the significant negative partial current densities of
the buffered phosphate and sulfate species that can be
attributed to titration currents. This is further supported by
the fact that the OCPs in these two cases are proportional to

Figure 9. (a) Simulated (solid lines) and experimental (markers) polarization curves for pH 0-7 1 M HCl | 1 M Na2SO4 and 1 M HCl | 1 M
KiHjPO4 electrolytes. Partial-current-density breakdown in the (b) CEL and (c) AEL for a 1 M HCl | 1 M Na2SO4 submersed BPM. Partial current
density breakdown in the (d) CEL and (e) AEL for a 1 M HCl | 1 M KiHjPO4 submersed BPM.
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the pKa of their respective buffer species. Further research
should vary buffer species systematically over a variety of
applied pH gradients to examine fully the impact of the pKa on
the OCP of the BPM.
3.5. Water Concentration Gradients. Controlling water

transport within a BPM is critical to minimizing degradation of
BPM-electrolyzer performance due to possible layer delami-
nation caused by dehydration of the AEL/CEL junction at
high current densities.25,29,63 Therefore, maximizing BPM
lifetime and performance requires knowledge of the water
content and gradients in a BPM, something that has not
previously been explored.23,38 Prior studies by Crothers et al.21

and Peng et al.60 have demonstrated how ionomer hydration
depends on the fraction of absorbed salt ions in a cationic-
exchange or an anionic-exchange membrane. Because of
differences in osmotic pressure, as the fraction of co- or
counter-ions in the membrane increases, the membrane takes
up less water.21 In other words, the salt-ion-exchanged form of
the AEL or CEL will take up less water than its corresponding
hydronium or hydroxide form. Work by Crothers et al.21 has
demonstrated that, for most salt ions, the profile of hydration
as a function of hydronium fraction in the CEL is
approximately linear. Therefore, by fitting a value for the
hydration of the AEL and CEL when completely exchanged
with salt ions (λ λ= =+ −,f f0 0H3O OH

), the linear profile (eqs 34 and

35) defining local ionomer hydration as a function of
hydroxide or hydronium fraction captures approximately the
decreased affinity for water in the two membranes with
increasing salt-ion uptake.
When concentration polarization is achieved in a BPM at

high membrane potential in contact with a neutral electrolyte,

there will be a distinct change in the majority carrier in the ion-
exchange layer as the AEL/CEL junction is approached. Near
the ionomer layer/electrolyte interfaces, the ionic concen-
tration in the membrane is defined by Donnan equilibrium
with the electrolyte, and the membrane strongly takes up salt
ions. However, near the AEL/CEL interface where dissociation
occurs, the ion-exchange layers are exchanged by hydronium or
hydroxide ions, respectively, due to local generation of these
ions at high membrane potentials. Because membrane
hydration depends on the specific ionic content of the
membrane, the level of hydration is not uniform throughout
the membrane, and there are internal gradients in water
concentration (Figure 10). It is critical to capture these
concentration gradients when modeling multi-ion transport
because, as shown previously in Figure 6, they result in a non-
negligible driving force for ionic current within the BPM. Also,
sharp gradients in membrane hydration at the interface (see
Figure S17 in the Supporting Information) could lead to
nonuniform swelling in the BPM that could, in turn, explain
delamination due to dehydration.20,61,64 Since the description
of water transport within a BPM is incomplete, further work
should seek to define more completely the effects of individual
co- and counter-ions on membrane hydration. Also needed is a
more thorough understanding of water transport through the
membrane in order to understand more fully the factors
affecting membrane dry-out and delamination of BPMs.

3.6. Sensitivity Analysis. Although BPMs present great
promise for application in electrolysis, until recently, they were
primarily used for the generation of acid and base,23,65,66 and,
hence, there are only a handful of studies devoted to the design
of next-generation BPMs for electrochemical technologies

Figure 10. Water-content profiles at various applied potentials for four modeled pH environments: (a) pH 7-7, (b) pH 0-7, (c) pH 7-14, and (d)
pH 0−14. Arrows represent the direction of increasing membrane potential.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c12686
ACS Appl. Mater. Interfaces 2020, 12, 52509−52526

52521

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c12686/suppl_file/am0c12686_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12686?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12686?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12686?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c12686?fig=fig10&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c12686?ref=pdf


including electrolyzers.25,26,33 With this end in mind, we define
two main objectives. First, the BPM must be able to achieve
high current densities of water dissociation for minimal applied
potentials. Second, the BPM should operate with minimal salt-
ion crossover in order to maintain a stable pH gradient during
extended operation. Using the developed model, we assess the
parameter space for BPM design and provide recommenda-
tions for novel BPMs that are optimized for electrolysis. The
sensitivity analysis discussed below was performed for the pH
7-7 polarization curve because it has the clearest delineation
between the salt-ion crossover and water-dissociation regimes,
enabling clearer visualization of the impact of the changes in
parameters on co- and counter-ion leakage and water-
dissociation kinetics. Increases in the current in the plateau
region of these polarization curves are undesirable and can be
attributed to salt-ion crossover and increases in current in the
WD region are beneficial and correspond to enhanced water-
dissociation kinetics. Additionally, the low current densities
simulated in this study are relevant for solar water splitting
applications in similar near-neutral conditions. Furthermore,
trends discovered for pH 7-7 translate well to the other pH
gradients.
To achieve high water-dissociation current densities at lower

applied potentials, it is necessary to optimize the water-
dissociation catalysts in the BPM catalyst layer. In the current
study, there are two parameters that control the behavior of the
water-dissociation catalyst: the catalyst-layer thickness, and the

catalyst effectiveness factor, α. Figure 11 shows the sensitivity
of the model to these parameters. As shown in Figure 11a, a
higher value of α and a thinner catalyst layer both decrease the
onset potential required for breakdown and exhibit steeper
slopes approaching the water-dissociation current density. By
increasing α, the free energy of Bjerrum dipole is reduced and
dissociation can occur more readily. Additionally, by
decreasing the thickness of the catalyst layer, the catalyst is
placed and utilized only near the center of the BPM, where the
electric field is at its maximum. This increase in efficient
utilization of the catalyst is responsible for the improvement in
performance with a thinner catalyst layer, consistent with
previous modeling studies.38 Comparison to the values fit to
the experimental data, LCL = 2.7 nm and α = 1.8 (see Table
S3), demonstrates that there is room for improvement in the
design of thinner, more effective water-dissociation catalyst
layers, and Figure 11 shows that the greatest opportunity for
improvement is in using thinner catalyst layers.
At the high current densities required for commercial

electrolysis (>100 mA/cm2),1 the ohmic resistances in the
membrane can lead to significant voltage losses. Therefore, it is
desirable to reduce the thickness of the BPM in order to
minimize ohmic overpotential losses at high water-dissociation
current densities. However, reducing the thickness of the BPM
will in turn increase the salt-ion leakage and reduce the stability
of the applied pH gradient. Therefore, there is a trade-off
between ohmic losses and salt-ion leakage. This trade-off is

Figure 11. Modeled polarization curve for pH 7-7 for various (a) catalyst effectiveness factors and (b) catalyst-layer thicknesses. Fitted values for
the BPM in the current study are LCL = 2.7 nm and α = 1.8. (See Table S3).

Figure 12. Effect of modifying BPM membrane thickness (a) symmetrically, (b) of just the CEL, and (c) of just the AEL. Membrane used in study
was symmetric with an 80 μm CEL and an 80 μm AEL.
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relevant to many electrochemical technologies67 and needs to
be further explored for BPM devices. The effect of membrane
thickness on the current/potential-characteristics of the BPM
is shown in Figure 12. As expected, the co- and counter-ion
leakage current observed increases with decreased membrane
thickness. However, as evidenced by Figure 12b,c, the
thickness of the AEL dictates the magnitude of the salt-ion
leakage, and the model is relatively insensitive to changes in
the thickness of the CEL. Additionally, it is seen that the effects
of decreasing the AEL and CEL independently are linearly
additive (i.e., the sum of the change in leakage in Figure 12b,c
equals the change in leakage in Figure 12a). This implies that
the most effective BPM would be one with as thin a CEL as
possible supported on a thicker AEL in order to keep salt-ion
leakage low and membrane conductance high while maintain-
ing mechanical integrity. This type of asymmetric BPM-
structure has been proposed for BPM CO2 electrolysis, where a
thinner, porous CEL allows for any CO2 gas formed at the
AEL/CEL junction to permeate back to the cathode where it
could be utilized.29

The last set of parameters that can be optimized in the BPM
are those related to the physical properties of the ionomer
layers: the membrane water uptake and the IEC. These are
related in that the water uptake increases with IEC for
ionomers.20,68 Nonetheless, for the purposes of the sensitivity
analysis, it is elucidating to modulate them separately. Prior
studies have shown that the Fumasep BPMs exhibit drastically
lower water uptake (λ = 9)5 than commercial monopolar
membranes like Nafion (λ = 21)61,69 or Tokuyama A201 (λ =
17) .60 For these monopolar membranes, there is an incentive
to maximize water uptake in order to improve conductivity and
prevent membrane dehydration. However, BPMs face another
trade-off. As shown in Figure 13a, increased water uptake
severely increases salt-ion leakage due to the dependence on
the transport coefficients of the salt ions on the water content
within the BPM. At the Nafion hydration of 21, the BPM
exhibits a significant (∼30 mA cm−2) of co- and counter-ion
leakage current. Therefore, the high hydration of commercial
monopolar membranes will be undesirable in the fabrication of
BPMs; consequently, further work should seek to find an
optimum balance between membrane hydration and salt-ion
leakage. When exploring methods to minimize crossover
current and membrane resistance in the context of redox
flow batteries, Crothers et al. found that one approach to

achieving optimum performance was to change the transport
coefficient or uptake of ions in the membrane by making the
redox species much larger or to change the membrane pore
size to more closely match the size of the redox species to
leverage size-exclusion properties.67 Future modeling efforts
should attempt to capture size-exclusion effects and mem-
brane/species interactions in order to study the sensitivity of
salt-ion crossover to these parameters.
While the effect of increased water uptake is quite

straightforward, the impact of increasing IEC, which character-
izes the amount of membrane fixed-charge groups per gram of
membrane, is complex. In Figure 13b, it is observed that as the
IEC is increased, the salt-ion leakage increases, a result that is
detrimental to performance, but the applied potential required
for breakdown is reduced, implying an improvement in water-
dissociation kinetics. Both effects are coupled to the increase in
fixed-charge concentration in the membrane that corresponds
to an increase in the IEC. As the fixed-charge concentration
increases, the water uptake and number of co-ions that
transport into the membrane by Donnan equilibrium increases,
leading to an increase in co-ion leakage. Additionally,
increasing IEC could lead to higher likelihood of polymer
dissolution.20 At the same time, increasing the magnitude of
fixed charges in each exchange layer increases the gradient in
fixed-charge density at the AEL/CEL junction, leading to a
larger local electric field and thus enhanced water dissociation
for higher IECs due to the Second Wien Effect. The coupled
sensitivity of the IEC to enhancements in water dissociation
and increases in co- and counter-ion leakage makes it difficult
to optimize the IEC for a BPM. Since the sensitivity of the salt-
ion leakage current is minimal, the electric-field enhancement
will likely be more critical to defining the BPM performance at
high current densities desired for electrolysis.1,5 Therefore, it is
sensible to maximize the IEC in order to enhance interfacial
water dissociation, although there is an intrinsic limit where
the ionomer will dissolve at high enough IECs.

4. CONCLUSIONS
A comprehensive model for a bipolar membrane (BPM)
operated in reverse bias was developed and validated against
experimental data. The model accounts for the effects of multi-
ion transport, homogeneous reaction kinetics, electric field-
dependent water dissociation, and catalyzed water-dissociation
kinetics. Simulations based on this model describe previously

Figure 13. Effect of modifying (a) BPM hydration and (b) ion-exchange capacity. BPM hydration in study had a λ of 9 and an IECs of 1.81 meq
g−1.
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unexplained electrochemical phenomena such as internal
concentration polarization and salt-ion crossover that are
critical for developing energy efficient and pH stable BPM-
electrolyzers. The model also demonstrates several important
phenomena central to multi-ion transport within the BPM. In
particular, the simulations reveal that co- and counter-ion
currents dominate at low current densities, that there is a
distinct change in the mode of transport between diffusion for
a BPM in a neutral electrolyte and migration for a BPM in a
highly alkaline or acidic electrolyte, and that the buffer kinetics
of the electrolyte salt ions are vital for describing co- and
counter-ion crossover fully in a BPM. Lastly, the model
demonstrates the sensitivity of BPM performance to the
catalyst-layer properties and physical properties of the ion-
exchange layers. The simulations show that an optimal BPM
should have a thin dissociation catalyst layer, and a thinner
AEM than CEM layer in order to manage water transport,
control salt-ion crossover, and ameliorate ohmic resistance.
The work reported also identifies areas for improving the
accuracy of the model for a BPM. These include capturing
concentrated-solution effects, membrane/species interactions,
and solving explicitly for water transport. These phenomena
will become especially relevant at current densities higher than
those currently measured experimentally but relevant for
device operation. Nevertheless, the results of the present study
provide information that is critical to developing a
comprehensive understanding of multi-ion transport in BPMs
and informs the design and implementation of BPMs in next-
generation devices for various electrochemical reactions that
benefit from operation under an applied pH gradient.
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■ NOMENCLATURE

Roman
ci, concentration of species i (M)
Di, diffusivity of species i (m2 s−1)
E, electric field (V m−1)
E, elementary charge
F, Faraday constant
G, Gibbs free energy (J mol−1)
IEC, ion exchange capacity (mmol g−1)
kB, Boltzmann constant
Kn, equilibrium constant in reaction n
Kn, forward rate constant of reaction n
L, length (m)
lB, Bjerrum length (m)
Mi, molar mass of species i (g mol−1)
Ni, molar flux of species i (mol m−2 s−1)
R, ideal gas constant
Ri, source term for species i (mol m−3 s−1)
si,n, stoichiometric coefficient of species i in reaction n
T, temperature (K)
x, one-dimensional position variable (m)
zi, charge of ion i

Greek
α, catalyst effectiveness factor
β, non-dimensional electric field
γi, activity coefficient of species i
ε, dielectric permittivity (F m−1)
λ, water content
μi, chemical potential of species i (J mol−1)
ξ, species-membrane/species-water diffusivity ratio
ρ, density (g cm−3)
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σ, dimensionless dissociation bond length
Φ, electrostatic potential (V)
ϕ, ionomer water volume fraction

Subscript
−, hydroxide species
+, hydronium species
char, characteristic
eff, effective
i, ionic species
w, value in water

Superscript
0, intrinsic value or standard state
E, electric field dependence

Acronyms
aBL, anolyte boundary layer
AEL, anion exchange layer
BPM, bipolar membrane
cBL, catholyte boundary layer
CEL, cation exchanger layer
CL, catalyst layer
DL, double layer
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