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ABSTRACT: The use of forward-bias bipolar membranes (f-
BPM) in CO2 electrolyzers offers the advantage of avoiding costly
CO2 reactant loss. However, current f-BPM-based electrolyzers
require a high voltage and produce H2 at the expense of CO2
reduction products. In this work, we develop a direct membrane
deposition (DMD) approach that combines anion and cation
exchange membranes (AEM and CEM, respectively) to increase
transport and facilitate CO2 regeneration. The DMD approach
provides flexibility to tune the properties of the composite and
optimize the AEM:CEM ratio for low resistance and low H2
evolution. Compared to a standard f-BPM, the DMD approach
reduced the H2 Faradaic efficiency by 2-fold (25% vs 12%,
respectively), reduced mass transport resistance by over 50%,
decreased full-cell potential by 0.84 V, increased the selectivity
toward multicarbon products by over 2-fold (29% vs 65%, respectively), and achieved >17% in multicarbon product energy
efficiency at 300 mA cm−2.

The electrocatalytic conversion of CO2 to high-value,
large-market products and feedstocks using renewable
electricity offers a pathway to carbon neutrality.

Electrocatalytic systems based on the membrane electrode
assembly (MEA), or zero-gap, configuration offer stability and
scalability beyond that of flow cell and H-cell systems.1,2

However, CO2 reduction reaction (CO2RR) electrolyzers
require advances in product selectivity (Faradaic efficiency,
or FE), cell voltage, and single-pass conversion (SPC; the
fraction of input CO2 that is converted to CO2RR products).3,4

CO2RR electrolyzers commonly employ alkaline/neutral
electrolytes, as multicarbon products (C2+) are favored at high
pH. However, reactant CO2 is lost to (bi)carbonates under
these conditions; the CO2 crosses over to the anode in the
form of HCO3

− and CO3
2− ions via the anion exchange

membrane (AEM).5 To address this challenge, alternative
system configurations,6 such as bipolar membranes (BPM) in
forward-bias mode (f-BPM),7 have been recently employed.
When an AEM is placed facing the cathode, CO2 regeneration
can take place from the combination of (bi)carbonate ions and
protons (provided by a cation exchange membrane (CEM)).
The regenerated CO2 then diffuses back to the cathode
surface, where it can undergo further conversion into valuable
products, resulting in notable SPCs (>70%).7,8 However, these

systems encounter several challenges, including high H2
production (>20% FE), high cell potential (>4.3 V),7,8 or
low C2+ FE (<40%),9 when operating at industrially relevant
current densities (>200 mA cm−2).

In an f-BPM, CO2 regeneration occurs at the intersection of
AEM and CEM polymer chains (i.e., the active AEM|CEM
interface), at which (bi)carbonate ions from the cathode react
with protons from the anode to form CO2 and H2O. The
higher the rate of this regeneration reaction, the lower the rate
of proton crossover from the anode to the cathode due to
electromigration. Avoiding proton transport to the cathode
reduces the H2 evolution reaction (HER)10 that competes with
CO2RR. We postulated that the high H2 FE commonly
observed in f-BPM systems may arise due to voids that result
when an AEM material is sprayed onto the cathode and
sandwiched with a commercial standalone CEM (Figure
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1a,c)�the standard approach in CO2RR f-BPM electrolyzers.7

Although commercial BPMs have well-connected AEM and
CEM layers and can be operated in forward-bias mode,11,12

they are prone to blistering.7,8,11,13 Alternatively, when a
membrane layer is sprayed, the outermost membrane surface is
rougher than that of commercially produced membranes
(Figure S1).14,15 In the presence of electrolyte, membranes can
also experience swelling,16 leading to additional stress at the
membrane−membrane interface. Therefore, gaps between the
AEM and CEM are expected when an AEM is sprayed upon a
cathode and then assembled with a commercial CEM. The
result is a low AEM|CEM interfacial area (Figure 1c) with
greater potential for mechanical and electrochemical perform-
ance loss via blistering and reduced ion exchange. In addition,
achieving CO2 regeneration and preventing proton crossover
to the cathode require the proton flux from the anode to be
balanced with (bi)carbonate flux from the cathode at the AEM|
CEM interface. We reasoned that controlling the AEM|CEM
interface is crucial for achieving efficient CO2 regeneration in
an f-BPM and that a well-connected interface would result if
the CEM material infiltrated the AEM, creating a conformal
interface and a monolithic composite membrane (Figure 1b,d).

In this work, we develop a direct membrane deposition
(DMD) approach to fabricate a monolithic AEM|CEM
membrane composite structure within a CO2RR MEA
electrolyzer. The DMD approach creates a seamless and
continuous interface between the AEM and CEM, provides
access to ion and gas transport domains, and can thereby
exceed the performance achieved with commercial membranes
of fixed structure and thickness. We find that a conformal
AEM|CEM interface increases ion mass transport by up to
58%, enabling efficient CO2 regeneration without blistering. By
customizing the AEM and CEM membrane thicknesses, we
obtain a C2+ FE of 65% and a H2 FE of 12% at 300 mA cm−2.
We also demonstrate an SPC of 69% at 300 mA cm−2 with
42% C2+ selectivity, enabling an over 2-fold increase in partial
current density performance over best prior existing carbon-
efficient f-BPM CO2RR MEA electrolyzers at the highest
reported SPC.

We first prepared the cathode by sputtering 200 nm of a
copper catalyst on a porous polytetrafluoroethylene gas
diffusion layer. We started by employing a commercial
standalone AEM in the electrolyzer. The AEM facilitated
HCO3

− and CO3
2− anion migration to the anode, where these

Figure 1. Theoretical understanding of bipolar membrane (BPM) systems with different interfaces operating in the forward-bias mode. (a) A
control system schematic in which the anion exchange membrane (AEM) is sprayed onto the cathode, and a commercial cation exchange
membrane (CEM) is used. This system suffers from H2 evolution. (b) A direct membrane deposition (DMD) system schematic in which the
AEM is sprayed onto the cathode and the CEM is sprayed onto the AEM. Not to scale (each drawn layer width is increased/decreased for
clarity). Enlarged view of the contact between AEM and CEM, resulting in different levels of AEM|CEM interface “activity” in (c) the control
system and in (d) the DMD system.
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anions oxidize and form CO2.
17 The result is high CO2

crossover (up to 70%),7 evidenced by the low percentage of
CO2 detected at the cathode outlet (∼6% CO2) despite high
HER (i.e., low CO2 conversion is expected with 61% H2 FE at
300 mA cm−2; Figure S2). When a standalone commercial
CEM is employed as the sole membrane, high H2 evolution is
obtained (Figure S2), a result attributed to the high

concentration of protons at the cathode surface.18 A thicker
CEM can result in nearly 100% H2 FE.7 To mitigate the issues
of CO2 crossover and high proton concentration, we
investigated an f-BPM for its potential to decrease H2
production (by creating alkaline conditions at the cathode
surface) and maintain low CO2 crossover to the anode (via the
combination of HCO3

− and CO3
2− ions with protons at the

Figure 2. Direct membrane deposition (DMD) performance and characterization. (a) Ethylene and H2 FEs of asymmetric 2 mg cm−2 BPMs
in DMD systems. (b) pH simulation at increasing AEM thickness, 1 μm interface layer (IL), and 10 μm CEM. The inset represents an
enlarged view of the catalyst layer. The simulation assumed operation at 100 mA cm−2 with an 85% CO2RR FE and 15% H2 FE. (c)
Performance of a 1:1 AEM:CEM (2 mg cm−2 BPM) DMD system under different deposition conditions. Details are given in Figure S11. (d)
Scanning electron microscopy (SEM) image of a 1:1 AEM:CEM (2 mg cm−2 BPM) DMD sample. (e) Energy dispersive X-ray (EDX) line
scan obtained over a cross-section of the sample (shown as a dashed line in the SEM image). All samples were prepared using automatic
spray coating unless otherwise specified. (f) Confocal microscopy image of a 1:1 AEM:CEM (1 mg cm−2 BPM) DMD sample prepared using
manual air brushing. Half the typical 2 mg cm−2 BPM loading was used to prepare this sample to allow for light penetration during confocal
microscopy.
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AEM|CEM interface). The f-BPM was constructed via the
DMD approach by spray coating, onto the cathode, the AEM
and then the CEM (see the Supporting Information and Figure
S3 for more details). The non-DMD control case f-BPM
comprised an AEM sprayed on the copper cathode with a
commercial CEM placed on top.7 Automated spray coating
was used for both the DMD and control case BPMs, unless
otherwise noted. In all cases, a commercial IrO2 on Ti felt
anode completed the assembly, and deionized water (unless
otherwise specified) was employed as the anolyte.

The fully deposited BPM system was compared to an
otherwise similar control system (which uses a commercial
CEM) to study the effect of interface conformity on the
performance of the CO2 electrolyzer. We first prepared BPMs
with membrane thicknesses similar to those in the control
system. The control system comprised of 1 mg cm−2 of AEM
and a commercially available nonreinforced CEM (N211, 25
μm).19 While a reinforced membrane could provide greater
mechanical strength, a lack of adhesion between ionic and
reinforcing materials can result in mechanical breakdown and
reduced ionic selectivity.20 In addition, the relative amount of
ion exchange material and reinforcing agent is not readily
apparent in commercial reinforced membranes. Therefore, all
membranes used in this work were fabricated without
reinforcing materials. Scanning electron microscopy (SEM)
showed roughly 6−8 μm for 1 mg cm−2 of membrane (Figure
S1). The DMD system was fabricated with 1 mg cm−2 of AEM
and 4 mg cm−2 of CEM (1:4 AEM:CEM; i.e., 30−40 μm total
BPM thickness). Electrochemical testing showed less H2 FE in
the DMD system compared to that in the control system
across the range of applied current densities (Figure S4). Since
the major difference between these two systems is the sprayed
vs separate nature of the CEM, the performance improvement
is attributed to the conformity of the sprayed CEM on the
rough AEM surface, leading to the improved pathways for
protons and (bi)carbonate ions (Figure 1c,d).

The DMD approach further enables customization of the
ratio of AEM to CEM within the BPM.21 Commercial CEMs
are limited to set ≥5 μm thicknesses that enable them to be
handled individually.22 Here, DMD was employed to access
thin CEMs. Using a DMD system with 1 mg cm−2 of AEM and
1 mg cm−2 of CEM (1:1 AEM:CEM with 2 mg cm−2 BPM),
we found a thinner CEM led to a reduction in H2, CO, and
formate FEs and an increase in C2+ FE, compared to the 1:4
AEM:CEM (5 mg cm−2 BPM) DMD system (Figure S5).
Similar trends were observed by varying the AEM:CEM ratio
in a 2 mg cm−2 BPM DMD system (Figure 2a and Figure S6).
COMSOL simulation was employed to screen different
AEM:CEM ratios and analyze the CO2RR operation (see the
Supporting Information, Figure S7, and Tables S1 and S2 for
details). A higher AEM:CEM ratio led to higher pH and CO2
availability in the cathode catalyst layer (Figure 2b and Figure
S8)�a result we ascribe to a balance achieved via reduced
proton crossover (Figure S9) and increased (bi)carbonate ion
transport.12,13,23,24 Therefore, a higher AEM:CEM ratio leads
to a lower H2 FE and higher C2+ product formation (enabled
by the higher alkalinity) (Figure 2a). However, a threshold in
performance was observed, where a high AEM:CEM ratio
(4:1) led to the formation of H2 at the expense of CO2RR
products (Figure S6). At this extreme ratio, the membrane
transitions to being almost entirely composed of AEM. We
tested the CO2RR in an AEM-only DMD system with a neutral
pH electrolyte (0.1 M KHCO3). The observed gas FEs for this

setup (Figure S10) were similar to those obtained in the 4:1
AEM:CEM ratio DMD system (Figure S6). The full-cell
potential for the AEM-only DMD system was also higher than
that of the control system employing a standalone AEM.
Although the infiltration of AEM into the catalyst layer pores
in the DMD system could be expected to enhance ionic
conductivity in the catalyst layer and decrease interfacial losses,
it seems that it hindered the CO2 gas to liquid phase transport
in the coated portion of the catalyst layer.15,25 Therefore,
decreased ethylene production and increased HER values are
observed at high current densities in this system.

We noticed that the BPM preparation conditions were
crucial to the DMD system performance (Figure 2c and Figure
S11). Using manual air brushing to spray the membranes
resulted in high HER with increasing current density (>26% at
>240 mA cm−2), while using an automatic spray coater
resulted in lower H2 FE, in the range of ∼10−12%. The
ethylene peak also changed from 150 to 300 mA cm−2 for
manual air brushing vs automatic spray coating, respectively.
Through measuring the thickness distribution over a ∼2 mm
length of the automatic spray coated membrane (Figure S12),
the total BPM thickness was found to be 17.1 ± 0.2 μm
(s.e.m.). In electrochemical testing, we found this thickness to
be optimal in terms of the product FE and full-cell potential.
Thicker BPMs elongate the distance between the AEM|CEM
interface and the cathode, which limits the transport of
regenerated CO2 to the cathode and entails a higher full-cell
potential due to the increased membrane resistance (Figure
S13). The longer diffusion distance for dissolved CO2 in
thicker membranes causes an exacerbated HER, especially with
increasing current density. Thinner BPMs (e.g., total thickness
of <12 μm) were found to cause short-circuiting. The manually
air brushed membrane showed ∼6.6 μm in total thickness
(Figure S14). The difference in membrane thickness obtained
through automatic spray coating and manual air brushing
indicates that the deposition method can affect the final
membrane density and free volume.26 A less dense membrane
has more connected hydrophilic domains that enable higher
ion diffusion and conductivity (Figure S14),26 which could
explain the lower full-cell potential observed for the automatic
spray coated membrane (Figure 2c). Fourier transform
infrared (FTIR) spectroscopy showed no change in CEM
structure between automatically spray coated and manually air
brushed membranes (Figure S15).

The conditions of the automatic spray coating were also
observed to affect performance. During automatic spray
coating at room temperature, the AEM dried instantly, even
as more layers were sprayed. However, the CEM took longer
to dry, forming a wet surface over the AEM as more layers
were sprayed. To examine the effect of membrane conformity,
we increased the rate of solvent evaporation during CEM
spraying. Faster drying of the CEM resulted in an elevated full-
cell potential during electrochemical testing (Figure 2c) and
shifted the gas FE distribution toward a higher proportion of
CO (Figure S11). These experiments implied that the AEM|
CEM interface is better interlinked when the samples are
sprayed and dried slowly at room temperature, ensuring that
the wet CEM infiltrates the voids at the top of the AEM
surface. The morphology and porosity of the sprayed
membranes have been previously reported to be impacted by
solvent selection and drying temperature.26−28 We hypothe-
sized that the microscale integration of the polymers in the
interface layer (through phase segregation, interface thickness,
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and morphology) also impacts ion and mass transport and
overall BPM performance.12

We employed SEM to assess the AEM|CEM interface. The
CEM was observed to fill the corrugated surface of the AEM,
resulting in a conformal geometry between the two membranes
(Figure 2d). We used energy dispersive X-ray (EDX)
spectroscopy to investigate the elemental composition of the
membranes (Figure 2e). EDX showed regions of Si and F
signals in the BPM, corresponding to the AEM and CEM
materials, respectively. Wet silicon carbide paper, which forms
silanol groups in water, was used to polish the samples before
imaging. Upon dissociation, silanol groups form SiO−.29 The
observed Si signal can thus be attributed to negatively charged
SiO− ions that adhered to the positively charged backbone of
the AEM during sample polishing. The EDX line scan shows
continuous Si and F signals, suggesting the possibility of
interlinked AEM and CEM polymer chains. However, due to

the resolution limitations of the EDX scan, it was only possible
to confirm that the AEM|CEM interface is conformal. To
investigate further, confocal microscopy was employed, and the
AEM and CEM were stained with colored dyes. This approach
evidenced the interlinking of AEM and CEM structures
(Figure 2f, Figure S16, and SI Video 1).

To evaluate the benefit of a conformal AEM|CEM interface,
we compared the performance of the 1:1 AEM:CEM (2 mg
cm−2 BPM) DMD system to that of the control system over a
range of current densities. The DMD system demonstrated
consistently low H2 FE (Figure 3a,b). At high current density
(300 mA cm−2), the DMD system achieved a peak FE of 33%
C2H4, 26% ethanol, and 12% H2, compared to 22%, 4%, and
25%, respectively, in the control system. The lower H2 FE in
the DMD system indicates that fewer protons were able to
reach the catalyst surface and participate in the HER than in
the control case, while the improved C2+ FE could indicate

Figure 3. Performance comparison between the control and the 1:1 AEM:CEM (2 mg cm−2 BPM) DMD system at varying current densities.
Faradaic efficiency obtained from (a) the control and (b) the DMD system. (c) Comparison of the obtained full-cell potential between the
control and DMD systems. (d) Comparison of the polarization resistance (Rp) between the control and DMD systems obtained through
electrochemical impedance spectroscopy (EIS) at varying current densities. The inset shows an example of a Nyquist plot in which Rp is
calculated by subtracting the high-frequency intercept (RHFI) from the low-frequency intercept (RLFI). The equivalent circuit model used in
fitting the experimental EIS data is also shown. The data are the mean of three experiments using identical samples. The connected error
bars represent the standard error. All samples were prepared using automatic spray coating.
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higher CO2 availability and higher local pH conditions. We
also investigated the performance of another control setup
(herein called Control 2) in which the AEM is directly sprayed
onto a commercial CEM (N211). Control 2 showed high H2
FE and poor ethylene FE (<8%) over current density (Figure
S17). Blistering was also observed after electrochemical testing.
The nonsprayed nature of the CEM in Control 2 likely has
lower free volume between the polymer chains than a sprayed
CEM, which can lead to the entrapment of regenerated CO2
and H2O at the AEM|CEM interface. Therefore, the fully
sprayed membranes in the DMD system are expected to
facilitate ion and water transport and enable enhanced
performance compared with the membrane configurations
used in the tested controls.

Over the range of applied current densities, the DMD
system exhibited lower operating full-cell potential than in the
control system (e.g., 4.67 and 5.51 V, respectively, or 0.84 V
less than the control system, at 300 mA cm−2; Figure 3c). In
both systems, the anolyte pH at the end of electrolysis was
similar (Figure S18), indicating a negligible contribution of the
Nernst pH overpotential to the observed differences in full-cell
potential. To better understand the root cause of the lower full-
cell potential in the DMD case, electrochemical impedance

spectroscopy (EIS) was applied during operation. The high-
frequency intercept resistance, or RHFI, associated with
electronic resistance, membrane Ohmic resistance, and contact
resistance,30 was found to be similar for the DMD and control
systems (Figure S19). Thus, the reduced full-cell potential
observed in the DMD system cannot be attributed to the
reduced total BPM thickness.31 Charge transfer resistance,
catalyst layer ionic resistance, and mass transport resistance
were interpreted from the polarization resistance, or Rp.

32 At
each applied current density, the DMD system showed a lower
Rp than the control system (Figure 3d and Figure S20), even at
high current densities (e.g., at 270 mA cm−2, the DMD showed
an Rp of ∼5.5 Ω cm2, while the control system showed ∼9.5 Ω
cm2). The charge transfer resistance and the catalyst layer ionic
resistance were assumed to be similar between the DMD
system and the control system due to the use of the same
cathode and AEM material and thicknesses in both cases.
Thus, the mass transport resistance can be associated with the
observed Rp at each current density. Since the DMD system
ensures better connectivity via well-linked AEM and CEM
ionomers, it provides improved mass transport (including ions,
water, and dissolved gases) along with more effective ion
neutralization at the interface, leading to lower Rp (Figure 3d).

Figure 4. DMD system assessment and comparison to state-of-the-art forward-bias BPM CO2 electrolyzers. (a) Stability of full-cell potential
and products over time while operating at 150 mA cm−2 in a 1:1 AEM:CEM (2 mg cm−2 BPM) DMD system. (b) CO2 single-pass conversion
and product FEs as the CO2 inlet flow rate was changed while operating at 300 mA cm−2 in a 1:1 AEM:CEM (2 mg cm−2 BPM) DMD
system. The samples were prepared using automatic spray coating. (c) Performance comparison of this work against the current CO2 f-BPM
literature. The presented literature data are based on the highest operating current density with reported liquid products (Table S4).
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The observed full-cell potentials are expected to be affected
by the kinetics of the recombination of HCO3

−, CO3
2−, and

OH− with H+ at the AEM|CEM interface. Grew et al.
described a trap-assisted mechanism for water recombination
in f-BPMs, where fixed ionic charged groups of both
membranes facilitate water recombination.33,34 Developing
corrugated membrane surfaces can increase the interfacial
contact between the AEM and CEM (as was demonstrated
through the DMD approach), thereby decreasing the possible
voltage losses associated with ion recombination.33 The
development of BPMs with improved interface activity is
also expected to decrease water transport limitations and result
in lower full-cell potentials.13 Prior reports additionally
suggested that water recombination in forward-bias mode is
not affected by the electric field.12,35,36 However, in the case of
CO2RR, the presence of (bi)carbonate ions in the AEM
reduces the pH in the AEM and reduces the AEM conductivity
compared to only having OH− ions in a water electrolyzer.
This operation decreases the voltage difference across the
AEM|CEM interface (i.e., junction potential) and, hence,
reduces the electric field, which affects the full-cell potential by
an estimated minimum of 0.2 V.33 With proton transport being
2−8 times faster than OH− transport (and even higher
compared to (bi)carbonate ion transport),37 the transport of
anions (i.e., HCO3

−, CO3
2−, and OH−) in the AEM of the

CO2RR f-BPM is expected to be the rate-determining step in
recombination kinetics.

With extended run times, the DMD system maintained
continuous operation for over 14 h at 150 mA cm−2, achieving
an average of 4.11 V, 26% C2H4 FE, 30% ethanol FE, 20% H2
FE, and 62% C2+ FE (Figure 4a). SEM imaging of the DMD
system confirmed the integrity of the BPM postelectrolysis
(Figure S21). In the DMD system, no blistering, bubbles, or
delamination in the membrane was observed directly after
testing (Figure S22). The porous membrane structure
obtained through the DMD approach possibly enhanced
water permeability through offering more connected hydro-
philic domains.26 Greater water permeability and removal can
decrease hydraulic and Maxwell pressures acting to drive water
into the BPM interface, which decreases the chance of
blistering and delamination.38 The composite AEM|CEM
structure also reduces water buildup in the f-BPM.12 FTIR
spectroscopy was applied on DMD samples before and after
electrolysis to study the chemical structure evolution in the
membrane. No changes were detected in the CEM structure
(Figure S23),2 suggesting the stable structure of the
membrane. During electrochemical testing, the DMD system
demonstrated a stable full-cell potential, while the control
system showed an increasing full-cell potential trend at each
applied current density (Figure S24). This voltage creep
implies incomplete ion neutralization and CO2 transport in the
control system due to a lack of full contact between the AEM
and CEM. This instability could also indicate gas entrapment
between the AEM and CEM in the control system.39

We investigated the effect of cell temperature on the CO2
electrolysis performance. Applying higher cell temperatures
(40 and 60 °C) reduced the operating full-cell potential
(Figure S25), which is enabled by the higher ionic conductivity
achieved with higher temperatures. However, higher H2
evolution was observed at the higher cell temperatures,
which could be caused by the reduced CO2 solubility and
the promotion of HER kinetics. Therefore, applying a higher
cell temperature might be a lever for decreasing the full-cell

potential, yet further improvements are needed to suppress H2
evolution.

Employing a different anolyte pH can also affect the
electrolysis performance. When we conducted a test with 1 M
KOH as the anolyte in the 1:1 AEM:CEM (2 mg cm−2 BPM)
DMD system, we observed low ethylene selectivity and a
tendency toward H2 (Figure S26). In this MEA configuration,
salt formation is expected at the AEM|CEM interface or at the
catalyst surface.40 Nevertheless, upon completion of the test
and examination of the cathode and flow field, there were no
indications of salt formation. However, the cathode surface
appeared wet, suggesting that water might have been electro-
osmotically dragged to the cathode via the K+ ions, which
could also account for the high H2 FE. The water migration
could also contribute to eliminating any salt formation that
might have occurred during electrolysis. After leaving the
tested MEA on the bench for 1 h, the cathode showed signs of
degradation and BPM delamination. On the other hand,
conducting tests with 0.01 M H2SO4 as the anolyte yielded
comparable gas FE results to DI water, albeit with slightly
lower ethylene (28% ethylene and 13% H2 at 300 mA cm−2;
Figure S26). These FEs suggest that the DMD system can
shield the cathode from high proton concentration while
maintaining satisfactory performance. The acidic anolyte also
reduced the full-cell potential compared to DI water, which can
be attributed to the superior ionic conductivity of the former.13

The greater free volume between membrane polymer chains
in the DMD case combined with a lower membrane thickness
could be expected to increase the product crossover. However,
the gas collected from the anolyte chamber showed low
amounts of cathode-produced gases (Figure S27), with a
maximum of ∼1% C2H4 FE and ∼4% H2 FE in the thinnest
DMD system tested (1:1 AEM:CEM with 2 mg cm−2 BPM
and ∼17 μm total thickness). The control system showed <1%
of each gas. The DMD system also exhibited a maximum SPC
of 69% at 0.3 sccm cm−2 of inlet CO2 flow rate with 42% C2+
FE (Figure 4b). A maximum C2+ FE of 73% was achieved at
1.7 sccm cm−2 and 27% SPC (Figure 4b). This SPC
performance surpasses previous CO2 f-BPM demonstra-
tions7−9 while operating at a high current density (300 mA
cm−2) (Table S3). The presented system configuration
improved product selectivity and decreased H2 evolution
when operating at a high current density compared to the
state-of-the-art CO2 f-BPM electrolyzers (Figure 4c and Tables
S4 and S5). The DMD system also increased the full-cell
energy efficiency (EE) compared to previous reports (Figure
4c) and the control system (Figure S28 and Table S6),
achieving a 17.2% EE for C2+ products at 300 mA cm−2 and 10
sccm cm−2.

To test the general applicability of the DMD approach, we
evaluated the performance of a DMD BPM system and a
control system equipped with a CO-producing silver-based
cathode. At 90 mA cm−2, the DMD system achieved a
maximum of 90% CO FE and 2% H2 FE compared to 65% and
6%, respectively, in the control system (Figure S29). The
control system failed to operate beyond 90 mA cm−2, whereas
the DMD system reached 240 mA cm−2. In this operating
current density range, EIS showed a higher polarization
resistance in the control system compared to that in the DMD
system (Figure S29). The RHFI values for both systems were
similar (Figure S29). These results indicate the effectiveness of
the DMD approach in reducing mass transport resistance in
both copper- and silver-based CO2 f-BPM MEA electrolyzers.
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In this work, DMD was employed to develop integrated
MEAs with BPMs in forward-bias mode for CO2 electrolysis.
We found that a controlled reduction in the ratio of CEM
thickness with respect to the AEM thickness decreased the
proton crossover from the anode to cathode and, thereby,
resulted in less H2 generation. The extended active AEM|CEM
interface offered by the DMD approach reduced the ion mass
transport resistance, achieving a 0.84 V improvement in the
full-cell potential at 300 mA cm−2. Further reduction in the
full-cell potential can be achieved by employing higher
conductivity anolytes or by increasing the cell temperature,
although further optimization will be needed to suppress H2
evolution in such cases. Employing DMD enabled the control
of membrane conformity, thickness, and composition, which
enhanced the CO2 regeneration and system performance. The
DMD approach demonstrated here presents further oppor-
tunities for optimization, including the continuous blending of
membrane chemistries and properties, the incorporation of
additional layers, and the deep integration of catalysts�all
within a serial spray application process that is amenable to
scaled manufacturing.
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