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a b s t r a c t

Bipolar membranes (BPMs) exhibit the unique capability to regulate the operating environment of elec-
trochemical system through the water dissociation-combination processes. However, the industrial uti-
lization of BPMs is limited by instability and serious energy consumption. The current-induced
membrane discharge (CIMD) at high-current conditions has a negative influence on the performance
of anion-exchange membranes, but the underlying ion transport mechanisms in the BPMs remain
unclear. Here, the CIMD-coupled Poisson-Nernst-Planck (PNP) equations are used to explore the ion
transport mechanisms in the BPMs for both reverse bias and forward bias at neutral and acid-base con-
ditions. It is demonstrated that the CIMD effect in the reverse-bias mode can be suppressed by enhancing
the diffusive transport of salt counter-ions (Na+ and Cl�) into the BPMs, and that in the forward-bias
mode with acid-base electrolytes can be suppressed by matching the transport rate of water counter-
ions (H3O

+ and OH�). Suppressing the CIMD can promote the water dissociation in the reverse-bias mode,
as well as overcome the plateau of limiting current density and reduce the interfacial blockage of salt co-
ions (Cl�) in the anion-exchange layer in the forward-bias mode with acid-base electrolytes. Our work
highlights the importance of regulating ion crossover transport on improving the performance of BPMs.
� 2024 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published
by ELSEVIER B.V. and Science Press. All rights are reserved, including those for text and data mining, AI

training, and similar technologies.
1. Introduction

Bipolar membranes (BPMs) have been widely used in energy
conversion technologies [1–3], such as water electrolysis for
hydrogen production [4,5], fuel cells [6], acid-base flow batteries
[7,8], electrochemical CO2 reduction [9], and synthetic ammonia
[10]. BPMs are typically composed of a cation exchange layer
(CEL) and an anion exchange layer (AEL), and selectively transfer
H3O+ and OH� through the water dissociation (WD) and recombi-
nation at the interface layer (IL) between CEL and AEL. Therefore,
they can maintain different pH conditions on two sides of the BPMs
and prevent the crossover of salt ions [11,12], promoting the kinet-
ics of half-reactions and the selection of economically efficient cat-
alysts [13–16]. Currently, most of the commercialized BPMs are
developed for traditional electrodialysis processes with a working
current density usually less than 100 mA cm�2 [17,18]. However,
industrial-scale application of BPMs is limited by the relatively
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high membrane resistance [19], co-ion leakage [12], delamination,
and mechanical deformation [20,21] at large current densities.

Some fabricating strategies have been proposed for solving the
instability and high energy consumption of BPMs [22,23]. Xu et al.
designed interlocked BPMs with the three-dimensional ‘‘mortise-
tenon joint” structure of the AEL-CEL interface, achieving a high
current (1000 mA cm�2) in the electrochemical synthesis of ammo-
nia [24]. Chen et al. illustrated the role of electronic conductivity of
WD catalysts in screening and focusing the interfacial electric field,
which can modulate the performance of BPMs [25]. Shehzad et al.
employed a systematic catalyst shielding strategy to guide the
design of new WD catalysts for the durable BPMs, which can oper-
ate stably under limiting current density (300–600 mA cm�2) [26].
These works highlight the importance of optimizing the interfacial
structure and enhancing the electric field effect, and the key is to
regulate ion transport mechanisms through the CEL, AEL, and
AEL-CEL interface at practical operating conditions.

When the BPMs are operated at high current conditions, the
amphoteric nature of the fixed charge in BPMs is highly sensitive
to the local pH and electric field within the membrane, inducing
the phenomenon of current-induced membrane discharge (CIMD)
my of Sciences. Published by ELSEVIER B.V. and Science Press. All rights are reserved,
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[27]. The CIMD is caused by the equilibrium reactions of mem-
brane (de)protonation and water dissociation, resulting in the
screening of partial fixed charges and the decrease in the conduc-
tivity of the BPMs [28]. For instance, using an electrochemical
impedance spectroscopy, Blommaert et al. found that BPMs suf-
fered from a 10% increase in ohmic resistance at an open-circuit
voltage as well as a 32% increase in ohmic resistance at an operat-
ing current during the long-term operation of electrochemical cells
[29]. The effective suppression of CIMD requires a deep under-
standing of the kinetic and transport processes of ions at the CEL,
AEL, and AEL-CEL interface under high current conditions [30,31].
Lin et al. performed a one-dimensional (1D) continuum model to
successfully investigate the electrochemical behavior in BPMs
and emphasized the role of WD kinetics in BPMs [32]. Bui et al.
revealed the significance of salt-ion crossover in the electrochem-
ical performance, extending the understanding of ion transport
processes in BPMs in the different electrolyte environments
[33,34]. However, previous models defined the fixed charge of
BPMs as a function of membrane spatial position, disregarding
the influence of CIMD on the transmembrane ion transport. Incor-
porating the proton transfer reaction between the functional
groups of BPMs and water molecules into the developed contin-
uum model can explore the effects of different electrolyte environ-
ments and the membrane properties on CIMD, subsequently
capturing the effect of CIMD on the electrochemical properties of
BPMs at high current densities.

In this work, the CIMD-coupled PNP equations are performed to
study the effect of CIMD on the current-voltage relation and under-
lying ion transport mechanisms under both reverse bias and for-
ward bias of BPMs in neutral and acid-base solutions. We found
that increasing the diffusive transport of salt counter-ions into
the BPMs with the reverse-bias mode is favorable for the inhibition
of CIMD to promote water dissociation. The current-voltage
response of the BPMs with the forward-bias mode in acid-base
electrolyte undergoes a plateau of limiting current density, which
is related to the limitation of OH� transport at the interface layer
and the blockage of salt co-ions. Matching the transport rate of
water counter-ions (H3O+ and OH�) into BPMs can reduce the
membrane potential and lower the energy consumption. The work
Fig. 1. Schematic of the mass transport of solution species within bipolar membranes un
(80 lm), anion exchange layer (80 lm), and interfacial layer (2 nm) are included in the
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provides theoretical insights into suppressing the CIMD from the
perspectives of electrolyte composition and membrane functional
groups to improve the electrochemical performance of BPMs.

2. Model and methods

2.1. Model description

The four-electrode experimental setup can capture the electro-
static potential of BPMs and decouple the transmembrane poten-
tial drop from the electrode surface reaction kinetics. Previous
studies typically considered a computational domain containing
two reference electrodes. As shown in Fig. 1, on the two sides of
the diffusion layer, different electrolyte environments are consid-
ered, including the neutral electrolyte (NaCl/NaCl solution) and
the acid-base electrolyte (HCl/NaOH solution). The voltage is set
to 0 V at the leftmost side of the diffusion layer near the CEL and
a membrane voltage (EMem) is applied at the rightmost side of
the diffusion layer near the AEL. The direction of current from right
to the left is specified to be positive, indicating that the BPMs are in
the reverse-bias mode, accompanied by the interfacial WD reaction
to produce H3O+ and OH� ions moving from the interface to bulk.
When the BPMs are in forward-bias mode, the H3O+ and OH� ions
move from bulk to the interface to undergo the interfacial water-
recombination reaction. The effect of the interfacial electric field
and the catalyst on the water dissociation-recombination reaction
is considered in the model. Furthermore, we incorporated proton
transfer reactions between membrane surface groups and water
molecules to consider the effect of CIMD on the amphoteric nature
of the BPMs. Furthermore, some necessary assumptions are
included in the model, as shown in Table S1. The equations and ref-
erences are given to facilitate the subsequent development of the
model and to ensure the interchangeability of the corresponding
equations.

2.2. Poisson-Nernst-Planck (PNP) equations

The PNP-based equations are used to solve the coupling pro-
cesses of diffusion, migration, water transport, and reactions in
der forward bias and reverse bias. The diffusion layer (20 lm), cation exchange layer
continuum model of BPMs.
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the model of BPMs self-consistently. The general equation for the
mass conservation is expressed as

@ci
@t

¼ �r � Ji þ
X

Ri ð1Þ

where ci is the concentration of the solution species (H3O+, OH�,
Na+, and Cl�), and Ri is the rate of reaction of species i. The flux Ji
of solution species i within the solution is given by the following
constitutive equation

Ji ¼ �Dirci � DiziFci
RT

r/þ Dici
cH2O

rcH2O � Dici
cE

rcE ð2Þ

Here, Di, ci, and zi are the diffusion coefficient, the concentration,
and the charge valency. The correction approach of diffusion coeffi-
cient within the ionomer can be found in Section S1. In addition, F,
R, and T represent the Faraday constant, gas constant, and absolute
temperature, respectively. The cE is the electric-field dependent
activity coefficient, maintaining thermodynamic consistency,
expressed by

cE ¼
f E;�1

f E;1

 !0:5

ð3Þ

Here, f E;1 and f E;�1 are the correction coefficient of electric field on
water dissociation-combination reactions (details in Fig. S1). The
concentration of water is expressed by

cH2O xð Þ ¼ cH2O;0
2 2� tanh x�x1

Lchar

� �
þ tanh x�x4

Lchar

� �� �
þ cH2O;m

2 tanh x�x1
Lchar

� �
� tanh x�x4

Lchar

� �� � ð4Þ

where cH2O;0 is the concentration of water in bulk solution
(55.56 M), Lchar = 0.58 nm is the characteristic bond length for water
dissociation [33,34], and cH2O;m is the concentration of water in
membranes.

cH2O;m ¼ kcfix ð5Þ
Here, k is the water content, which is a function of the concentra-
tions of H3O+ and OH� ions (Eqs. (S6) and (S7)), and cfix is the fixed
charge concentration in the BPMs, whose initial concentration is
expressed as

cfix;0 xð Þ ¼ qM;wet�IEC
2 tanh x�x3

Lchar

� �
� tanh x�x4

Lchar

� �
þ tanh x�x2

Lchar

� �
� tanh x�x1

Lchar

� �� �
ð6Þ

The electrostatic potential / satisfies the Poisson equation

r � e0err/ð Þ ¼ �F
Xn
i¼1

zici þ cfix

 !
ð7Þ

where e0 is the permittivity of vacuum and er is the relative permit-
tivity of water.

2.3. CIMD mechanism

The proton transfer reaction between functional groups and
water molecules induced by changes in ion concentration and pH
in the membrane at high currents is the origin of CIMD. The fixed
functional groups and water molecules in the CEL are expressed as
[35–38]

A� þH2O$
k1f=r

AHþ OH� ð8Þ

AHþH2O$
k2f=r

A� þH3O
þ ð9Þ

where AH is a neutral acid, such as sulfo group �SO3H, and
cA� þ cAH ¼ cfix;0. In the AEL,
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BþH2O$
k3f=r

BHþ þ OH� ð10Þ
BHþ þH2O$
k4f=r

BþH3O
þ ð11Þ

where B is a neutral base, such as secondary amine –NH2, and
cB þ cBHþ ¼ cfix;0.
2.4. Interfacial water dissociation and recombination

An improved micro-kinetic model for field-enhanced water dis-
sociation and recombination was proposed by Bui et al. [34], which
includes three pathways. The first type is called the ‘‘direct”
pathway.

2H2O$
kwf=r

H3O
þ þ OH� ð12Þ

The second type is the ‘‘acidic” pathway where active sites are
more likely to react with water molecules in acidic environments.

H2Oþ s� OH$
ka1f=r

s� OHþ
2 þ OH� ð13Þ
H2Oþ s� OHþ
2 $

ka2f=r
s� OHþH3O

þ ð14Þ
To characterize WD catalysts, the pKa of the surface reactions

on the WD catalyst is typically employed. For ‘‘acidic” pathway,

pKa1 ¼ �log10ð
ka1f
ka1r

� cH2O;0Þ [34].
The third type is the ‘‘alkaline” pathway where active sites are

more likely to react with water molecules in alkaline
environments.

H2Oþ s� OH$
kb1f=r

s� O� þH3O
þ ð15Þ
H2Oþ s� O� $
kb2f=r

s� OHþ OH� ð16Þ

For ‘‘alkaline” pathway, pKa2 ¼ �log10
kb1f
kb1r

� cH2O;0

� �
[34].
2.5. Model validation

We validate the model by making a comparison between our
calculation and the experimental data from Pärnamäe et al. [39].
Three electrolyte environments are considered (0.1/1 M NaCl and
0.5 M HCl/NaOH) and the calculated results are consistent with
the experimental data, as shown in Fig. 2(a). In the model, all
parameters are same as the experiments, as listed in Table S2.
When employing the diffusion coefficients of H3O+ and OH� from
the research of Craig et al. [40], the results still match the experi-
mental observations (Fig. S2), indicating that it is meaningful in
the same order of magnitude. Notably, the acid-base electrolyte
system exhibits sensitivity to membrane voltage (EMem), thus serv-
ing as the basis for parameter fitting. We calibrated the fitting
parameters listed in Table S2 by comparing the calculation results
with the experimental data presented in Fig. 2(b–d).

The CIMD-coupled PNP equations are solved using COMSOL
Multiphysics with specific boundary conditions in a 1D model.
The Dirichlet boundary condition specifies the concentration and
potential in bulk. The meshes are set to be the densest at the IL,
membrane-membrane boundary, and membrane-solution bound-
ary, with the maximum component size being 0.5 nm. In other
parts that do not require high precision, such as in bulk electrolytes
and host membranes, the fixed number of units is 1000.



Fig. 2. Model validation. (a) Calculated (solid lines) and experimental (markers) current-voltage curves of BPMs for both reverse-bias and forward-bias in neutral and acid-
base electrolytes. Effect of modifying (b) interfacial layer thickness, (c) pKa of the surface reactions on theWD catalyst, and (d) ion exchange capacity (IEC) of the BPMs in acid-
base electrolytes.
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3. Results and discussion

3.1. Suppression of CIMD promoting water dissociation in neutral
electrolytes

As illustrated in Fig. 3(a), the occurrence of CIMD in the BPMs
under reverse-bias mode (IMem > 0) causes a serious reduction of
current density. Notably, when the current density reaches
400 mA cm�2, a membrane voltage of 1.5 V is necessitated (Solid
line). However, if the influence of CIMD is totally suppressed, only
1.06 V is required (Dashed line). It indicates a significant relation
between high membrane voltage challenges in industrial processes
and membrane (de)protonation. Further insights can be obtained
from the contributions of the partial current density for each ionic
species to the total current density in Fig. 3(b). It is worth noting
that this phenomenon is primarily due to the reduction in the cur-
rent carried by H3O+/OH� ions. In the reverse-bias mode, the H3O+/
OH� ions are generated from the interfacial water dissociation.
When the generated H3O+/OH� ions enter the membrane, they will
react with the functional groups of polymers through the proton
transfer reactions (Eqs. (9) and (10)), leading to the screening of
fixed charges in some polymer groups under high currents. The
fixed charge concentration of the BPMs in the presence and sup-
pression of CIMD at EMem = 1.2 V is shown in Fig. 3(c). The average
concentration of fixed charges inside the membrane with CIMD is
0.4 M, leaving only 12% of the initial charge capacity when the
CIMD is totally suppressed. It will largely reduce the ability of
BPMs to attract the counter-ions and repel the co-ions, thus hin-
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dering the leave of generated H3O+/OH� ions from the interface
layer (Fig. 3b). Moreover, it is found that the electric field at the
interface layer is 3.9 � 108 V m�1 at EMem = 1.2 V, but if the CIMD
is totally suppressed, the electric field increases to 5.9 � 108 V m�1

with broadening the space charge region (SCR), which can lead to a
significant improvement in the activity of water dissociation
(Fig. S3).

By contrast, the current-voltage response at the forward-bias
mode (IMem < 0) in the NaCl solution is completely unaffected by
the CIMD. In the forward-bias mode, the H3O+/OH� ions undergo
water recombination at the interface layer. At EMem = �0.1 V, the
average concentration of H3O+ in CEL is about 3.1 � 10�7 M and
the average concentration of OH� in AEL is about 1.7 � 10�7 M
(Fig. S4). Since the concentration of H3O+/OH� ions is exceptionally
low, the CIMD is suppressed, and the current inside the CEL and
AEL is mainly carried by Na+/Cl� ions (Fig. S5). Therefore, the fixed
charge density of the BPMs remains unchanged (Fig. S6). However,
when EMem = �0.1 V, the average concentration of Na+ ions inside
the membrane is 3.64 M, indicating that the concentration of salt
ions in the membrane can reach 3–5 times of the bulk concentra-
tion, which can lead to a serious co-ion leakage at the interface
layer, resulting in the salt precipitation and subsequently damag-
ing the stability of the BPMs (Fig. S7).

Considering different transport driving forces of H3O+ and Na+

ions, the contributions of diffusion (Dirci), migration (DiziFci
RT r/),

and water transport ( Dici
cH2O

rcH2O) to the current in the presence

and suppression of CIMD at EMem = 1.2 V (reverse-bias mode) are
shown in Fig. 3(d). In the presence of CIMD, the partial current den-



Fig. 3. Effect of CIMD on the electrochemical performance of BPMs in neutral electrolytes (1 M NaCl) in the presence and suppression of CIMD. (a) Current-voltage curves of
BPMs for both reverse-bias (Current density > 0) and forward-bias (Current density < 0). (b) The voltage-response of partial current densities for each ionic species in CEL and
AEL when the voltage interval of reverse-bias is 0–1.5 V. (c) Fixed charge profiles within the BPMs at EMem = 1.2 V. (d) Partial current densities of H3O+ and Na+ in CEL at
EMem = 1.2 V, which depicts the contributions of diffusive transport (Dirci), migration (DiziFci

RT r/), and water transport ( Dici
cH2O

rcH2O). (e) Concentration profiles of H3O+/OH� ions
and Na+/Cl� ions within the BPMs at EMem = 1.2 V. The coordinate x = 0 lm represents the BPMs junction.
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sity of H3O+ contributed by diffusion decreases from 550.2 to
43.5 mA cm�2, while that contributed by migration decreases from
328.3 to 109.6 mA cm�2. The CIMD alters the main transport mech-
anism of H3O+, shifting from diffusion dominated to migration
dominated. The ion concentration within the BPMs at EMem = 1.2 V
(reverse-bias mode) is plotted in Fig. 3(e) to further understand the
ion transport mechanisms. When the CIMD is totally suppressed,
the concentration of all ions is largely increased, leading to the rise
of the current contributed by both diffusion and migration
(Fig. 3d). The concentration gradients of H3O+/OH� and Na+/Cl�

ions inside the membrane show opposite directions, with the
diffusion-induced current direction of H3O+/OH� ions being consis-
tent with the overall current direction, but that of Na+/Cl� being
converse.

3.2. Suppression of CIMD to overcome limiting current density in acid-
base electrolytes

The polarization curves of BPMs in 1 M HCl/NaOH electrolyte
are plotted in Fig. 4(a). When CIMD is completely suppressed,
the current density of BPMs at EMem = 1.2 V increases from 269
to 736 mA cm�2, also indicating that suppressing CIMD can signif-
icantly improve the electrochemical performance of BPMs. The
current response in the reverse-bias mode is similar to that
observed in 1 M NaCl solution. However, in the forward-bias mode,
the BPMs present a current plateau with a limiting current density
observed at �91 mA cm�2. Fig. 4(b) illustrates the behavior that
arises from the variation of the partial current density of H3O+/
OH� ions. It is significantly different from the forward-bias mode
in NaCl solution, where the current is mainly contributed by Na+/
Cl� ions. As illustrated in Fig. 4(c), the CIMD induces a reduction
in the concentration of fixed charges within the BPMs, unlike the
forward-bias mode in NaCl solution with almost no loss of fixed
charges.

To explain the plateau of limiting current density in the
forward-bias mode, we plot the concentration distribution of
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H3O+/OH�/Na+/Cl� near the IL within BPMs (Fig. 4d and e). At
EMem = 0.6 V, the average concentration of OH� ions in the AEL is
0.23 M in the presence of CIMD and 3.55 M when the CIMD is
totally suppressed. Due to the water recombination process at
the IL, the concentration of OH� ions becomes lower near the IL.
To monitor the OH� ions that are crucial due to its slower diffusion
rate compared to H3O+ ions, OH� ions are more susceptible to mass
transfer limitations. When EMem = 0.3 V (within the platform
region), the concentration of H3O+ ions at the IL/CEL interface
and that of OH� ions at the IL/AEL interface are 2.6 � 10�4 and
1.3 � 10�8 M, respectively, indicating that OH� ions have entered
the mass transfer restricted region. Consequently, reactive OH�

ions, serving as the only base species susceptible to protonation,
are gradually depleted at the interface layer with decreasing volt-
age until the limiting current density is reached.

Toh et al. have previously posited, in their analysis of BPMs
electrolyzers containing weak acid/base, that the ionic blockage
enforced by inactive counter ions may contribute to the occurrence
of limiting current density [41]. However, our study demonstrates
that even in the absence of additional non-reactive anions, Cl� ions
from the outside of CEL can diffuse into the interface layer when
the CIMD occurs in AEL, leading to the accumulation of non-
reactive Cl� ions at the IL (Fig. 4d). The depletion of OH� ions at
the IL results in the ionic blockage of Cl� ions to maintain elec-
troneutrality. A place-exchange mechanism exists for the transport
of OH� ions, wherein OH� ions diffuse towards the interface
exchange sites with Cl� ions diffusing away from the interface,
ultimately forming a polarization curve independent of potential
(the plateau of limiting current density). As the EMem decreases fur-
ther, it disrupts the linear diffusion of OH� of the plateau region
(Fig. S8) that limits current density by strengthening the electromi-
gration effect, leading to a further increase of current density.
When the CIMD is totally suppressed, the concentration of OH�

at the interface layer remains relatively high, and thus the limited
current density cannot be observed. However, with the further
decrease of EMem, the accumulation of Cl� ions at the interface



Fig. 4. Effect of CIMD on the electrochemical performance of BPM in acid-base electrolytes (1 M HCl/NaOH) in the presence and suppression of CIMD. (a) Current-voltage
curves of BPMs for both reverse-bias (Current density > 0) and forward-bias (Current density < 0). (b) The voltage-response of partial current densities for each ionic species in
CEL and AEL at the voltage interval of reverse-bias below 0.6 V. (c) Fixed charge profiles within the BPMs at EMem = 0.3 V. Concentration profiles of (d) H3O+/OH� ions and (e)
Na+/Cl� ions within the BPMs at EMem = 0.3 and 0.6 V. The coordinate x = 0 lm represents the BPMs junction.

T. Yu, H. Tao, J. Li et al. Journal of Energy Chemistry 96 (2024) 387–395
layer also becomes evident gradually (Fig. 4e). It is speculated that
with the over-high absolute current density, the plateau of limiting
current density can still appear even though the CIMD is totally
suppressed. Therefore, the blockage of salt co-ions is the inherent
characteristic of BPMs, but the CIMD will accelerate the emergence
of this phenomenon.

3.3. Suppression of CIMD vs. electric field screening

The effect of neutral electrolyte concentration on the electro-
chemical performance of BPMs is further investigated in the
reverse-bias mode. As the interfacial field strength plotted at
low-voltage region in Fig. 5(a), the interface in 1 M NaCl exhibited
a lower field strength than that in 0.1 M NaCl, thus suppressing the
water dissociation. At high-voltage region, the electric field screen-
ing is also enhanced at high NaCl concentration, but more NaCl
ions inside the BPMs suppress the CIMD and thus maintain the
fixed charge concentration (Fig. 5b). Therefore, at the high-
voltage region (EMem = 1–1.5 V), BPMs exhibit a larger current den-
sity with a higher concentration of electrolyte, which is different
from that at low-voltage region of EMem = 0.6–1 V (Fig. 5c). When
the CIMD is totally suppressed, the water dissociation rate
decreases by 5.7 � 106 mol m�3 s�1 with the NaCl concentration
from 0.1 to 1 M (Fig. S9). Therefore, the salt co-ions at the IL can
reduce the water dissociation rate by partially screening the inter-
face electric field. But when the CIMD becomes serious at high volt-
ages, the salt counter-ions in CEL (Na+) and AEL (Cl�) can maintain
the fixed charge density of the BPMs to improve the performance
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of the BPMs, even at the cost of increasing the salt ion crossover.
Based on this conclusion, a possible practical approach has been
proposed to introduce additional salt counter-ions into the mem-
brane by running a high-concentration electrolyte before pure
water electrolysis or by alternating between electrolytes of differ-
ent concentrations. Furthermore, our findings can be extended to
specific areas of electrochemistry. For inorganic salt ion recovery
or acid-base production, ion selectivity is an important production
metric, and the crossover of salt ions may instead reduce produc-
tion efficiency [42]. But for the CO2 reduction process, the intro-
duction of salt ions not only inhibits CIMD, but also modulates
the local environment and pH to increase the faraday efficiency
of the reaction [43]. As for the aqueous acid-base redox flow bat-
teries, the introduction of salt ions in the AEL might be able to
modulate the pH near the anode to inhibit the generation of highly
oxidized substances that would oxidize the functional groups, such
as Br2 [8].

By contrast, in the forward-bias model, the current densities
corresponding to HCl/NaOH electrolytes of 0.1, 0.5, and 1 M are
�260, �176, and �91 mA cm�2 at EMem = 0.3 V, respectively
(Fig. 5d). The reduction can be attributed to the enhanced ion
blockage of salt co-ions at the interface layer, resulting from an
increased gradient of ions within the BPMs (Fig. S10), thereby
prompting BPMs to enter the plateau of limiting current density
and consequently diminishing its electrochemical performance.
In the absence of CIMD, increasing the HCl/NaOH concentration
leads to a reduction in the current density of BPMs, which is attrib-
uted to the electric field screening as discussed above.



Fig. 5. (a) The profiles of electric field strength at the interface layer of the BPMs at EMem = 0.8 V for different concentrations of NaCl in the presence of CIMD. (b) The profiles of
fixed charge concentration within the BPMs at EMem = 1.5 V for different concentrations of NaCl in the presence of CIMD. Current-voltage curves (c) in the reverse-bias mode
at different NaCl concentrations and (d) in the forward-bias mode at different HCl/NaOH concentrations with the presence and suppression of CIMD.
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3.4. Potential strategies for suppressing CIMD
As discussed above, increasing the concentration of salt
counter-ions in the BPMs is a potential strategy to suppress the
CIMD in the reverse-bias mode, but may result in the unfavorable
crossover of salt co-ions at the IL. Nikonenko et al. highlighted that
water splitting rate can be improved by matching the dissociation
constant of the functional groups in the CEL and AEL of BPMs [38].
The viewpoint emphasizes that optimizing the properties of func-
tional groups in BPMs to mitigate CIMD holds promise for enhanc-
ing the performance of BPMs. Accordingly, the data in Fig. 6(a and
b) illustrate that high Ka in CEL and high Kb in AEL are more favor-
able for suppressing the CIMD, where the equilibrium constant K is

defined as Ka ¼
CA� CH3O

þ
CAH

in CEL and Kb ¼ CBHþ COH�
CB

in AEL. The materi-

als of such membrane layers are usually strongly acidic or basic,
such as sulfonic acid groups, quaternary ammonium groups, or
quaternary pyridine groups, thereby maintaining the concentra-
tion of fixed charges within BPMs and improving their electro-
chemical performance.

The performance of BPMs can be enhanced by increasing the
transport rate of OH� ions within the AEL to overcome the limiting
current density in the forward-bias mode of BPMs at acid-base
conditions. However, as the polarization curve of BPMs at different
diffusion coefficients of OH� ions is presented in Fig. 6(c), it is
found that when the diffusion coefficient of OH� ions is doubled
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over the bulk diffusion coefficient (2DOH� ), the performance of
BPMs is decreased unexpectedly. It stems from the diffusion rate
of OH� ions surpassing that of H3O+ ions, potentially resulting in
H3O+ being limited by mass transfer. Ion selectivity in the AEL is
likewise considered, with selectivity represented by the percent-
age of partial current density carried by OH�. Fig. S11 demon-
strates that the effect of the OH� diffusion coefficient on ion
selectivity is consistent with its effect on current density, indicat-
ing that modulating the ion transport of OH� not only improves
the current density but also suppresses the co-ions leakage. Conse-
quently, optimizing BPMs performance under forward-bias neces-
sitates the efforts to achieve consistent transport rates of water co-
ions (H3O+ and OH�) within BPMs. In practice, enhancing the diffu-
sion coefficient of OH� in AEL often necessitates membrane modi-
fications. For instance, Wei et al. improved ion transport by
introducing host-guest interactions into AEM [44], and Yang
et al. constructed an efficient OH� transport channel inside the
AEM utilizing the self-aggregation advantage of phthalocyanine
[45]. However, these strategies may elevate the membrane costs.

From the above discussion, it can be seen that matching the
transport rates of water counter-ions (H3O+ and OH�) in the
forward-bias mode with acid-base solutions can significantly
increase the electrochemical performance of BPMs, and thus we
design a suitable asymmetric BPMs system to maintain the low
cost while improving the current density. Fig. 6(d–f) illustrates
the effect of membrane thickness, ion exchange capacity, and bulk



Fig. 6. Influence of equilibrium constants for the proton-transfer reaction between water molecules and functional groups on current density for (a) CEL and (b) AEL under
the reverse-bias mode in neutral electrolytes. Influence of the (c) diffusion rate of OH� ions on current density under the reverse-bias mode in acid-base electrolytes. Influence
of (d) ion exchange layer thickness, (e) ion exchange capacity, and (f) electrolyte concentration on current density in acid-base electrolytes for asymmetric BPMs design.
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electrolyte concentration on the current-voltage curves of BPMs.
Asymmetric BPMs have been developed to adjust the thickness
of AEL. Rathod et al. demonstrated that reducing AEL thickness
minimizes co-ion leakage and improves product recovery [46],
coinciding with the trend observed in Fig. 6(d). However, instead
of reducing the AEL thickness only, our model adjusts the relative
thicknesses of AEL and CEL to maintain the mechanical properties
and stability of the BPMs while keeping the total thickness of the
BPMs constant. Therefore, our findings suggest that further reduc-
ing AEL thickness to 40 lm significantly decreases the current den-
sity, potentially due to a shift in transport-limited ions from OH� to
H3O+. The addition of the ion exchange capacity (IEC) is also proved
to be effective, as demonstrated in Fig. 6(e). Increasing the IEC of
AEL increases current density, whereas enhancing the IEC of CEL
yields no significant change. However, it is important to note that
in practical production, increasing the IEC may escalate the pro-
duction expenses of the membrane. Thus, a judicious approach to
regulating the IEC ratio of AEL to CEL can enhance current density
while maintaining a low cost. Fig. 6(f) illustrates the influence of
asymmetric electrolytes on BPMs, and the combination of 1 M
NaOH and 0.1 M HCl exhibits the best performance, while that of
0.1 M NaOH and 1 M HCl shows the worst performance. Therefore,
we recommend using a combination of high-concentration bases
and low-concentration acids to improve the current density of
BPMs. The application of high alkali concentrations is desired to
increase the mass transport rate of OH� within the AEL, while
the low concentration of acid is applied to reduce the accessibility
of the salt ion (Cl�) to the interface of BPMs. It can be seen that
when 0.1 M HCl is employed, no significant limiting current den-
sity is present in the polarization curves, and as we discussed in
Section 3.2, the blockage of Cl� at the interface is an important
cause to the reduction of current density. Moreover, the pH change
of the paired electrolyte not only affects the performance of BPMs,
but also has an impact on the reaction kinetics and selectivity of
the electrode reactions, and thus the design of the next-
generation BPMs should be comprehensively considered in con-
junction with the electrode reactions.
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4. Conclusions

In this work, the CIMD-coupled PNP equations, which include
the proton-transfer reactions of fixed functional groups in BPMs
and the kinetics of interfacial water dissociation, are used to solve
the diffusion, migration, water transport, and reaction processes
of ions self-consistently for investigating the effect of CIMD on
the current-voltage curve of BPMs. The inhibition of CIMD on
the performance of BPMs originates from the alterations of local
environment in the CEL and AEL, including the interfacial electric
field and ion concentration distribution, which is induced by the
reduction of fixed charges at high current densities. In the
reverse-bias mode, when the salt co-ions enter the interfacial
layer, the space charge density and electric field are partially
screened, thereby reducing the rate of interfacial water dissocia-
tion and impeding the performance of BPMs. But at larger current
densities, the serious CIMD can be suppressed by the salt
counter-ions to enhance the current density through the BPMs.
Consequently, in the reverse-bias mode, enhancing the electro-
chemical performance of BPMs at industrial current densities
may be achieved by increasing the transport of salt counter-
ions. For specific electrochemical processes, the selection of elec-
trolytes must strike a balance between high membrane voltage
and salt ion crossover. In the forward-bias of BPMs at acid-base
conditions, a plateau of limiting current density is observed,
which is caused by the diffusion limitation of H3O+/OH�. It is pro-
ven that the ion blockage phenomenon that occurs in acid-base
solution systems is an inherent characteristic of BPMs. Finally,
potential strategies for suppressing CIMD are proposed for both
reverse-bias and forward-bias modes. Optimizing the properties
of fixed functional groups to maintain charge density is sug-
gested. In addition, matching the transport rate of water
counter-ions (H+ and OH�) to avoid mass-transfer limitations is
also an important approach to increase the current density of
BPMs. Our work provides a deep understanding of the CIMD in
BPMs, highlighting the importance of regulating ion crossover
transport in improving electrochemical performance of BPMs.
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