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ABSTRACT: The electrochemical reduction of CO2 (CO2RR) is
a potentially scalable approach for converting captured carbon
dioxide into value-added products. Conventional gas-phase
electrolysis systems can suffer from carbonate crossover, which
limits the efficiency of the system. Liquid-phase (bi)carbonate
electrolysis using bipolar membrane electrode assemblies (BPM-
MEA) has emerged as a promising alternative. The interposer layer,
a porous mass-transport material between the BPM and the
catalyst, is an essential component of the MEA, as it allows evolved
CO2 to reach the catalyst surface for reaction. In the absence of this
layer, evolved CO2 generated by the pH swing process at the BPM
can be converted back into (bi)carbonate (CO2 recapture) due to
the high bulk pH. Thus, clear design guidelines are needed to
maximize CO2 conversion, minimize CO2 recapture in the catholyte, and improve energy efficiency. Here, the transport properties of
the interposer are systematically characterized by X-ray tomography and symmetric-cell impedance spectroscopy to quantify
porosity, tortuosity, and the resulting MacMullin number. We then examine the correlation between these material properties and
the electrolyzer performance. We focus on characterizing two commercial porous membrane filters, mixed cellulose ester (MCE) and
poly(ether sulfone) (PES).
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■ INTRODUCTION
Atmospheric CO2 concentrations surpassed 420 ppm in 2024,
intensifying the urgency to deploy negative-emission tech-
nologies that capture and upgrade carbon into value-added
products.1 While most captured CO2 is injected for enhanced
oil recovery or geological sequestration, several chemical
pathways enable utilization into fuels and chemicals, including
sustainable aviation fuels, organic carbonates, methanol, urea,
and aliphatic or olefinic hydrocarbon chains.2−4

Gas-phase anion-exchange membrane (AEM) electrolyzers
can reduce CO2 to syngas (CO + H2), but suffer from low
carbon utilization because significant CO2 crosses over to the
anode.5−7 As a result of this crossover, AEM systems require
energy-intensive regeneration steps to re-liberate CO2 gas from
bicarbonate using thermal or acid−based processes. In
addition, CO2 regenerated at the anode must also be separated
from O2. Integrated carbon capture and conversion systems
with bipolar membrane (BPM) electrolysis offer a more
efficient alternative to AEM electrolyzers. In one step, these
systems convert aqueous (bi)carbonate into syngas or pure
CO, which can be upgraded to more valuable liquid
products.8,9 This eliminates the need for CO2 re-liberation,
reduces carbon losses, and avoids additional thermal units,

such as calciners, slakers, and pellet reactors, that are inherent
to AEM systems.4,10,11 BPM reactors thus not only improve
efficiency but also reduce the energy consumption of the
carbon capture system.12,13

Recently, numerous research groups have conducted
comprehensive studies on (bi)carbonate electrolysis in the
BPM−MEA systems.14,15 Significant efforts have focused on
tailoring the Ag- and Cu-based catalyst and electrode
assemblies to steer selectivity.3,9,12,13,16 Trends in catalyst
design for BPM bicarbonate electrolyzers should mirror trends
seen in AEM CO2 electrolyzers, as both systems reduce gas-
phase CO2 in an alkaline environment. However, the systems
differ in the local reaction environment near the catalyst, with
bicarbonate systems having lower gas-phase CO2 concen-
trations, higher HCO3

− concentrations, and a more variable pH
gradient.
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These changes in mass concentration at the catalyst surface
are due to CO2 being generated within the reactor rather than
supplied. CO2 is generated through a pH swing process
initiated by the water dissociation within the BPM. The
protons generated by the BPM react immediately with
bicarbonate (HCO3

−) ions in the catholyte, producing
dissolved CO2 and water.17,18 The dissolved CO2 must then
be transported to the catalyst for the reaction to proceed.19,20

In principle, this process provides a steady local supply of CO2
from the bicarbonate reservoir, helping buffer the catalyst
against CO2 starvation.

However, this is not always the case, as in some systems the
transport distance for dissolved CO2 is too long, and the CO2
can then react first with the electrolyte and be converted back
into bicarbonate. Due to these differences in electrolyte
composition and catalyst reaction environment, significant
effort has been devoted to understanding and tuning proton,
CO2, and HCO3

− mass transport between the bipolar
membrane and the catalyst surface through the design of
interposer layers.3,13,21,22

BPM electrolysis faces two main transport challenges: (i)
insufficient CO2 liberation in situ from bicarbonate and (ii)
rapid CO2 recapture back into (bi)carbonate, both of which
limit CO2 availability at the cathode.21,23,24 In reverse-bias
BPM bicarbonate electrolysis, water dissociation at the bipolar
junction generates H+ at the cathode-facing CEM interface and
OH− at the anode-facing AEM interface. These protons react
with bicarbonate species to produce CO2 locally within the
interposer region. A porous interposer layer inserted between
the BPM and the catalyst layer spatially separates the highly
acidic region near the BPM from the more alkaline electrolyte
environment near the catalyst surface, establishing a local pH
gradient within the porous structure. This region is where
protons from the BPM encounter bicarbonate ions, determin-
ing where CO2 is regenerated and how effectively it reaches
the catalyst.25 Without an interposer, protons can directly
contact the catalyst surface, promoting hydrogen evolution and
diminishing CO2 selectivity. Additionally, without a defined
porous microenvironment, in situ generated CO2 may be
rapidly recaptured as bicarbonate before reaching the catalyst.
In this way, the interposer acts both as a physical spacer and as
a transport-regulating interphase that mediates proton flux,
CO2 generation, ionic conduction, and reactant residence time.

An effective interposer must regulate the transport of both
ionic species (bicarbonate, proton, hydroxide) and dissolved or
gaseous CO2 within the catholyte region. Here, we directly link
interposer transport properties to electrochemical behavior by
combining X-ray tomography and impedance spectroscopy to
quantify the MacMullin number for two commercial
interposers: mixed cellulose ester (MCE) and poly(ether
sulfone) (PES). The MacMullin number quantifies the extent
to which a porous material hinders ionic and electrical
transport relative to the pure electrolyte.26,27 The MacMullin
number is a dimensionless parameter that relates the tortuosity
of a porous medium to its porosity, linking bulk properties to
those experienced under confinement or within porous
structures. By comparing these structural and electrochemical
measurements, we assess how interposer transport properties
influence electrolyzer energy requirements and product
selectivity. Together, these techniques clarify how interposer
architecture shapes local ion and gas transport within the
catholyte.

■ METHODS AND MATERIALS

Materials
For our interposers, we purchased mixed cellulose ester (MCE) and
poly(ether sulfone) (PES) membrane filters from Sterlitech (Auburn,
WA), each with a nominal pore size of 8 μm. 3 mm diameter CHI104
glassy carbon electrodes were obtained from CH Instruments (Austin,
TX). The bipolar membrane (BPM) was supplied by Alfa Chemistry
(Holbrook, NY). The catholyte and anolyte used were 1M potassium
bicarbonate (KHO3) and 1 M potassium hydroxide (KOH),
respectively, both prepared with deionized water.

Ni-based single-atom catalyst (Ni-SAC) was synthesized as
described in ref.10 Briefly, carbon black, 2-methylimidazole, and
Ni(NO3)2·6H2O were dispersed in ethanol and sonicated for 30 min.
After removing the solvent using a rotary evaporator, the dried
precursor powder was finely ground using a mortar and pestle. The
ground powder was then calcinated at 800 °C in a tube furnace under
argon flow. The final homogenous Ni-SAC catalyst was obtained by
further grinding using a mortar and pestle.

The cathode was either a silver nanoparticle (AgNP)-coated or Ni-
SAC-coated gas diffusion electrode (GDE). A catalyst ink was
prepared by dispersing 200 mg of solid silver nanoparticles (200-400
nm) from MSE Supplies (Tucson, AZ) or synthesized Ni-SAC
powder in 25 mL of ethanol along with 241 μL of 5%
perfluorosulfonic acid (PFSA) ionomer solution from Fuel Cell
Store (Bryan, TX). The suspension was bath-sonicated for 30 min
before use. The ink was spray-coated onto a 20 cm2 carbon paper
substrate using a G233-SET-H Master Airbrush while the paper was
held at a 45° incline on a hot plate maintained at 150 °C. This
spraying process was repeated until the total catalyst loading reached
2 mg/cm2. For each electrolysis experiment, a fresh 1 cm2 square of
the coated carbon paper was cut for use.

X-ray Tomography and Image-Based Tortuosity Analysis
For porous media, the MacMullin number is defined geometrically as
the ratio of tortuosity to porosity, as shown in eq 1, where τ is the
through-plane tortuosity and ε is the porosity of the pore network.

NM = (1)

Physically, the MacMullin number represents the increase in ionic
transport resistance imposed by a porous medium relative to the bulk
electrolyte. Higher tortuosity increases the effective path length for
ion transport, and lower porosity reduces the available cross-sectional
area for conduction. Together, these structural factors determine the
transport penalty introduced by the porous material.

The MacMullin numbers of the two porous interposers explored in
this work, PES and MCE, were determined using two independent
approaches: (1) image-based structural analysis via X-ray computed
tomography (XCT) to quantify tortuosity and porosity, and (2)
electrochemical impedance spectroscopy (EIS) to determine the
effective ionic conductivity of the interposers. This section describes
the XCT-based approach used to determine the structural parameters
appearing in eq 1.

Samples were imaged using an X-ray computed tomography system
(Zeiss Xradia 630, Carl Zeiss X-ray Microscopy, Pleasanton, CA).
Specimens were mounted on a low-attenuation holder and
mechanically stabilized to minimize motion during acquisition.28−30

Prior to scanning, source warm-up and system calibration were
performed following the manufacturer’s recommended procedures.

X-ray tomographic datasets of each separator material were
processed to generate binarized representations of the pore structure.
To segment the pore space, image thresholding was performed with
threshold values selected based on porosity estimates obtained
independently through an Archimedes-based gravimetric method.
Interposer samples (MCE and PES) were first weighed dry, then re-
weighed after being fully saturated in water, ethanol, and isopropanol.
These solvents were chosen because of their compatibility with both
membrane materials. The calculated porosity values were used to

ACS Electrochemistry pubs.acs.org/electrochem Article

https://doi.org/10.1021/acselectrochem.6c00038
ACS Electrochem. 2026, 2, 1304−1312

1305

pubs.acs.org/electrochem?ref=pdf
https://doi.org/10.1021/acselectrochem.6c00038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


validate the segmented pore volumes and help select an appropriate
threshold level.

Pore size distributions (PSD) were determined from three
representative sub-volumes from each tomographic dataset. A
Euclidean distance transform followed by a local maxima detection
was used to estimate local pore diameters from the binary images.
Only pores resolvable at the imaging system’s spatial resolution were
included in the analysis.

The same three sub-volumes were processed using the TauFactor
application in MATLAB to quantify tortuosity. The application
simulates steady-state Fickian diffusion through the segmented porous
medium, and simulations are performed along the primary axis of fluid
flow to reflect transport conditions. The resulting porosity and
tortuosity values were then used to calculate the MacMullin number
for MCE and PES according to eq 1.
Electrochemical Impedance Spectroscopy in Swagelok
Cell
While the MacMullin number can be expressed geometrically in terms
of tortuosity and porosity, it can also be defined electrochemically as
the ratio of the ionic conductivity of the bulk electrolyte to the
effective ionic conductivity of the porous medium, as shown in eq 2.

NM
BULK

INT
=

(2)

Physically, this definition reflects the increase in ionic transport
resistance imposed by the porous interposer relative to the bulk
electrolyte. A higher MacMullin number indicates that the porous
structure more significantly impedes ionic conduction compared to
the unobstructed electrolyte.

To determine the effective ionic conductivity of the interposers,
electrochemical impedance spectroscopy (EIS) measurements were
performed in symmetric Swagelok cells. Cells were assembled using
two glassy carbon working electrodes separated by stacked interposer
layers (either PES or MCE). Prior to assembly, interposers were pre-
soaked in 1M KHO3 for 15 min to ensure full wetting, and once
assembled, the cell was flooded with 1M KHO3. Electrochemical
Impedance Spectroscopy (EIS) measurements were performed with a

BioLogic SP-300 potentiostat at open-circuit potential (0 V vs OCP)
over a frequency range of 200 kHz to 0.5 Hz using a 10 mV sinusoidal
perturbation amplitude.

The separator stacking method was used to determine the intrinsic
ionic resistance of the porous interposers. This approach is well
established for determining the transport properties of porous
separators and electrolytes.27,31,32 Impedance measurements are
performed in symmetric cells containing increasing numbers of
electrolyte-filled separator layers, and the total measured resistance is
plotted as a function of the number of layers. The slope of the
resulting linear relationship gives the resistance of a single separator
layer. For each interposer material, Swagelok cells were assembled
with 1, 2, 3, 6, or 9 stacked interposer layers. For each assembled
stack, EIS was measured three times for reproducibility, after which
the cell was disassembled and reassembled for the next layer count.
The total resistance of each stack (R1) was determined from the high-
frequency intercept of each Nyquist plot by fitting this region to a
linear model and extracting the x-intercept. In this frequency regime,
the impedance response is dominated by purely ohmic ionic transport
through the electrolyte and interposer, while capacitive contributions
from interfacial double-layer charging occur at lower frequencies and
therefore do not influence the extracted resistance. A linear regression
of R1 versus the number of layers was used to extract the resistance of
a single interposer, RINT, from the slope (Figure S2).

Following EIS measurements, the total wet stack thickness was
measured using a Mitutoyo Digimatic MDC-Lite micrometer (293-
831-30; ±2 μm accuracy) for each layer count (1, 2, 3, 6, and 9). The
thickness of a single interposer was determined from the slope of stack
thickness versus layer number. Stacking multiple interposer layers was
used only in this method to improve the accuracy of the resistance
measurement by increasing the total transport path length, allowing
the resistance of a single interposer to be extracted from the linear
relationship between total resistance and layer number. The effective
ionic conductivity (κINT) was then calculated from the resistance of a
single interposer (RINT), interposer thickness (t), and electrode area
(A), as shown in eq 3.

Figure 1. Top: Diagram of the catholyte and anolyte flow setup in a CO2 electrolysis cell with a bipolar membrane (BPM), catalyst layer (AgNP or
Ni-SAC), and a porous interposer (MCE or PES). KHO3 catholyte is circulated to supply bicarbonate ions, which are in situ converted to CO2 at
the interposer interface. The BPM supplies H+ and OH− to enable CO and H2 production at the cathode and O2 evolution at the anode in KOH
electrolyte. Bottom: Representative scanning electron microscopy (SEM) images of the two interposers used in this study: MCE (left) and PES
(right), both with 8 μm nominal pore size.
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t
R AINT

INT
=

· (3)

The bulk electrolyte conductivity (κBULK) was measured using a
calibrated benchtop conductivity meter (Orion Versa Star Pro). The
MacMullin number for each interposer was then calculated using eq 2.
Electrolysis Experiments
Cell voltage and faradaic efficiency measurements were collected
simultaneously during galvanostatic CO2 electrolysis experiments
using a zero-gap MEA cell. As shown in Figure 1, the cell contains
either a bipolar membrane or a bipolar membrane with an interposer,
a silver nanoparticle- or Ni-SAC-coated gas diffusion cathode, and a
nickel foam anode. In this zero-gap configuration, the catalyst layer
directly contacts either the bipolar membrane (no interposer
condition) or a single interposer layer (when present).

The system was operated in a two-electrode configuration using a
BioLogic SP-300 potentiostat, with a working and counter electrode
connected to the gold current collectors on the cathode and anode
sides. Prior to polarization, the cell was held at open-circuit voltage
(OCV) for 2 min. Then, current densities of 50, 100, 150, and 200
mA cm−2 were applied for 30 min each. Voltage was measured
continuously during each step, and the mean voltage over the final 30
seconds of each current density step was extracted for analysis as the
”steady-state” voltage. All experiments were repeated in triplicate, and
reported values represent mean ± standard deviation across replicates.

■ RESULTS AND DISCUSSION

Interposer Microstructural Analysis

Three-dimensional reconstructions obtained from X-ray
tomography provide a volumetric view of the internal
architecture of the two interposer materials. Attenuation
contrast between the polymer matrix and voids enables the
stacking of two-dimensional projection images into three-
dimensional reconstructions suitable for geometric quantifica-
tion (Figure 2a,b).33,34 Image binarization further facilitates

clear demarcation of the pore network (Figure 2c). Both PES
and MES membranes exhibit a relatively uniform average
porosity through the membrane thickness, with MES showing
a local porosity of approximately 2% and PES exhibiting a local
porosity of approximately 1.5% (Figure 2d). The PES
interposer has a sponge-like morphology characterized by
large, rounded, and poorly connected pores (Figure 2f; Figure
1). This pore structure is characterized by a broad pore-size
distribution ranging from approximately 5 to 15 μm (Figure
2g). In contrast, the MCE interposer exhibits a higher density
of smaller pores (Figure 2e) with a narrower pore size
distribution centered around ∼5 μm and fewer large pores
than PES.

XCT analysis reveals clear differences in the three-dimen-
sional pore architectures of the MCE and PES interposers,
which directly affect transport-relevant properties (Figure 3).
Although both materials exhibit high porosity, MCE shows a
slightly higher porosity (ε = 0.77) and lower tortuosity (τ =
1.58) than PES (ε = 0.71, τ = 1.64). This combination results
in a lower MacMullin number for MCE (NM = 2.05),
indicating reduced resistance to through-plane transport. In
contrast, the lower porosity and higher tortuosity of PES yield
a larger MacMullin number (NM = 2.33), reflecting increased
pathway complexity consistent with its sponge-like morphol-
ogy. Although PES has larger pores, its higher tortuosity and
more hydrophobic polymer chemistry result in lower effective
ionic conductivity than MCE. This comparison suggests that
pore connectivity and topology, rather than porosity alone,
play an important role in determining effective transport
behavior. Overall, the XCT-derived metrics indicate that MCE
provides more direct transport pathways and lower effective
resistance than PES, highlighting the value of three-dimen-
sional structural characterization for interposer evaluation.

Figure 2. (a−c) Tomography image processing workflow for the MCE interposer, showing raw reconstructed slices (a), binarized pore
segmentation (b), and stacked segmented volumes used for local porosity analysis (c). (d) Local through-plane porosity profiles of MCE and PES.
(e, f) 3D renderings of the pore networks for MCE (e) and PES (f) interposers obtained from X-ray microtomography. (g) Pore size distributions
derived from X-ray tomography (frequency-normalized, 1 bins).
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To verify whether these structural differences translate into
measurable transport behavior, electrochemical impedance
spectroscopy was used to quantify ionic transport through
the interposers and independently determine their MacMullin
numbers. Impedance measurements yield MacMullin numbers
of 1.54 ± 0.0063 for MCE and 2.30 ± 0.015 for PES, in
agreement with the trends observed from XCT. While the EIS-
derived and XCT-derived MacMullin numbers differ in

magnitude, both techniques consistently show reduced trans-
port resistance for MCE relative to PES.

The MacMullin numbers obtained for the PES interposer
are very similar between XCT (2.33) and EIS (2.30). In
contrast, there is a larger discrepancy for the MCE interposer
(XCT: 2.05; EIS: 1.54). The chemistry of the interposer is
likely responsible for this difference, as the XCT analysis was
performed on dry samples. In contrast, the electrochemical
measurements were performed on interposers soaked in 1M
KHO3 solution. MCE is significantly more hydrophilic than
PES and can absorb electrolyte when wetted. Cellulose-based
membranes typically exhibit water uptake and swelling on the
order of ∼10−30%, which can enhance pore wetting and
connectivity within the porous structure.35 This hydration
effect can increase the effective ionic conductivity measured
during EIS but would not be captured in the dry tomography
images used for XCT analysis. In contrast, PES is more
hydrophobic and typically exhibits minimal swelling (<3−5%),
so hydration-induced changes in the pore structure are
expected to be much less observed.36

Interposer Impact on CO2 Electrolysis

Figure 4 summarizes the electrolyzer performance in terms of
faradaic efficiencies for CO and H2 as a function of current
density for AgNP and Ni-SAC catalysts using three
configurations: mixed cellulose ester (MCE), poly(ether
sulfone) (PES), and a control (i.e., no interposer).

Figure 3. Tortuosity and MacMullin number of MCE and PES
interposers measured using complementary techniques. Tortuosity
was extracted from X-ray computed tomography (XCT), from which
the MacMullin number (NM) was calculated. The NM was also
independently determined via electrochemical impedance spectros-
copy (EIS).

Figure 4. Faradaic efficiency of CO (pink) and H2 (green) at four current densities (50−200 mA cm−2) using the (a) Ag-NP catalyst and (b) Ni-
SAC catalyst. Steady-state cell voltages using the (c) Ag-NP catalyst and (d) Ni-SAC catalyst, averaged over the final 30 s of each step. Error bars
show standard deviations across replicates.
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In this architecture, the interposer serves both as an ionic
transport medium and as a reactive zone where bicarbonate
reactions can generate in situ CO2 (i-CO2). Consequently, the
physical properties of the interposer play a central role in
governing local reactant availability, pH gradients, and
ultimately product selectivity. Previous studies of BPM-based
CO2 electrolysis have likewise shown that local ionic transport
in the cathode-side porous region strongly governs the
accessibility of regenerated CO2 to catalytic sites, and that
uneven transport can shift the local reaction environment
toward HER.37 In addition to through-plane transport, the
porous interposer may also influence in-plane ion and gas
transport, since pressure gradients and flow dispersion in
electrochemical cells can drive convective transport within the
plane of porous layers and thereby affect reactant distribution
and electrochemical performance.38

The interposer layer also influences the spatial pH gradient
between the BPM junction and the catalyst surface. Protons
generated at the BPM react with bicarbonate within the
interposer to form in situ CO2, while hydroxide produced
during electroreduction increases the alkalinity near the
catalyst. As a result, the transport properties of the interposer
define the region where these opposing fluxes meet and
therefore influence both the local pH gradient and CO2
availability at the catalyst surface. Previous studies have
shown that the distance between the membrane and catalyst
and the pore structure of the interposer can strongly influence
local pH and CO2 concentrations, as well as the formation of
gas−liquid−catalyst triple-phase boundaries that enhance CO2
reduction kinetics.23 These effects are also expected to depend
on current density because increasing current increases both
proton and hydroxide fluxes in the system.

For both AgNP (Figure 4a) and Ni-SAC (Figure 4b), the
MCE interposer consistently yields the highest CO faradaic
efficiency across the range of current densities examined (50 to
200 mA cm−2). In contrast, the PES interposer causes a
substantial shift toward H2 production at higher current
densities, indicating that the highly porous structure of PES is
less effective at sustaining favorable local conditions for CO2
reduction. The pore network may not efficiently transport in
situ CO2 to the catalyst surface, reducing the formation of CO2
reduction products. Literature reports that efficient electrolysis
in BPM and carbonate-fed systems depends not only on
generating in situ CO2 at the membrane side interface, but also
on transporting that regenerated CO2 back through the porous
layer fast enough for it to be consumed before it is lost to
diffusion, recapture, or competing reactions.39

The improved electrolyzer performance of the MCE
interposer is attributed to MCEs improved connectivity and
lower MacMullin number. MCE’s lower MacMullin number
results in rapid replenishment of the reactant and minimal
mass transfer limitations. The MCE interposer has a higher
density of smaller pores compared to PES, resulting in a
narrower pore-size distribution centered near 5 μm. This
microstructure may increase electrolyte residence time within
the interposer and reduce rapid bulk electrolyte exchange
relative to PES. As a result, in situ generated CO2 can remain
near the catalyst interface for longer, helping sustain higher
local CO2 concentrations. Simultaneously, the lower MacMul-
lin number reduces effective ionic resistance, allowing sufficient
ionic conduction to sustain high current densities without
excessive ohmic losses.

The interposer must balance two competing transport
requirements. On one hand, high porosity and good pore
connectivity promote efficient ionic transport and enable rapid
delivery of in situ generated CO2 to the catalyst. On the other
hand, excessively large pores or high permeability can lead to
rapid electrolyte exchange, which reduces residence time for
CO2 and can promote CO2 recapture as bicarbonate.
Consequently, optimal interposer design requires balancing
transport flux with reactant residence time within the
interphase.

Recent reactive-capture studies have found that as current
density increases, the catalyst can become starved of in situ
generated CO2, causing a rapid decline in CO faradaic
efficiency and a corresponding increase in competing hydrogen
evolution.23 Similarly, we found that at higher current
densities, where direct CO2 supply from the bulk electrolyte
becomes increasingly limited, the ability of the interposer to
generate and retain in situ CO2 becomes critical. Prior studies
have shown that local CO2 availability governs faradaic
efficiency trends and that porous interlayers with high porosity
and connectivity enhance mass transport of in situ CO2 and
carbonate ions, thereby promoting multicarbon product
formation and suppressing hydrogen evolution.9,40 In systems
using KHO3 as the catholyte, CO2 is generated locally at the
acidic side of the bipolar membrane because of the reaction
between the bicarbonate and protons

FIn Interposer: HCO H CO H O3 2 2+ ++
(4)

At Catalyst: CO 2H 2e CO H O2 2+ + ++ (5)

2H O 2e H 2OH2 2+ + (6)

Increasing KHO3 concentration can further influence this
process by increasing the availability of bicarbonate for proton-
driven in situ CO2 generation at the bipolar membrane
interface, which has been reported to increase CO faradaic
efficiency in bicarbonate electrolyzers at higher electrolyte
concentrations.11 The MCE interposer appears to effectively
buffer local CO2 availability by coupling hydroxide transport
with carbonate neutralization reactions, thereby mitigating
CO2 recapture and suppressing competitive hydrogen
evolution. The broader pore size distribution and larger
pores in PES likely increase electrolyte permeability and reduce
the residence time of in situ CO2 within the interposer region.
This can increase the probability of CO2 reacting with
hydroxide in the bulk electrolyte and being recaptured as
bicarbonate before reaching the catalyst.

The voltage−current relationships provide insights into the
energy consumed for each system (Figure 4c,d). For the AgNP
catalyst, the use of the MCE interposer results in only a modest
increase in cell voltage, ranging from 0.05 to 0.23 V across
current densities of 50−200 mA cm−2, when compared with an
electrolyzer without a interposer layer. Since the interposer is a
non-conductive layer with a ohmic resistance this increase is
expected. However, the PES interposer imposes a substantially
larger voltage penalty of 0.25−1.08 V. This voltage increase is
linked to the transport resistance. In the case of Ni-SAC, the
MCE interposer is effectively voltage-neutral, with voltage
differences that are within or comparable to the experimental
standard deviation, while PES again leads to a noticeable
increase in cell voltage (0.03−0.66 V). The Ni-SAC
consistently operates at lower absolute voltages than AgNP
for a given interposer due to its improved reaction kinetics.
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However, the relative voltage trends induced by interposer
selection remain consistent across both catalysts.

These results show that using an MCE interposer improves
the product selectivity and energy efficiency of the electrolyzer
when compared with the PES. The voltage profile is directly
linked to the difference in mass transport through the
interposers. While the improved CO selectivity observed
with MCE indicates that the MCE allows reduced CO2
recapture and more rapid transport of CO2 across the
interphase between the cathode and the BPM. This promotes
a more ideal local reaction environment. Importantly, the
combination of higher porosity and lower MacMullin number
in MCE enables efficient ionic conduction while maintaining
favorable conditions for in situ CO2 generation.

These trends are consistent with the work of Lee et al., who
explored several materials and found that a higher-porosity
(>80%) interposer with pores >3 μm boosted C2

+ product
selectivity by accelerating mass transport of both in situ-CO2
gas and carbonate ions across the interposer layer.9 The higher
porosity means a larger fraction of interposer volume is open,
with more space to be filled with electrolyte and facilitate
transport. The MCE interposer creates more diffusion
pathways, raising the local CO2 concentration at the catalyst
layer. In our work, MCE combines greater porosity (ε ≈ 0.77)
with a highly connected network (lower NM), which facilitates
faster CO2 and ion diffusion, stabilizes the local pH, and
suppresses the hydrogen evolution reaction (HER). The
poorly connected, lower-porosity PES membrane instead
restricts these fluxes, leading to CO2 starvation and the sharp
decline in CO selectivity observed here.

In addition to these structural differences, the intrinsic
wettability of the interposer materials may also influence
electrolyte distribution and transport. In battery separator
research, the hydrophilicity of cellulose has been shown to
significantly improve electrolyte wettability and ionic con-
ductivity.41 Cellulose-based membranes have a strong affinity
for water due to their abundant polar hydroxyl groups. Their
fine, interconnected pore network can also act as a wick,
drawing electrolyte into pores and toward the BPM interface.
In contrast, PES is more hydrophobic, which may lead to
incomplete wetting and the formation of gas bubbles that
displace liquid within the pore network. Poor wetting at the
BPM/cathode interface increases membrane resistance and can
shift the reaction toward hydrogen evolution.42

Lastly, interposer thickness also influences electrochemical
performance. The PES interposer is significantly thicker
(102.07 μm) than the MCE interposer (71.11 μm), which
can exacerbate mass-transport limitations. Because perme-
ability scales inversely with material thickness, the greater
thickness of PES is expected to hinder diffusive transport and
contribute to increased ionic resistance, consistent with the
higher cell voltages observed. Reducing interposer thickness
would shorten the ionic transport path length and lower ohmic
losses, thereby decreasing the overall cell voltage. However,
excessive thinning may compromise the stability and
effectiveness of in situ CO2 generation within the interposer
by reducing reactant residence time and limiting carbonate
neutralization. As demonstrated extensively in gas-phase
electrolysis and fuel cell systems, careful membrane−electrode
architecture design is critical for balancing transport, reaction,
and stability. These considerations are equally important in
liquid-phase electrolysis, where improper design can lead to

reactant depletion, concentration gradients, and salt precip-
itation that degrade performance.

■ CONCLUSION
This work establishes a connection between porous interposer
microstructure and the performance of integrated BPM CO2
electrolyzers, and highlights the utility of non-dimensional
transport metrics for interposer design. X-ray tomography and
symmetric-cell impedance measurements show that mixed
cellulose ester (MCE) exhibits a lower MacMullin number
(NM = 2.05 from XCT and 1.54 from EIS) than poly(ether
sulfone) (PES) (NM ≈ 2.3), indicating shorter effective ionic
pathways and reduced tortuosity. When implemented in a
membrane−electrode assembly, the lower NM of MCE enables
more effective in situ CO2 generation and retention near the
catalyst, resulting in higher CO faradaic efficiencies and lower
cell voltages (improved energy efficiency) across 50−200 mA
cm−2. These results demonstrate that non-dimensional
descriptors such as the MacMullin number provide a powerful,
materials-agnostic framework for rationally designing inter-
posers that enhance in situ CO2 availability and suppress
competing hydrogen evolution in BPM CO2 electrolysis.
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