
UC Irvine
UC Irvine Previously Published Works

Title
Asymmetric Bipolar Membrane for High Current Density Electrodialysis Operation with 
Exceptional Stability

Permalink
https://escholarship.org/uc/item/93f328pw

Journal
ACS Energy Letters, 9(11)

ISSN
2380-8195

Authors
Lucas, Éowyn
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ABSTRACT: Bipolar membranes (BPMs) enable isolated acidic/alkaline
regions in electrochemical devices, facilitating optimized environments for
electrochemical separations and catalysis. For economic viability, BPMs
must attain stable, high current density operation with low overpotentials
in a freestanding configuration. We report an asymmetric, graphene oxide
(GrOx)-catalyzed BPM capable of freestanding electrodialysis operation at
1 A cm−2 with overpotentials <250 mV. Use of a thin anion-exchange layer
improves water transport while maintaining near unity Faradaic efficiency
for acid and base generation. Voltage stability exceeding 1100 h with an
average drift of 70 μV/h at 80 mA cm−2 and 100 h with an average drift of
−300 μV/h at 500 mA cm−2 and implementation in an electrodialysis stack
demonstrate real-world applicability. Continuum modeling reveals that
water dissociation in GrOx BPMs is both catalyzed and electric-field
enhanced, where low pKa moieties on GrOx enhance local electric fields and high pKa moieties serve as active sites for surface-
catalyzed water dissociation. These results establish commercially viable BPM electrodialysis and provide fundamental insight
to advance design of next-generation devices.

Electrochemical technologies designed for water elec-
trolysis,1−4 CO2 conversion,

5,6 and carbon removal6−9

are critical for making progress toward a sustainable
future.10−12 Bipolar membranes (BPMs) that demonstrate
stable, high current-density operation under reverse bias have
immense promise for implementation in such devices, due to
their ability to sustain separated acidic and alkaline environ-
ments in a single device. The ability to sustain gradients in pH
facilitates optimal cathode and anode environments for
electrocatalysis, capable of attaining high activity, selectivity,
and stability with earth-abundant elements.13−19 BPMs have
also shown promise when integrated in electrodialysis cells
used for pH-swing direct air capture (DAC),20−22 extraction of
dissolved inorganic carbon from oceanwater in direct ocean
capture (DOC), and ocean alkalinity enhancement.6,9,23

Techno-economic analysis has shown that the primary cost-
drivers of these systems are energy costs and membrane
replacement.24 Hence, stable operation at high current
densities (∼1 A cm−2) and low voltages (<1.5 V) is critical
to enable economical BPM electrolysis, electrodialysis, and
environmental remediation processes.25,26

BPMs are comprised of a cation exchange layer (CEL)
laminated to an anion-exchange layer (AEL) with a water
dissociation (WD) catalyst dispersed within the CEL-AEL
junction (i.e., the BPM catalyst layer (CL)).27 In the BPM CL,
protons and hydroxides from the CEL and AEL react to form
water, neutralizing mobile ions to generate a space−charge
depletion region of just a few nanometers, resulting in a strong
electric field on the order of 108 to 109 V m−1.28,29 Under
reverse bias, electric fields present in the BPM CL accelerate
WD via the Second Wien Effect and the presence of the
catalyst increases the rate of WD, potentially through further
screening of the electric field, or by providing alternative,
catalyzed pathways for WD.30 These combined effects generate
separated H+ and OH− and establish ionic currents that enable
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buildup of pH gradients across the BPM.31−34 Existing
commercial BPMs (e.g., Fumasep FBM, ASTOM BPM) are
limited to stable operation at current densities up to ∼100 mA
cm−2, as the rate of water transport through the BPM cannot
match that of WD at higher current densities.27,28,35

To address these challenges, substantial research has been
devoted to the development of BPMs capable of achieving high
current densities and low overpotentials in membrane
electrode assembly (MEA) systems for electrolysis and energy
conversion, where the mechanical pressure from the electrodes
directly contacting the BPM helps to maintain its mechanical
integrity.36−38 However, in the production of acid and base via
electrodialysis, critical to many applications such as wastewater
treatment, metal recovery, and direct ocean capture of CO2,
physical separation between the electrodes and the BPM is
required to facilitate the sustained generation of disparate
electrolyte environments.30 Unfortunately, BPMs capable of
operating without added mechanical compression (i.e., free-
standing BPMs) have not yet achieved the high current
densities and efficiencies demonstrated by BPMs in com-
pressed MEAs. Hence, there is great need for freestanding
BPMs capable of active, efficient, and stable operation.
To increase the achievable rates for freestanding BPMs,

recent efforts have improved performance by ameliorating
water transport limitations with thinner CELs or AELs that
increase water transport to the junction, achieving current
densities on the order of 1 A cm−2.17,39 However, these
asymmetric BPMs have not yet achieved the required metrics
for commercial feasibility, necessitating further research.
Additionally, to achieve industrially relevant rates of WD
with minimal applied voltage, BPMs must not only overcome
water transport limitations, but also increase the rate of WD at
a given applied potential. This objective can be achieved by

engineering the WD CL. A range of catalyst materials, such as
polymers, metal oxides, and buffer materials have been
examined experimentally for WD enhancement.27,38,40 Pre-
vious work predicts that the concentration of ionizable sites in
the CEL, AEL, and CL, along with the specific pKa values of
the catalyst sites, directly affects the rate of WD at the BPM
junction.27,28,38,41,42 Neither theory nor experiments, however,
have been able to determine explicitly which WD enhancement
pathway dominates, leaving open a critical area for further
investigation.27,43−45

Despite the substantial enhancements in polymer and
catalyst materials for improving water transport and enhancing
WD, freestanding BPMs suffer from a substantial lack of long-
term stability.27,28 Beyond voltage requirements for WD,
stability must be improved to mitigate membrane replacement
in BPM electrodialysis systems. Additionally, enhanced
adhesion between the AEL, CL, and CEL is necessary to
enable the freestanding operation required for electrodialysis.
Recent work has sought to address this challenge by creating
complex junction morphologies to improve catalytic surface
area and mechanical stability, however these complex
morphologies require additional chemical processing steps,
and few have been able to achieve low overpotentials at
industrially relevant current densities and stability.17,39,43,46 In
principle, an idealized freestanding BPM should integrate a
catalyst layer that exhibits high activity while simultaneously
providing robust mechanical integrity.
Herein, we report a BPM comprised of a Nafion 212 CEL

(∼50 μm), a thin PiperION A15R AEL (∼20 μm), and a
graphene oxide (GrOx) WD catalyst (layer thickness 200−
1000 nm) (Figure 1) that is stable at current densities up to 1
A cm−2 when tested under reverse bias in a custom-made, 5-
chamber electrodialysis flow cell (Figure S1). The BPM is easy

Figure 1. GrOx catalyzed, asymmetric BPM design. (A) Schematic of each layer of the BPM, indicating thickness and chemical structure. For
the GrOx CL, the sites (1, 2, and 3) that contribute to WD enhancement are labeled with their pKa values and the relevant WD enhancement
reactions. (B) SEM cross section of the BPM layers. The lighter region in the AEL is a mechanical support layer. (C) Picture of assembled
BPM.50
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to fabricate, due to intrinsic adhesion between a GrOx-coated
Nafion CEL and the Versogen AEL. We investigated the
voltage and overpotential at various current densities, optimal
catalyst loading, operation over extended periods (>60 h),
adhesion, the effect of increasing the CL active area, and
Faradaic Efficiency (FE) of the BPM. Applied voltage analysis
reveals that the BPM operates at just above the thermody-
namic minimum necessary for WD, with an incredibly low
overpotential of <250 mV at 1 A cm−2. This result indicates
that the GrOx catalyst increases the rate of WD at a given
applied potential, and that the choice of a thin AEL facilitates
achievement of high current densities by improving water
transport to the CL.
The reported BPM is capable of operation in a freestanding

flow environment for >1100 h at 80 mA cm−2, >100 h at 500
mA cm−2, and >60 h at 1 A cm−2. Moreover, the BPM can
achieve low overpotentials at high current density operation
even when integrated within a 6 cm2 active area electrodialysis
flow cell with saltwater conditions relevant to DOC. These
results indicate excellent mechanical stability, as well as
favorable layer adhesion at high current densities and low
overpotentials. In addition to analyzing the BPM experimen-
tally, continuum-level simulations were conducted to inves-
tigate the mechanisms of WD occurring over the GrOx
catalyst. The modeling revealed that WD in GrOx BPMs is
both electric-field enhanced and catalyst-surface-medi-
ated.47−49 Collectively, the experimental results and simu-
lations establish the industrial viability of the GrOx-catalyzed,

asymmetric BPM and provide insights into the mechanisms of
WD over oxide-based catalysts.
Figure 1 illustrates the layers and chemical structures of the

GrOx-catalyzed, asymmetric BPM, along with relevant WD
reaction pathways (Figure 1A), a cross-sectional SEM of the
BPM layers (Figure 1B), and a picture of the fully assembled
BPM (Figure 1C). Owing to its thin AEL and GrOx catalyst,
the BPM was designed to overcome water transport limitations
and enable operation at high current densities (≥500 mA
cm−2) in a freestanding environment, typically unattainable
with commercial, freestanding BPMs.46 Polarization curves for
the best performing GrOx catalyzed, asymmetric BPM
compared to the commercial Fumasep BPM, as tested in a
freestanding electrodialysis flow configuration, are presented in
Figure 2A. The GrOx catalyzed, asymmetric BPM out-
performed the commercially available Fumasep BPM in all
current density regions, where the performance of the
Fumasep BPM became significantly limited by either water
transport or WD kinetics at current density >300 mA cm−2.
Figure 2B demonstrates that the dominant contribution to
BPM voltage is the thermodynamic potential required for WD,
indicating that WD is occurring close to the thermodynamic
minimum. Remarkably, even at 1 A cm−2, the calculated
overpotential is <250 mV.
Total overpotential, defined as the sum of contributions due

to WD kinetics, membrane resistance, and solution resistance,
at 100, 500, and 1000 mA cm−2 were calculated for state-of-
the-art BPMs in literature.2,13,17,38−40,43,45,51 Thermodynamic

Figure 2. GrOx catalyzed, asymmetric BPM performance. (A) Polarization curves for the best performing BPM (225 μg cm−2 GrOx loading)
and the commercial Fumasep BPM, tested in a custom electrodialysis cell, compared to the thermodynamic potential for WD. (B) Sum of
voltage contributions due to WD potential, CEL ohmic losses, AEL ohmic losses, electrolyte ohmic losses, and WD kinetics compared to
measured performance of the BPM. Comparison of the (C) overpotentials at 100, 500, and 1000 mA cm−2 and (D) operation in hours at
various current densities for the best performing BPM to other reported freestanding BPMs (Table S1).2,13,17,38−40,43,45,46,51 In panels C and
D, various BPMs across the literature are compared, and the labeling of each bar or marker corresponds to the numbering in Table S1.
Details regarding the calculations of overpotential and stability are enumerated in the Supporting Information Section S2.
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WD potentials at 100, 500, and 1000 mA cm−2 were calculated
based on the testing environment described in each study
(Section S2) and are presented in Table S1. The calculated
total overpotentials were then compared to the GrOx
catalyzed, asymmetric BPM in Figure 2C. Compared to
other freestanding BPMs, the GrOx BPM demonstrates the
lowest overpotentials across all measured current densities, 126
mV at 100 mA cm−2, 144 mV at 500 mA cm−2, and 242 mV at
1 A cm−2 compared to other BPMs in the freestanding
configuration (Figure 2C).
The importance of the GrOx CL in obtaining low operating

overpotentials is demonstrated in Figure S6, in which
polarization curves of the asymmetric BPM with and without
GrOx are compared. The total overpotential for high current
density operation could be further reduced by making the CEL
layer thinner or by increasing the ion-exchange capacity of
both the CEL and AEL components. However, both changes
would lead to an increase in co-ion leakage through the BPM,
decreasing the efficiency for making acid and base.42

To achieve these impressive rates and efficiencies for BPM
WD, optimization and characterization of the catalyst loading
and morphology was performed, and an optimal mass loading
of 225 μg cm−2 was determined (Section S5). Above this
loading, electrochemical impedance spectroscopy capacitance
data shows the loss of catalytically active surface area,
potentially due to aggregation of the GrOx as confirmed by
atomic force microscopy and optical microscopy. Such catalyst
aggregation reduces available catalytically active sites and
worsens contact between the AEL and CL. At loadings below
the optimal value, the GrOx has not yet achieved complete

coverage on the CEL, again reducing available sites for surface-
mediated WD reactions.
Figure 2D compares the stability of the GrOx-catalyzed,

asymmetric BPM with those reported for other BPMs (see
Figure 3 for voltage vs time plots for the 3 stability points in
Figure 2D). The data represents time to BPM failure, or end of
reporting, at a specific current density. We note that most
studies of BPMs in electrodialysis operation do not report
stability data due to challenges associated with membrane
delamination.2,27,28

Our asymmetric BPM exhibits excellent voltage stability at
80 mA cm−2 of 1100 h, at 500 mA cm−2 of 100 h, and at 1 A
cm−2 of 60 h (Figure 3). The noise seen in the stability data is
due to the formation and eventual release of dissolved gas
bubbles on the surface of the BPM. In the measurements taken
for the I−V curve (Figure 2A), the bubbles did not have
sufficient time to build up and thus the voltage is lower. Work
by Eisaman et al. has shown that in ED systems with trace
amounts of carbon in the electrolyte in the form of dissolved
inorganic carbon impurities (e.g., (bi)carbonates), gaseous CO2
can be evolved on the surface of the BPM by pH-swing
degassing.52 Similar phenomena could also explain the bubbles
observed in this study, noting that CO2 degassing would be
enhanced by the high temperatures achieved by the BPM at
high current densities (our thermal modeling suggests a
temperature of 80 °C is reached at 1 A cm−2, see Section S6).
At this high temperature, CO2 is less soluble in the electrolyte,
and would degas at higher rates than at room temperature,
potentially explaining the observed bubbling in our experi-
ments. Future work is needed to examine in greater detail the
nature of bubble formation on BPM surfaces.

Figure 3. Voltage stability of the BPMs over time after stabilization at (A) 80 mA cm−2, (B) 500 mA cm−2, and (C) 1000 mA cm−2. Note that
it typically took approximately 1 h for formation and dispersion of bubbles to reach a steady state condition with minimal voltage
fluctuation.
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While many BPMs suffer from poor mechanical adhesion,
commonly associated with delamination of the AEL and
CEL,27,28 the Nafion CEL and PiperION AEL used in the
BPM presented in this work have excellent adhesion likely due
to observed strong electrostatic interactions. Furthermore, this
membrane pairing has proven to be mechanically and
chemically stable under reverse bias operation as well as in
acidic and basic environments.50,53−55 The addition of a WD
catalyst to the BPM junction is typically detrimental to
adhesion, necessitating the use of mechanical pressure during
operation.27,28 However, the stability observed for the
asymmetric BPM reveals that GrOx only minimally interferes
with the adhesion between Nafion and PiperION, and as
fabricated, the layer-to-layer adhesion is sufficient to facilitate
freestanding operation without the need for additional
mechanical support.
T-peel tests were performed to better understand the

adhesion between the CEL and AEL with and without a
catalyst layer (Figure S10). The pristine BPM sample showed
the strongest adhesion with the mean peel force being 0.071 N
mm−1. The graphene-oxide sample showed an order of
magnitude weaker adhesion which was measured to be
0.0072 N mm−1; however, we note that despite the decreased
adhesion the experimental results clearly indicate it is sufficient
for free-standing operation in the reported geometries. T-peel
tests were also performed on BPMs with a TiO2 catalyst, a
commonly used WD catalyst in state-of-the-art BPMs.13,38

Notably, the BPM fabricated with a TiO2 catalyst layer was no
longer adhered upon drying, thus the adhesion was so weak as
to be nonexistent making a T-peel test impossible. This is

illustrative of the unique freestanding capabilities of BPMs with
GrOx catalysts compared to typical metal-oxide WD catalysts.
This strong interfacial adhesion coupled with the high WD
activity of GrOx unlocks a multitude of previously untenable
BPM applications which require freestanding acid/base
generation with high energy-efficiency. The strong adhesion
can perhaps be attributed to interfacial van der Waals forces,56

hydrogen bonding interactions56,57 and other physiochemical
properties. The amphiphilic nature of graphene oxide57 could
increase the adhesion forces with similarly amphiphilic
ionomer membranes, as beneficial hydrophobic and hydro-
philic interactions likely increase the adhesion energy.
Alternatively, it is possible that the interfacial adhesion could
result from GrOx being sufficiently conductive to screen the
electrostatic interactions between the AEL and CEL, thus only
minimally disrupting the adhesive forces.
The strong layer-to-layer adhesion of the BPM, resulting

from the optimized combination of Nafion, PiperION, and
GrOx, enables the BPM to overcome the stability limitations
due to membrane delamination seen in many other
systems.27,28 The one stability challenge observed for the
BPM was delamination due to warping of the Nafion
membrane when the BPM was operated at 500 mA cm−2

and 1000 mA cm−2 for multiday stability tests. Operation at
these high current densities for an extended period led to
elevated temperatures (>40 °C) in the BPM (Section S6).
Thus, we theorize that the elevated temperature over time
causes the membranes to warp unevenly, delaminate at the
junction, and eventually fail (Section S3).

Figure 4. Faradaic efficiency for H+ and OH− vs (A) current density and (B) voltage for the best performing BPM (225 μg cm−2 GrOx
loading) (GrOx BPM). Faradaic efficiency of (C) H+ and (D) OH− for the GrOx BPM compared to a Fumasep commercial BPM tested in
the same environment.
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To show that the GrOx catalyzed, asymmetric BPM is
functional beyond the lab-scale (1 cm2) diagnostic electro-
dialysis cell, the BPM was scaled to have an active area of 6
cm2 (full size of the BPM = 35 cm2) and tested in an
electrodialysis cell stack (Figure S11A-B), analogous with
devices for industrial acid and base generation. Figure S11C
shows calculated voltage contributions at multiple current
densities for each layer of the cell stack compared to the
experimentally measured polarization curve for the BPM tested
in the cell stack.
In the operation of the one-cell BPM-ED stack, the total

stack voltage to achieve a current density of 200 mA cm−2 was
approximately 6 V, corresponding to a per-BPM voltage of 3 V.
This voltage requirement is quite large and will need to be
reduced for commercial application. Our applied voltage
analysis (Figure S11C) suggests that most of the voltage
losses arise not from the BPM, but rather from losses through
the ion exchange membranes in the repeating unit cell. Hence,
future work in scaling these BPM systems will require not only
optimization of the BPM, but also optimization of the reactor
itself and the components within it. Additionally, addressing
concentration polarization and uneven current distributions in
the BPM-ED cell at larger scales will be investigated in future
work. Furthermore, at larger membrane areas, beyond what is
demonstrated herein, mechanical reinforcement of the BPM
may be required to prevent buckling and delamination.
To demonstrate translatability of the developed BPM to

compressed MEA systems, an experiment was conducted to
assess the performance of the GrOx catalyzed, asymmetric

BPM for water electrolysis (Figure S51). The BPM performs
quite well in the reactor, achieving 1 A cm−2 of water
electrolysis at 2.5 V, on par with other recent demonstrations
of high-performance BPM water electrolyzers.37,58 We note
that these measurements were not 4-probe measurements, so
kinetic losses associated with the working electrodes may be
convoluted with the measured potentials. Future work should
seek to optimize GrOx BPMs and the reactors that contain
them for water electrolysis, potentially using solid-state 4-probe
measurements like those developed by Chen et al. to more
accurately isolate and evaluate the GrOx BPM performance in
this context.36

In addition to exhibiting scalability, low overpotentials, and
exceptional stability at high current densities, the GrOx-
catalyzed, asymmetric BPM exhibits excellent Faradaic
efficiencies (FEs, defined as the efficiency of the applied
electronic current to generate protons and hydroxides via WD)
for acid and base production at >200 mA cm−2 (Figure 4A).
Because of co-ion leakage through the thin AEL, FEs for H+

and OH− generation were low (∼80% and lower) at operating
current densities <200 mA cm−2 (or <0.8 V, Figure 4B).
However, at current densities of >200 mA cm−2 (>0.8 V), the
FEs for H+ and OH− generation were ∼95%. This indicates
that most of the current flowing through the cell is used to
generate acid and base, as desired for the use of a BPM for
DAC and DOC.
We note that the FE is low at lower current densities (<200

mA cm−2). This is due to the trade-off associated with thinning
the AEL. The thin AEL allows for the achievement of higher

Figure 5. (A) Experimental (markers) and simulated (solid lines) polarization curves for total current density (blue) and salt-ion crossover
(red). Salt crossover is calculated as described by Equation S86 in the Supporting Information. (B) Experimental (markers) and simulated
(lines) FE of H+ and OH− generation by the BPM in the catholyte and anolyte, respectively. (C) Concentration profiles of GrOx species at
the catalytic AEL|CL interface where the bulk of WD occurs for an operating current density of 100 mA cm−2. (D) Breakdown of WD
current density due to various WD pathways (see Figure 1A) integrated within the BPM CL. Orange area represents contribution to WD by
R1. Green area represents contribution to WD by R2. Blue area represents contribution to WD by R3. Gray area represents contribution to
WD by the intrinsic WD pathway.
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current densities by improving water transport to the CL, but
also enables greater crossover of co-ions from the external
electrolyte. Due to the emphasis in this study on high-current
density operation due to the techno-economic benefits of such
operation, we choose to adopt a thin AEL.59 However, for
operation at lower current densities, thicker AELs may be
necessary.
To elucidate the mechanism of WD within the BPM, as well

as the sensitivity of the BPM performance to CL properties, a
continuum-level model of the BPM was developed. The model
employs a continuum representation of mass conservation in
which the species fluxes were defined by the Poisson−Nernst−
Planck equations and homogeneous-phase bulk reactions in
the BPM domain (i.e., WD) were described by mass-action
chemical kinetics with electric-field enhancement (See Section
S7 for model physics). Using only three semiempirical fit
parameters (Table S7), the model properly predicts polar-
ization behavior of the GrOx catalyzed, asymmetric BPM, salt-
crossover current density, and FE for acid−base generation
(Figure 5A−B). The model was also able to define local pH
and electrostatic potential profiles within the BPM and CL
domains, demonstrating how the pH gradient within the BPM
develops as current density increases (Figure S35). Interest-
ingly, it can be observed that most of the pH and applied
potential gradient occurs at the AEL-CL interface, suggesting
that WD occurs primarily at this interface.
Analysis of the local electric field within the BPM CL reveals

that the maximum in the electric field at the AEL-CL interface
(Figure S39−40) coincides with the maximum rate of WD via
the Second Wien Effect (Figure S41−42). The local maximum
in electric field can be explained by examining the
concentration profiles of the GrOx functional groups within
the CL (Figure 5C and Figures S36−S38). Local generation of
OH− anions at the AEL-CL interface causes the most acidic
GrOx functional groups (i.e., carboxylic groups) to deproto-
nate rapidly, resulting in a large buildup of negative charge,
which, in turn, enhances the local electric field and accelerates
WD chemistry via the Second Wien Effect. This finding is
consistent with prior studies that suggest that the role of the
catalyst is to develop surface charges that enhance the electric
field and drive WD.34,41,60 Examination of alternative WD
pathways (Equations S40−S45, Figure 1A) shows that WD
occurs predominantly via the reaction of H2O with the least
acidic GrOx functional groups (i.e., phenolic groups) (Figure
5D and Figure S43). The occurrence of WD at substantial
rates by a catalyzed pathway has not been theoretically or
experimentally reported before, as most prior simulations of
WD observe that uncatalyzed WD is dominant, and that the
role of the catalyst is solely to assist in forming the electric
field.34,41,60 By contrast, these simulations show that the more
acidic carboxylate GrOx sites (type 1 and 2) serve to enhance
the electric field and the least acidic phenolic GrOx sites (type
3), still present in >2 M concentrations at 100 mA cm−2

(Figure 5C), provide surface-catalyzed paths for WD that are
faster than uncatalyzed WD in the bulk (Figure 5D).
Collectively, the model shows that WD over GrOx catalysts
is both electric-field and catalytically enhanced, because the
diversity of pKas across the surface sites on GrOx enables
differing functionality for these sites depending on their pKa.
To determine the extent to which the pKa of different acidic

groups in the CL affects the rate of WD, simulations of the
BPM were carried out in which all sites in the CL were set to a
single pKa value equal to that of one of the pKas associated

with phenolic and carboxylic groups in GrOx (i.e., either pKa =
4.3, 6.6, or 9.8). These single-site simulations (Figures S44−
S46) were found to be consistent with those reported by Lin et
al., who found that as the pKa of the catalyst decreases, its WD
performance improves because the acidic groups on the
catalyst dissociate more readily, thereby enhancing the electric
field and accelerating the rate-limiting step in WD.41 For low
pKa (4.3 or 6.6) functional groups, WD occurs primarily via
the electric-field-enhanced process, and catalyzed WD does not
occur to a significant extent because of the lack of neutral sites
at the AEL-CL interface (Figure S46).41,60 Conversely, for
higher pKa (9.8) functional groups, catalyzed WD becomes the
dominant reaction pathway, because the pKa is sufficiently
large to prevent full deprotonation. However, because there is
substantially less negative charge at the AEL-CL interface in
this case, the electric field, and thus the simulated rates of WD,
are significantly lower. Intriguingly, single-site simulations
demonstrate that a diversity of sites is necessary to enable the
observed performance, as none of the single-site simulations
performs as well as the base-case containing both −COOH
and −OH sites (Figure S46). This result underscores that the
coexistence of multiple sites on the GrOx facilitates the passage
of WD through a surface-mediated and field-enhanced
mechanism that occurs at an accelerated rate compared to
field-enhanced WD of bulk water. Finally, we highlight that the
dispersity of sites (e.g., the fraction of −COOH and −OH
sites) may change within the BPM junction environment.
Hence, we performed sensitivity analysis for interlayer GrOx
catalysts of arbitrary dispersity, demonstrating that the
proposed mechanism can reproduce experimental results
regardless of the distribution of sites present in the GrOx
CL, as long as those sites have sufficient diversity in their pKas
(Figures S47−S48).
In conclusion, this study reports the successful development

of a GrOx catalyzed, asymmetric BPM that overcomes water
transport limitations and operates in reverse bias at high
current density and low overpotentials, with high energy-
efficiencies for acid and base production. Evaluation of this
BPM for electrodialysis demonstrated stable freestanding
operation for 1100 h at 80 mA cm−2, >100 h at 500 mA
cm−2, and >60 h at 1 A cm−2. Additionally, at an applied
current density of 1 A cm−2, the BPM exhibits an overpotential
of only 242 mV and a FE for acid and base generation near
unity. Additionally, the combination of AEL, CEL, and catalyst
(PiperION, Nafion, and GrOx, respectively) chosen for the
BPM enables interfacial adhesion at the BPM junction, which
contributes to its long-term stability. Initial testing of the BPM
in an electrodialysis cell stack with a scaled active area of 6 cm2

also demonstrated high current density operation at low
voltage and suggests an opportunity to unlock a large
application-space that necessitates freestanding BPMs.
The performance of the BPM was optimized by varying the

loading of the GrOx catalyst, where insufficient loading
resulted in incomplete coverage of the GrOx, and excessive
loading led to the loss of active sites to catalyst aggregation.
Furthermore, continuum-level modeling of the BPM closely
matches the experimentally measured polarization curves and
FEs. These simulations revealed that high concentrations of
both low and high pKa deprotonation sites in the GrOx CL
enhance the electric field at the AEL-CL interface and provide
alternative, surface-mediated pathways for WD that are
accelerated compared to bulk WD. This analysis provides a
potential explanation for the exceptional performance of the
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GrOx catalyzed, asymmetric BPM. In summary, this work
demonstrates an efficient, freestanding BPM that can be readily
employed in a wide array of electrochemical technologies in
which operation with high current densities and low voltages is
desirable, and provides new fundamental insights into the
mechanisms of WD over oxide-based catalysts with well-
defined pKas.
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