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The balance of electric field and interfacial
catalysis in promoting water dissociation in
bipolar membranes†

Zhifei Yan,‡a Liang Zhu, ‡b Yuguang C. Li, a Ryszard J. Wycisk, c

Peter N. Pintauro, c Michael A. Hickner b and Thomas E. Mallouk *a

The lamination of a cation exchange layer (CEL) and an anion exchange layer (AEL) to form a hybrid

bipolar membrane (BPM) can have several unique advantages over conventional monopolar ion

exchange membranes in (photo-)electrolysis. Upon application of a reverse bias, the ordinarily slow

water dissociation reaction at the AEL/CEL junction of the BPM is dramatically accelerated by the large

electric field at the interface and by the presence of catalyst in the junction. Using electrochemical

impedance spectroscopy (EIS), we have found a counterbalanced role of the electric field and the

junction catalyst in accelerating water dissociation in a BPM. Experimental BPMs were prepared from a

crosslinked AEL and a Nafion CEL, with a graphite oxide (GO) catalyst deposited at the junction using

layer-by-layer (LBL) assembly. BPMs with an interfacial catalyst layer were found to have smaller electric

fields at the interface compared to samples with no added catalyst. A comprehensive numerical

simulation model showed that the damping of the electric field in BPMs with a catalyst layer is a result

of a higher water dissociation product (H+/OH�) flux, which neutralizes the net charge density of the

CEL and AEL. This conclusion is further substantiated by EIS studies of a high-performance 3D junction

BPM that shows a low electric field due to the facile catalytic generation and transport of H+ and OH�.

Numerical modeling of these effects in the BPM provides a prescription for designing membranes that

function at lower overpotential. The potential drop across the synthetic BPM was lower than that of a

commercial BPM by more than 200 mV at 4100 mA cm�2 reverse bias current density, with the two

membranes having similar long-term stability.

Broader context
Bipolar membranes (BPMs) have recently been shown to offer important advantages over conventional monopolar membranes in avoiding polarization losses
in (photo-)electrochemical water splitting and carbon dioxide reduction. The rate of water dissociation at the junction between the cation and anion exchange
layers (CEL and AEL) limits the energy efficiency of BPM-based electrolysis devices. This rate is dramatically increased by the high electric field and the presence
of catalysts in the junction region. Realizing high performance BPMs requires knowledge of the relative importance of and correlation between the electric field
and the catalyst in promoting water dissociation. Here a combined electrochemical impedance and simulation study reveals that the electric field across the
AEL/CEL interface is weakened by the H+/OH� flux from catalyzed water dissociation, which partially neutralizes the unbalanced fixed charges on the AEL and
CEL. The understanding gained from this study highlights the need to optimize the amount of catalyst in the AEL/CEL junction, as found empirically in
previous studies, and offers some basic principles for designing higher performance BPMs.

Introduction

Much of current (photo-)electrolysis research focuses on developing
efficient and cost-effective catalysts to lower the over-potential for
water splitting1–5 and CO2 reduction.6–15 Relatively little attention
has been paid to mass transfer management of reactants, ions and
products, the understanding of which is essential for a robust and
stable electrolysis system.16–18 Proton transport, in particular, is a
vital process in an electrolysis cell because cathodic electron transfer
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is accompanied by the consumption of protons, for example in
the hydrogen evolution reaction (HER) and in CO2 reduction.7,19

Membrane separators are typically incorporated into the electro-
lysis system to allow for selective passage of electrolyte ions and
the separation of the cathodic and anodic products.17,20 Mass
transfer in membrane separators can induce additional resistance
and can result in a transmembrane pH gradient, compromising the
energy efficiency of the system.21–23 Although commercial electro-
lyzers normally operate under strongly acidic or basic conditions to
minimize series resistance,24 pH neutral electrolytes are advanta-
geous for some oxygen evolution reaction (OER) catalysts that
contain only earth-abundant elements.16,20,21 Previous studies of
electrolytic cells with buffer-based electrolytes and commercial
anion- and cation exchange membranes (A/CEM) have suggested
that a 4300 mV pH gradient develops across conventional A/CEM
separators under DC polarization, which is only partially mitigated
by back diffusion if electroneutral buffers are used.20

Bipolar membranes (BPM) have been proposed as an alter-
native to the conventional A/CEM separators and have been
shown to circumvent many system-level challenges associated
with coupling earth-abundant catalyst materials and membrane
separators in electrolytic cells.25–36 BPMs composed of two
oppositely charged ion exchange layers are beneficial in several
respects. First, incorporating a BPM into the cell allows for the
separation of acidic and basic solutions in the cathode and
anode compartments, respectively, thus providing optimal pH
conditions for HER and oxygen evolution reaction (OER) catalysts.2,3

Second, under reverse bias, i.e., with the cation exchange layer (CEL)
facing the cathode, the water dissociation reaction that occurs in the
membrane replenishes the cathode and anode with H+ and OH�,
respectively, minimizing electrolyte adjustments.25,32 Finally, the pH
gradient at the BPM/electrolyte interface is mitigated due to the
predominance of H+/OH� species inside the CEL/AEL, which match
the principal charge carriers in the electrolyte. As a result, most of
the cross-membrane potential drop occurs at the CEL/AEL interface,
justifying the focus on tailoring the interfacial structure of the BPM
in much of the current research on this problem.37–40 A BPM with a
3D interfacial junction has recently been shown to enable water
electrolysis at a current density of 1 A cm�2 in 0.5 M Na2SO4

solution at membrane potential drop of 2 V.39 The incorporation of
different water dissociation catalysts into the interfacial layer
has also been intensively studied.37,38,40,41 At the interface, water
molecules dissociate into H+ and OH� ions, and that reaction is
critical to the overall performance of the BPM.

It is widely accepted that the large electric field created
under reverse bias and the catalyst in the interfacial region of
the BPM dramatically enhance the rate of water dissociation at the
AEL/CEL junction, but the relative importance and correlation of
these two factors remains unknown. Two effects, namely the
second Wien effect, in which an electric field increases the water
dissociation rate by orders of magnitude relative to its value in a
field-free solution, and a catalytic effect involving proton transfer
to a weak base, have been investigated in various models.42–48 By
making an analogy to a p–n junction, an abrupt junction model
considers the electric field according to absolute rate theory with the
field increasing the generation rate in the forward direction.42,46

Based on Onsanger’s weak electrolyte theorem and assuming that
water can be viewed as a weak electrolyte, the forward dissociation
rate constant is simplified to be an electric field-dependent
variable.49 Even though the abrupt junction model correctly
predicts the DC polarization behavior of the BPM and the
existence of one semicircle in the complex plane of impedance
spectra at high reverse bias current,42,43,50–53 it has been
speculated that an unrealistically high electric field would be
required if the field-enhanced effect were the sole mechanism
for water autodissociation.46 The treatment of catalyst’s role
follows the reasoning of Simons, where the catalyst participates
in the water dissociation reaction via a protonation–deprotonation
mechanism.43,44,46,47

In principle, a model that couples ionic transport, electro-
statics and the field-dependent water dissociation reaction
should represent the BPM system realistically and shed light
on the correlation between the electric field and the catalyst in
accelerating the water dissociation reaction. Unfortunately, unlike
its monopolar ion exchange membrane counterpart, an analytical
solution to equations of such complexity in the BPM system is not
available at this time. Attempts at numerical simulations of the
BPM have shown only certain aspects of BPM behaviour because of
the lack of one or more of the factors mentioned above.45 More
importantly, an experimental investigation of the roles of the
electric field and junction catalyst has been challenging due to
the coexisting nature of the two and the sensitivity of the water
dissociation reaction to the structure of the interfacial layer.

In the present study, we explore the correlation between the
electric field and the junction catalyst in promoting the water
dissociation reaction in BPMs. To systematically and controllably
adjust the interfacial structure, we prepared a lightly crosslinked
AEL with a flat surface54–56 and modified it with graphite oxide
(GO)32,37,57 as the catalyst using layer-by-layer (LBL) assembly,58

followed by deposition of a Nafion thin film from a solution in
dimethylformamide (DMF) as the CEL. BPMs with one layer and
four layers of GO as the junction catalyst were tested by using
electrochemical impedance spectroscopy (EIS) and compared
against a BPM without a GO catalyst. Interestingly, we observed
a counterbalanced role of the electric field and the catalyst in
promoting water dissociation. Incorporating the catalyst decreases
the electric field intensity across the BPM junction. A numerical
simulation model taking into account the ionic transport, electro-
statics and electric field-dependent dissociation reaction confirmed
our experimental findings. Furthermore, EIS measurements on a
BPM with a 3D junction substantiate the conclusions from the
numerical model. Finally, the as-prepared BPM shows a significantly
lower cross-membrane potential drop than a commercial BPM
at 4100 mA cm�2 current density and has comparable stability
over a 10 hour test.

Results and discussion
BPM fabrication from a crosslinked anion exchange membrane
by layer-by-layer assembly of graphite oxide

BPMs were prepared from a lightly crosslinked AEM and Nafion
dissolved in DMF and deposited at 120 1C as the CEL. The
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relatively high processing temperature and the DMF solvent
alleviate the rod-like aggregation that occurs in lower temperature
alcohol/water Nafion dispersions.59,60 GO layers were deposited as
the junction catalyst with poly-dialkyldimethylammonium (PDDA)
as the polycation using LBL assembly to allow for precise control
over the interfacial structure (Fig. 1). From cross-sectional SEM
images of the BPM, an AEL of about 100 mm and CEL of about
40 mm thickness can be clearly distinguished, whereas the GO
interfacial layer is too thin to be imaged by this technique.

Balance between the electric field and catalyst in enhancing
water dissociation

BPMs with one and four layers of GO were prepared by LBL
assembly. EIS measurements were performed while systematically
varying the reverse bias on the 1GO and 4GO BPMs and compared
with results from a BPM fabricated without catalyst as a control,
0GO BPM. EIS measurements were carried out in a four-electrode
cell (see Fig. S1, ESI†) in which current was applied through outer
Pt working and counter electrodes and the potential was measured
between Ag/AgCl (3 M NaCl) reference electrodes (RE) positioned
close to the faces of the BPM via Haber–Luggin capillaries. This
arrangement minimized the effects of solution resistance and
eliminated the overpotentials for the HER and OER, as well as

the electrode double-layer capacitance at the Pt working (WE) and
counter electrodes (CE) in the EIS measurements and the J–E
curves. An extra CEM was also incorporated between the WE and
one of the REs to prevent interference from electrolysis products
(Fig. S1, ESI†). An AEM was placed between the CE and the other
REs for the same reason.

A DC current was initially applied via the working and
counter electrodes to reach steady-state conditions, and EIS
data were then acquired by applying a small amplitude AC
signal. The typical Nyquist plots exhibit two semicircles in
which the lower frequency semicircle contracts with increasing
reverse bias (Fig. S2–S4, ESI†). An equivalent circuit developed
from the neutral layer model was used to fit all the experimental
spectra as we believe that (1) the incorporation of the GO
catalyst layer into the BPM can be better described by a model
that treats the BPM interfacial layer explicitly and (2) an abrupt
junction is unlikely to exist in BPMs prepared by the method
shown in Fig. 1.42,44,53 The overall impedance was then modeled
by the series connection of a Gerischer element, an Ohmic
resistor representing the membrane and bulk electrolyte, and a
block consisting of a resistor and a capacitor (Fig. S2, ESI†). A
detailed discussion of what each element represents physically
is found in the ESI.† The quality of the EIS fitting to the
equivalent circuit was confirmed by noting the parameter w2,
showing a value of B0.01 and B0.003 for the 4GO and 0GO
BPM (Fig. S3 and S4, ESI†), respectively.

Fig. 2a compares J–E curves of the BPMs under reverse bias
ranging from 0.6 V to 1.5 V. All BPMs had similar co-ion leakage
current density, which is below 0.5 mA cm�2, as indicated by
the flat portion of the J–E curve between 0.6 and 0.7 V. Above
0.75 V the current increases significantly as the dominant
current-carrying ions in the CEL and AEL become H+ and
OH�, respectively. The dissociation of water, reaction (1), has
a formal

H2O(l) = H+(aq) + OH�(aq) (1)

potential (at unit activity of H+ and OH�) of 0.83 V at room
temperature,37 close to observed onset bias. Beyond the onset
potential, the 4GO BPM has the lowest overpotential at a given
current density, followed by the 1GO BPM, which has much
higher current density than the 0GO BPM within the studied
reverse bias range.

The water dissociation rate constants, kd, of all BPMs
increase with increasing bias (Fig. 2b). This suggests that water
dissociation is enhanced by the electric field, irrespective of the
presence of a catalyst. To be specific, the 0GO and 1GO BPMs
show appreciable increases in kd at voltages between 0.8 to
0.9 V (Fig. 2b). In contrast, kd for the 4GO BPM is relatively large
at low reverse bias and increases with increasing voltage. Our
attempts to extract accurate values of kd at reverse bias potentials
41.1 V were not successful because the lower frequency semi-
circles in the EIS spectra become very small and noisy (Fig. S3
and S4, ESI†).

Fig. 2c shows the reaction resistance, Rw, as extracted from
the electric double layer (EDL) in the EIS equivalent circuit
(Fig. S2, ESI†). The BPMs fabricated from the AEL plus Nafion

Fig. 1 Schematic of the preparation of BPMs by LBL assembly, and a cross-
sectional scanning electron micrograph (SEM) image of the 4GO BPM. The
green and red lines span the CEL and AEL, respectively.
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share the same trend in Rw, i.e., that it decreases as voltage
increases and gradually converges to a plateau (Fig. 2c). The
flat portion of the curve corresponds to a quasi-equilibrium
region for the water dissociation reaction, where the forward
dissociation and backward neutralization reaction rates cancel
each other and are equal to the exchange current.44 Before
reaching the quasi-equilibrium region, the dissociation reaction
is largely suppressed because of the fast backward acid–base
neutralization reaction. An increase in reverse bias helps promote
the dissociation reaction, thus decreasing Rw. The 4GO BPM
exhibited the lowest Rw within the studied voltage range,
compared to the 0GO and 1GO BPMs, indicating that the
forward dissociation reaction is promoted more efficiently with
more added catalyst (Fig. 2c). The dependence of Rw on voltage
is much weaker for the 1GO/4GO BPMs, suggesting a lower
electric field in BPMs that contain catalyst layers. It is note-
worthy that the different reaction resistances, Rw, between these
synthetic BPMs cannot be simply attributed to the co-ion leakage
effect, since all BPMs had similar leakage current density (Fig. 2a),
but very different values of Rw.

In the neutral layer model, a reaction layer in which the
water dissociation reaction becomes prevalent and produces
nearly the total amount of H+ and OH� required for a given
current density is sandwiched by an EDL formed from the
unbalanced fixed charge density on the CEL and AEL sides.43,44

This unbalanced charge is a consequence of the depletion of
ions under reverse bias conditions, resulting in the formation

of a depletion region. The depletion layer thickness can be
calculated from eqn (2):

d ¼ e0erA
C

(2)

where e0 and er are respectively the vacuum electric permittivity
and the dielectric constant in the reaction layer (80 was taken
for pure water), and C and A are the capacitance and active
membrane area (1 cm2). The capacitance C was calculated
based on eqn (S7) and (S8) (ESI†). The values of the capacitance
and the depletion layer thickness as a function of reverse
current are recorded in Tables S1, S2 and S3 for 4GO, 1GO
and 0GO BPM, respectively (ESI†), along with other parameters
from the EIS fitting. The validity of calculating the depletion
layer thickness from EIS fitting scheme is further confirmed by
repeating the modeling process of the EIS spectra for the 0GO
BPM with a fixed (average) depletion thickness (other parameters
were allowed to float freely). The resulting w2 value of 0.03–0.6 was
much larger than those from the fitting where depletion layer
thickness was optimized, 0.001–0.003 (red vs. green lines, Fig. S4,
ESI†).

With the method outlined above, we obtained a depletion
layer thickness, d, on the scale of hundreds of nanometers for
the 0GO BPM and tens of nanometers for the 1GO and 4GO
BPMs (Fig. 2d). As shown in Fig. 2d, the depletion thickness d is
much smaller for the 1GO and 4GO BPMs than it is for the 0GO
BPM. The key findings from this analysis are the thinner

Fig. 2 (a) J–E curves of BPMs prepared by the LBL technique, in 0.5 M KNO3 at low reverse bias, which is also the bias range used in the EIS study. 0GO/
1GO/4GO BPM correspond to BPMs with zero/one/four layers of GO catalyst; (b) water dissociation rate constant kd measured from the Gerischer
element; (c) water dissociation reaction resistance Rw; inset shows an enlarged view at lower voltage; (d) depletion region thickness as a function of
reverse bias voltage. Error bars in (a) and (c) are shown for cases where they are larger than the plot symbols.
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depletion region and weaker dependence on electric potential
with increasing catalyst loading. This indicates that there is a
smaller electric field acting on the reaction layer in BPMs that
contain water dissociation catalysts, which will be evident from
the results of the numerical modeling below.

Insights from a numerical simulation model

To gain further insight into the experimental data, we constructed
a numerical model that takes into account ionic transport, electro-
statics, and the rates of the water dissociation/recombination
reactions.45,61,62 In order to fully address the characteristics of
BPMs, it is necessary to identify the mechanisms that participate
in the ionic transport of both the electrolyte and water dissociation
products under bias as well as the water dissociation/recombination
reaction. A large body of previous work devoted to the theoretical
understanding of various phenomena in ion exchange membranes
is based on the Nernst–Planck–Poisson equations (NPP), where the
Nernst–Planck equation (eqn (S9), ESI†) describes ionic transport
and maintains species continuity and the Poisson equation
describes the fixed charge and the ion permselectivity (eqn (S10),
ESI†).63–65 Incorporating the water dissociation reaction is achieved
by adding a flux term in the transport equation for H+ and OH�,
which also affects the whole system electrostatically by modifying
the bulk charge density. The reaction rate can be obtained from a
kinetic model for the dissociation and recombination of H+ and
OH�, with a forward rate constant that depends on the electric field

and a field-independent recombination rate constant (eqn (S11) and
(S12), ESI†).44,47 Two diffusion boundary layers were added at the
two faces of the BPM in order to better match the experimental
conditions, and this turns out to be important in modeling the BPM
under higher reverse bias.

The analysis of the model begins with predictions of the J–E
curve and potential distribution profile at equilibrium. Fig. 3a
shows the current density at a given reverse bias and its comparison
with experiment. The agreement of the overall current density
between experiment and simulation is satisfactory at low reverse
bias, whereas the deviation increases under higher bias. This
deviation could be caused by the static boundary conditions
employed in the model, which result in unrealistic concentration
profiles, as will be discussed below. The overall current density is
decomposed into the contributions from water dissociation
products H+/OH� and from supporting electrolyte K+/NO3

�. As
expected, the H+/OH� flux surpasses that of K+/NO3

� only after a
certain reverse bias threshold, 2 V (Fig. 3a), after which the water
dissociation reaction is enhanced dramatically by the electric
field according to the second Wien effect.42,49 It has been shown
that hysteresis develops in the J–E curve of BPMs that are subjected
to a time-periodic reverse voltage due to the incomplete depletion of
mobile ions at the junction, and the magnitude of the hysteresis
depends on the scan rate.61 The absence of hysteresis in the J–E
curve (Fig. 3a), is consistent with these observations as the current
model simulates the steady-state response. Under a reverse bias less

Fig. 3 Numerical simulations of a BPM with catalyst. (a) Simulated J–E curve of a BPM with catalyst, and comparison with experimental results. The
experimental J–V curve shown was obtained for 1GO BPM in 0.1 mM KNO3 in order to match the conditions of the simulation; also shown are the current
contributions from water dissociation products and from the electrolyte, KNO3; (b) potential distributions from the simulation; (c) concentration profiles
of the water dissociation products H+ and OH� in the BPM; (d) electrolyte KNO3 ion distributions. Insets in (b)–(d) are enlarged version of the AEL/CEL
junction region. The fixed charged density of the AEL/CEL in the simulation was set to 0.5 mM to speed up the convergence.
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than 5 V, more than 90% of the potential drop occurs across the
BPM junction (Fig. 3b). At larger reverse bias of 5 V, there is an
appreciable potential drop in the region of electrolyte close to the
boundary (Fig. 3b). We attribute this potential drop to the low
H+/OH� concentration at the two boundaries, which limits the
achievable H+/OH� flux under higher reverse bias (Fig. 3c). This
also gives rise to an underestimate of the H+/OH� contribution
to the overall current density as shown in Fig. 3a. Improvement of
the model may be possible by using dynamic boundary conditions.

Fig. 3c and d show the concentration profiles of H+/OH� and
K+/NO3

� at reverse biases of 0.3 V, 2.5 V and 5 V. These
concentration profiles were found to be representative of the
overall concentration distributions as the reverse bias varies
(Fig. S6, ESI†). At lower reverse bias, the supporting K+/NO3

� ions
are the major charge carriers inside both the BPM and diffusion
layers. In contrast, water dissociation products H+ and OH�

become the dominant ionic species under higher reverse bias,
expelling K+ and NO3

� from the bulk of the membrane and
accumulating in the diffusion boundary layers. The insets in
Fig. 3c and d illustrate the formation of a depletion region at the
AEL/CEL interface, the thickness of which increases with increasing
reverse bias.

In order to assess the effectiveness of the catalyst, results
from the model without the catalytic effect (Fig. S7, ESI†), were
compared with the BPM with catalyst, which enhances the
dissociation rate constant by two orders of magnitude (Fig. 3).
Lower current density is observed at a given reverse bias
compared with the BPM with catalyst (Fig. S7a, ESI†). As
expected, the H+/OH� flux is also smaller than that of the
BPM with catalyst due to the lower reaction rate constant. The
onset reverse bias at which the H+/OH� flux start to dominate

over that of K+/NO3
� is lower for the BPM with catalyst, i.e. 2 V

vs. 4.5 V. The potential and concentration distribution profiles
for BPMs with and without catalyst resemble each other.
Furthermore, to check the consistency of the model, results
for the BPM without catalyst were subjected to forward bias
conditions, as shown in Fig. S8 (ESI†). Current contributed from
H+/OH� flux is marginally small for the studied voltage range,
and the BPM shows typical Ohmic resistance (Fig. S8a, ESI†).
The predominant charge carriers in the BPM and diffusion
boundary layers are those from the supporting electrolyte at
all voltages (Fig. S8c and d, ESI†). One striking difference from
BPMs under reverse bias is the absence of the depletion region,
which is replaced by a smooth transition of one type of charge
carrier to another. These results are in good agreement with
recent theoretical reports on BPMs in fuel cell applications
where forward bias and the backward recombination reaction
are more relevant.62,66,67 Interestingly, most of the potential drop
under forward bias conditions happens across the diffusion layer
(Fig. S8b, ESI†), rather than at the AEL/CEL junction, due to the
high concentration of ions present.

Having established the validity of the numerical model, we
extracted the electric field intensity at the AEL/CEL interface
and calculated the depletion region thickness based on the
method outlined in Fig. S9 (ESI†). Fig. 4 compares the electric
field intensity and depletion layer thickness for BPMs with and
without catalyst. Consistent with the experimental observations
(Fig. 2d), a thinner depletion region is found for the BPM with
catalyst (Fig. 4d), leading to a smaller electric field across the
AEL/CEL interface (Fig. 4c). The difference can be understood
as a result of the counterbalanced roles of electric field
and catalyst in promoting water dissociation (Fig. 4a and b).

Fig. 4 Schematic drawings of (a) the depletion region for BPMs with and without catalyst and (b) an enlarged view of the junction region, showing the
higher H+/OH� flux in the BPM with catalyst. The black arrows indicate the higher electric field in the BPM without catalyst; the red/blue colors indicate
the positive/negative fixed charges in AEL/CEL, respectively. Simulated (c) electric field intensity at the AEL/CEL interface and (d) depletion region
thickness for BPMs with and without catalyst.
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Under reverse bias, mobile ions in the BPM are driven out so that a
depletion region forms due to the unbalanced fixed charge on the
CEL and AEL layers. The resulting electric field enhances water
dissociation and produces overwhelmingly a flux of H+ and OH�

ions towards the CEL and AEL of the BPM, respectively. As such, the
unbalanced fixed charge density is partially neutralized by the
respective counter ions, i.e. H+ for the CEL and OH� for the AEL,
hence shrinking the depletion region. Since the H+/OH� flux for the
BPM with catalyst is much larger than that without catalyst (Fig. S7a,
ESI†), a larger portion of the fixed charge is rebalanced (Fig. 4b),
causing the electric field across the reaction layer to decrease.

High H+/OH� flux achieved through a 3D junction

Pintauro et al. recently reported a novel type of BPM with a
diffuse 3D junction by combining single and dual polymer fiber
electrospinning.39 The BPM has been shown to sustain at 1 A cm�2

reverse-bias current density with less than 2 V of transmembrane
potential drop in 0.5 M Na2SO4. The low membrane impedance has
been attributed to the 3D extended junction region for the water
dissociation reaction. Fig. 5 shows an SEM image of the 3D junction
region with intertwined AEL and CEL fibers (Fig. 5a), a schematic of
the 3D BPM (Fig. 5b, left), and an enlarged schematic of the junction
region (Fig. 5b, middle and right). The intimate contact between the

Fig. 5 BPM with a 3D junction. (a) SEM image of the junction region, the scale bar corresponds to 20 mm; (b) (left): schematic of the 3D junction BPM,
with AEL (red), CEL (blue) and dual-fiber junctions. (middle): Enlarged view of the dual fiber junction. The mixture of AEL and CEL fibers in the junction
region provide pathways for H+ and OH� transport. Black arrows in the left and middle panels indicate the overall and local electric fields, respectively.
(right): Enlarged view of the AEL/CEL interface in the junction region, where water dissociates into H+ and OH� at the Al2O3 catalyst; (c) J–E curves of 3D
junction and 4GO BPM in 0.5 M KNO3 at lower reverse bias; (d) water dissociation rate constant kd; (e) water dissociation reaction resistance Rw;
(f) depletion region thickness d as a function of reverse bias voltage.
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AEL/CEL fibers enabled by DMF vapor treatment and hot pressing
in the junction provides multiple transport pathways for water
dissociation products H+ and OH� and greatly facilitates their
removal from the junction region (Fig. 5b, middle). Consequently,
a large H+/OH� flux and faster water dissociation are expected in
the 3D junction of the BPM, which was experimentally confirmed
below. As shown above, a large ion flux from water dissociation
should compensate for the unbalanced fixed charge in the AEL
and CEL and decrease the electric field across the junction region.
In addition, unlike in the planar junction BPM, in which the
electric field is applied perpendicular to the depletion layer plane,
the 3D junctions span a range of angles to the membrane plane, as
evidenced in the SEM image of the junction (Fig. 5a). This effect
lowers the local electric field across the dispersed AEL/CEL fiber
interface and thus further reduces the overall electric field (Fig. 5b,
left and middle).

Developing an accurate model for the 3D BPM is challenging
due to the interpenetrating structure within the junction region.
However, the same neutral layer model was taken to interpret
the EIS data in the 3D BPM. On the one hand, the basic working
principle of the 3D junction BPM is the same as that of the 2D
BPM (Fig. 5b). It is the intimate local contact between the AEL
and CEL that distinguishes the 3D interface from its 2D counter-
part. However, the neutral layer model does not take into
account the microstructure of the reaction region.44 On the
other hand, the EIS spectra collected for 3D junction BPM do
resemble its 2D counterpart, Fig. S5 (ESI†), except for the
detailed shape at higher frequency region.

Under steady-state galvanostatic polarization, the 3D junction
BPM exhibits a similar co-ion leakage current as the 4GO BPM at
lower reverse bias in a pH neutral electrolyte (Fig. 5c). The 3D
junction BPM shows a nearly constant kd up to a reverse bias of
B0.9 V (Fig. 5d). It is noteworthy that the observed lower over-
potential of the 3D junction BPM does not stem from catalysis of
the water dissociation reaction because the 4GO BPM exhibits a
relatively larger rate constant kd. In stark contrast to the 4GO
BPM, the reaction resistance, Rw, for the 3D junction BPM does
not show obvious convergence to a plateau but rather remains
almost constant, and is much smaller within the studied voltage

range (Fig. 5e). The lower reaction resistance for the 3D junction
BPM is attributed to facilitated water dissociation made possible
by the rapid removal of H+/OH� through the interpenetrating
AEL/CEL fibers, which results in a larger H+/OH� flux in the
junction region relative to flat interface BPMs. The independence
of Rw on the transmembrane voltage indicates a small electric
field in the 3D junction BPM as a result of the large H+/OH� flux.
The smaller electric field is also verified by the thinner depletion
thickness d compared with that of the 4GO BPM (Fig. 5f).

Finally, it is tempting to consider carrying out EIS measurements
of the BPMs under normal operating conditions as in Fig. 6, i.e. with
acid and base in the cathode and anode compartments, respectively,
in order to correlate the water autodissociation kinetics with cell
performance under practically relevant conditions. For the purpose
of studying the mechanism of water autodissociation and the effects
of electric field and catalysis, the pH neutral electrolyte allows us to
monitor the gradual formation of the depletion region and the
resulting electric field. This was found to be difficult with
asymmetric electrolytes, as shown in Fig. S10 (ESI†).

Performance comparison of BPMs at high reverse bias

Fig. 6a compares BPMs with no GO/four layers of GO (0GO/4GO
BPM), and the 3D junction BPM with a commercial Fumatech
BPM in terms of the potential drop across the membrane at a
given reverse bias current density. At low current density, the
cross-membrane potential is similar for all membranes except the
0GO BPM, whereas at current densities greater than 100 mA cm�2,
the 4GO and 3D junction BPMs show significantly lower potential
drop than the Fumatech BPM. The characteristics of the BPM
current density–voltage (J–E) curve have been thoroughly discussed
in the literature.37,40 Galvanostatic measurements at a reverse-bias
current density of 100 mA cm�2 were performed and the results
(Fig. 6b) suggest that both membranes were stable for at least 10
hours of continuous operation. The moderate increase in the
cross-membrane potential for the 4GO BPM may be associated
with degradation of GO in the interfacial layer during operation.

Compared with the BPM with no catalyst, 0GO BPM, the
cross-membrane potential of the 4GO BPM is much lower at all
studied reverse bias values (Fig. 6a) due to the smaller water

Fig. 6 (a) J–E curves of BPMs, measured with 0.5 M HCl and 0.5 M KOH in the cathodic and anodic chambers, respectively; (b) steady-state
performance of BPMs, measured under reverse bias of 100 mA cm�2; the dip in 4GO BPM is due to the removal of bubbles.
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dissociation reaction resistance, Rw, of the latter (Fig. 2c). The
depletion layer thickness and thus the electric field in the 0GO
BPM are larger than those of the BPM with catalyst, 4GO BPM,
and show a clear dependence of increasing as the reverse bias
increases (Fig. 2d). For the 0GO BPM, a wider depletion region
gives rise to a stronger electric field, which promotes water
dissociation to a larger extent so that the produced H+/OH� flux
matches the higher current density at an increased reverse bias.
However, for the 4GO BPM, the catalyst provides an alternative
means of enhancing the rate of water dissociation. As such, the
depletion region and electric field do not need to be as enlarged
in order to achieve the same current density.

Similarly, the electric field in the 3D junction BPM is also
shown to be small (Fig. 5f). Two origins for the small electric field in
the 3D junction BPM are: (1) the large H+/OH� flux due to the facile
transport of the charged species because of the interpenetrating
AEL/CEL dual fiber structure, compared to the incorporation of an
effective catalyst as considered in the 4GO BPM and (2) the wide
range of angles spanned by the AEL/CEL interfaces with respect to
the overall electric field. Because of this effect, improving the
membrane fabrication process so that the AEL/CEL interfaces are
more perpendicular to the membrane plane would be expected to
impart a larger role to the electric field in 3D junction BPMs.

Conclusion

In summary, BPMs were prepared from a crosslinked AEL and
Nafion CEL with a GO catalyst deposited in between by LBL
assembly, allowing for precise control of the interfacial struc-
ture. By adjusting the GO catalyst layers, a balance between the
second Wien effect and the catalytic effect in promoting water
dissociation has been discovered. A comprehensive numerical
simulation model elucidated that the electric field enhancement
for water dissociation may be compromised by incorporating
catalysts into the BPM junction, as that produces a larger H+/OH�

flux that partially mitigates the net fixed charge on AEL and CEL
of the BPMs. This conclusion is further corroborated by testing a
3D junction BPM, which exhibits a large H+/OH� flux because of
facilitated ionic transport through the interpenetrating junction.
This quantification of the balancing role of electric field and
catalyst in promoting water dissociation implies a crucial rule of
the catalyst layer under higher reverse bias conditions and should
help guide the design of higher performance BPMs. In particular,
the diminished role of the second Wien effect at higher reverse
bias for BPMs with catalyst layers implies that for applications in
which high current density is desirable, increasing the effective-
ness of the catalysis is the best solution. For the 3D BPM,
modifying the fabrication procedure to orient the AEL/CEL
interface perpendicular to the membrane plane would enable
the electric field to play a larger role in accelerating water
dissociation.
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Model for Ac Impedance Spectra in Bipolar Membranes,
J. Phys. Chem., 1996, 100, 15555–15561.
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