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Efficient and stable CO,-to-CO electrolyzers are key process components for the generation of green
synthesis gas and its downstream conversion and valorization to carbonaceous e-chemicals and e-fuels.
While alkaline CO, electrolyzers suffer from low CO, utilization due to cathodic carbonate formation
and crossover, acidic CO, electrolyzers suffer from low CO faradaic efficiency. Reverse-bias bipolar
membrane (BPM) cell architectures have been proposed to promote cathodic proton transport, yet
resulted in limited cell lifetimes due to complex degradation and failure regimes. A thorough diagnosis
of BPM cell dynamics is missing to date. Here, we build and diagnose an efficient zero-gap reverse-bias
BPM CO,-to-CO electrolyzer cell deploying CO-selective single Ni atom cathode catalysts. We analyzed
its key cell performance parameters and diagnosed the cell stability and failure regimes over 100 hours.
The electrolyzer cell showed excellent performance up to 500 mA cm™2 with CO faradaic efficiency
near 100%. The proton-controlled ion transport in the cathode was directly confirmed by an experimental
carbon cross-over coefficient (CCC) of zero, suggesting minimal carbon loss due to carbonate formation.

Received 1st April 2025, This was coupled to a high single pass conversion of ~70% at the largest current densities and 60 vol% CO
Accepted 21st May 2025 in the cell outlet, ideally suited for process cascade involving electro- or thermal catalytic steps. While use of
DOI: 10.1039/d5ee01817 a N, bleed for internal reference has been known to be critical for accurate evaluation of cell performance,

we now propose the experimental N, vol% in the combined cell outlet and bleed flow to be also a valuable
rsc.li/ees diagnostic tool to recognize and analyze cell failure regimes.

Broader context

Electrochemical CO, reduction is an emerging and promising technology for converting CO, into value-added products, thereby helping to close the
anthropogenic carbon cycle. However, neutral-alkaline CO, electrolysis suffers from parasitic acid-base CO, consumption by hydroxide ions, leading to
prohibitively low carbon utilization. Owing to their acidic cathode environments, bipolar membrane-based CO, electrolysis offers improved carbon efficiencies,
yet brings along its own characteristic failure modes. Diagnostic tools that monitor, identify, and help mitigate failure modes are missing. This contribution
reports experimental strategies to track and mitigate BPM cell failure to extend the lifetime of CO, electrolyzers.
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Introduction

Direct CO, electrolysis has emerged as a focal point of scientific
exploration and technological advancements in the field of
power-to-hydrocarbon e-fuels. Especially, the CO, to CO cas-
cade has witnessed significant breakthroughs for its inherent
high catalytic selectivity and process energy efficiency, and
proper catalysts for this conversion can be broadly categorized
into two classes: coin metals Ag and Au, where silver has
garnered considerable attention,"® and the more recent emer-
gence of the family of metal-nitrogen-carbon (MNC) single site
catalyst materials.” ™

Currently, our understanding indicates that both catalyst
classes exhibit good selectivity and demonstrate the ability to
achieve high current densities, while there is a considerable
cost difference. However, there also remains a knowledge gap
regarding the stability and degradation of these two classes of
catalysts. On one hand, it is known that silver suffers from
cathodic corrosion, akin to other noble metals such as gold and
platinum."'* On the other hand, despite their proven applica-
tion in acidic proton exchange membrane environments, the
stability of metal-nitrogen-carbon (MNC) catalysts against
metal atom leaching is not fully understood. Computational
calculations indicate that CO can stabilize lower coordinated Ni
species,'® which may also apply to NiNC catalysts. Moreover,
MNC catalysts offer unique advantages in terms of relative
intermediate binding energies to their coordinative single-
metal active sites. This distinctive feature enhances the intrin-
sic selectivity of the single metal atom active sites toward CO,
reduction compared to that toward hydrogen evolution, and it
also allows for efficient metal utilization.'® These characteris-
tics create exciting opportunities for exploring and developing
more efficient catalysts for sustainable CO, conversion at
industrial scales.

To fully uncover the true potential of the catalyst, it is
essential to evaluate its performance in a full two-electrode
electrolyzer cell device. The zero-gap membrane electrode
assembly (MEA) cell configuration provides closer proximity
between the catalyst and the electrode, enabling efficient
charge transfer and low potential losses. However, technical
challenges such as flooding and salt precipitation must be
addressed and overcome for optimal electrolyzer performance
and stability. This work will address these issues.

In the zero-gap cell, salt precipitation caused by exceeding
bicarbonate solubility limits has remained a key challenge that
could be addressed by cathode water management or by choice
of a suitable cation offering larger solubility limits."” The key
advantage of a zero-gap cell is the significantly lower cell
potential and energy efficiency compared to liquid cathode gap
cells.®'>*®' The choice of the type of ion transported across
the solid electrolyte membrane offers options including the
cation-exchange membrane (CEM), the anion-exchange mem-
brane (AEM) and the bipolar membrane (BPM). BPM based
electrolyzers have been operated in both reverse-bias and
forward-bias modes. In forward-bias BPM electrolyzer designs,
cathodic hydroxide anions are neutralized by acid-based
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recombination inside the BPM minimizing CO, depletion by
carbonate formation. The spontaneous recombination lowers
required cell voltage. By contrast, the reverse bias mode gen-
erates a pH gradient by water dissociation. Protons channeled
toward the cathode neutralize carbonate at the expense of cell
voltage.

State-of-the-art efficient CO, electrolyzers have been desig-
ned using AEMs, thanks to the pH dependent Nernst potential
of the competing proton discharge process. However, AEM
based cells suffer from significant cathodic flow depletion:
if every generated OH ™ is converted to CO3>~, one loses around
7 ml A~" min~' C0,.>>*" This drop in flow makes an accurate
measurement of the cathodic gas outflow rate from the electro-
lysis cell critically important. Careless overestimation of cath-
ode outlet flow rates can result in overestimated CO faradaic
efficiencies and overestimated cell performance.'’'*?>23
In addition to the gas flow depletion challenge in AEM
cell designs, the use of non-noble Ni-based zero-gap anodes
in direct contact with the AEM, even in presence of high-pH
anolytes, is precluded by anodic corrosion due to low local pH
caused by (bi)carbonate crossover.>**

In this contribution, we design, operate, and diagnose an
efficient reverse-bias, zero-gap BPM CO,-to-CO electrolyzer
using an acid-stable NiNC single metal atom catalyst. The
BPM dissociates water in the reverse bias mode and channels
protons to the cathode, which recombine with catalytically
generated OH ™, thereby eliminating undesired cathodic (bi)car-
bonate accumulation and gas flow depletion.*®" At the same
time, the acid-stable NiNC single metal atom catalyst with its
low atomic H chemisorption®*** ensures high faradaic efficien-
cies toward CO. While we diagnose and identify the proton as
the dominant transport ion at the cathode using the recently
introduced kinetic carbon crossover coefficient (CCC),'® we
demonstrate, distinguish, and analyze common electrolyzer
failure modes such as salt blocking at cell inlet and outlet.
Our BPM electrolyzer could be continuously operated for over
100 h. It showed near 100% CO faradaic efficiencies at over
400 mA cm™> CO partial current density, coupled to 70% single
pass conversion (SP) and a previously unachieved 60% CO-rich
outlet gas stream associated with a low CO, stoichiometric ratio 4.

CO, reduction catalyst synthesis and
characterization

We synthesized a number of distinct NiNC catalysts (NiNC-
600C, NiNC-800C, NiNC-1000C) from a Ni-imidazole framework
precursor using a 2-step pyrolysis process at varying tempera-
tures. The final pyrolysis step temperature is thereby epon-
ymous. The catalysts obtained were characterized by scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), N, adsorption/desorption isotherms, X-ray photoelectron
spectroscopy (XPS), Fig. 1, elemental analysis, inductively-coupled
plasma optical emission spectroscopy (ICP-OES, Table S2, ESIT)
and X-ray diffractometry (XRD, Fig. S1, ESIf). SEM revealed
(Fig. 1a, c and e) a slight morphology change with increasing

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee01817j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 29 2025. Downloaded on 26/07/25 00:39:40.

(cc)

View Article Online

Energy & Environmental Science Paper

600°C

800°C

1000°C

)0.14- j h) 600
g —+—NiNC-1000C —+—NiNC-1000C
< 0124 —a—NiNC-800C g 5004 —4—NiNC-800C
‘o —=—NiNC-600C —=— NiNC-600C
<
el
£
o
-
=
= 0.
>
£

0 20 40 60 80 100 120 140 160 180 200 0.0 02 04 06 0.8 10
Half Pore width / A PIP,
|) Ni2p Element  At% j)
Ni2p 71
. cis 618
3 Nis 27.8(23.144.7) ='
© c2p 17 3
-~ 01s 17 2
Z 2
@ @
o c
- [
£ €
1100 1000 900 800 700 600 500 400 300 200 100 O 540 538 536 534 532 530 528 526
Binding Energy / eV Binding Energy / eV

Ni2p,;

—
—

N1s

Measured
— — Pyridinic N - Fitting
‘‘‘‘‘‘‘‘ Pyrrolic N - Fitting

23.1at%

Satellite
Satellite

|

Intensity / a.u.
Intensity / a.u.

4.7 at%

885 880 875 870 865 860 855 850 845 202 400 398 396
Binding Energy / eV Binding Energy / eV

Fig. 1 Characterization of the NiNC catalyst. (a) SEM and (b) TEM images of the NiINC-600C. (c) SEM and (d) TEM images of the NINC-800C. (e) SEM and
(f) TEM images of the NiNC-1000C. (g) Pore distribution and (h) adsorption/desorption isotherm plots. (i) survey XPS of NiNC-1000C, (j) insights of
satellite and main peaks of nickel, (k) oxygen and (l) nitrogen, respectively.

pyrolysis temperature, with more flakes and particles rather than  earlier comparable synthesis results.'® The morphology change is
continuous carbon structures. At a smaller length scale, TEM mirrored in the Brunauer-Emmett-Teller (BET) surface area
images (Fig. 1b, d and f) suggested no significant differences from values (Fig. 1g, h and Table S3, ESIt), where an increase in surface
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area, mesopores, and micropores was observed from NiNC-600C
to NiNC-800C. At even higher temperatures, the mesopores
started to collapse coupled with lower BET values. During the
pyrolysis, carbon-embedded metallic Ni nanoparticles formed,
while the stacking order of the carbon increased with higher
temperatures, seen by more prominent (002) carbon reflection in
the XRD (Fig. S1, ESIf). Thanks to the final acid washing of all
catalysts, accessible metallic Ni particles were removed to ensure
no/low HER activity.

Fig. 1i presents the survey XPS spectrum of the NiNC-1000C
sample. The strong C 1s signal is mainly due to the carbon
framework, where the single atom nickel is embedded into.
A small oxygen peak in Fig. 1j at ~532 eV is due to typical
surface contamination, like COOH, CO and COH. The shape
and peak position of the O 1s signal apparently indicate no
significant amount of metal oxides. The estimated atomic
concentration Ni: N ratio is 1:3.8 & 4, very different from that
in the “NizN” (Note S1, ESIt). The Ni 2p;,, main peak position
is at 854.9 eV (Fig. 1k), meaning the chemical shift of the Ni 2p
level is larger by 1.3 eV than that of NiO (853.6 eV). The satellite
peak is shifted by 7.9 eV to the higher binding energies from
the main peak. The intensity of the satellite is 12% of the
intensity of the main peak. This is a much smaller relative
satellite intensity compared to the 77% for NiO. The Ni 2p3,
XPS peak of NiO is dominated by the 2p°d® core hole
configuration®® - the high spin configuration of Ni cation.
According to Grosvenor et al. the relatively weak satellite,
observed for NiNC-1000C, is indicative of low-spin configu-
ration of Ni ions.*® Given this and taking into account the
substantial chemical shift of the main peak to higher binding
energy together with the observed Ni:N concentration ratio,
one could speculate that the dominating oxidation state of Ni in
the NiNC-1000C sample is higher than +2 and the correspon-
dent final state is 2p°d’. In the same time this conclusion is not
in accord with the reported Ni 2p spectra for Ni(OH),, where Ni
is in +2 oxidation state, and Ni 2p,, peak appears at 855.8 eV.>®
As an alternative explanation one can consider the square-
planar structure where 4 nitrogen atoms are around Ni which is
in low spin configuration and its oxidation state is +2 with the
fully occupied 3d,, 3d,, 3d,, 3d- orbitals and empty 3d,>_;e
orbital - similar to what can be found in nickel porphyrin.*”
To check this explanation out we performed XPS characterization
of oxide free Ni porphyrin and Ni phthalocyanine films in situ
grown via thermal evaporation. The results are presented in
the ESLt

The N 1s spectrum (Fig. 11) exhibits a single peak with the
maximum at 398.5 eV, shifted by 0.5 eV with respect to the
“NizN” sample. The observed singlet shape of N 1s is in
contrast to the nickel nitrides prepared in a similar way.
Pyridinic and pyrrolic functional groups were reported based
on the multiple component fitting of the N 1s spectra.'%3%3°
Fig. S7 (ESIt) compares N 1s spectra of the “Ni;N” with the N 1s
spectrum from oxygen-free VN prepared via thermal nitridation
of pure vanadium.*® The “Ni;N” and VN spectra reveal quite
similar asymmetric shapes, characteristic of conductive materials,
while the NiNC-1000C spectrum has a clear minimum on the
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higher binding energy side of the N 1s peak. The minimum is
followed by the onset of the inelastic losses. The distance from the
onset to the N 1s core-level peak can be used to determine the
band gap (~4.5 eV) or, rather, the HOMO-LUMO gap according
to Nichols et al.*" and references therein. A further comparison
between NiNC-100C and reference materials like Ni-TPP, Ni PC
and Ni3N can be found in the Note S1 (ESIT).

Design and performance of a zero-gap
BPM electrode assembly

Mass transport and solubility limitations of gaseous CO, in
liquid aqueous electrolytes preclude the use of fully immersed
electrodes, where industrial current densities on the order of
several hundreds of mA cm ™2 are of the essence. Instead, gas
diffusion electrodes (GDEs) composed of a porous transport
layer (PTL) equipped with a catalyst-coated micro porous layer
(MPL) separate the CO, gas channel from the liquid catholyte
compartment (one-gap design) or from the ion exchange
membrane (zero-gap design). Fig. 2 displays the zero-gap CO,
electrolyzer cell design where the anodic and cathodic flow
fields are integrated into the current collectors. In between the
two current collectors is the BPM assembly consisting of the
anode, the BPM and the NiNC-catalyst on the carbon cloth PTL
(see box in Fig. 3).

The cell components in the enlarged box in Fig. 3 highlight
the working principle of a BPM assembly where water is
dissociated at the interface of a cationic (CEM) and an anionic
(AEM) exchange membrane, before H' and OH™ move in
opposite directions. Unlike for AEM design, in the BPM design,
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Fig. 2 Schematic of the zero gap ccs cell with insight in the BPM and
cathode processes. The cell contains a flow field integrated current
collector, a NiFe-LDH@NF anode, a bipolar membrane and a NiNC catalyst
coated GDL. The insight shows the direction of the membrane, CEM to
cathode, and the assumed neutralization of the carbonate by protons to
recover CO,.
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Fig. 3 Electrochemical zero-gap cell performance. (a) Polarization curves of catalyst with different pyrolysis temperatures and (b) FE at different current

densities. (c) The CCC proves that no carbonate formation is noticeable and (d) N, vol% of the GC over different current densities to prove no flow
depletion, expected 20 vol% (5 mlmin~t N, and 20 ml min~t CO,). (e) Single pass conversion and CO, to CO ratio at different current densities and (f) the
CO ratio in the outlet stream of the electrolyzer cell. All test represent the mean value of at least 2 individual tests, the standard deviation can be found

in the ESLt

OH™ move exclusively across the AEM to the anode. There, they
help maintain the pH enabling the use of platinum-group-
metal (PGM)-free anodes such as NiFe-LDH grown on nickel
foam working as anode.””™* On the other hand, the protons
move across the CEM to the cell cathode and buffer OH™ or
CO5*” to water and CO,, respectively. The OH ™ are generated
from the catalytic conversion of water to hydrogen or the
conversion of CO, to CO and form CO,>". The H at the cathode
will thus regenerate CO,. For AEM electrolysis, techno-
economic analysis showed that the CO, membrane crossover
in AEM systems coupled to subsequent anodic CO, separation
and regeneration is quite energy- and cost intensive.”*?

Fig. 3 shows six key cell performance parameters vs. the
applied current density of the reverse-bias zero gap BPM
electrolyzer cell, in particular cell voltage, CO faradaic effi-
ciency (FEco), carbon cross over coefficient (CCC), N, vol% in
cell outlet flow rate, single pass conversion (SP), and the CO
concentration in the outlet flow. Each performance parameter
was evaluated for each of the three NiNC cathode catalysts at a
CO, inlet flow rate of 20 ml min™" or 4 ml min™* cm™2 in a
current density range from 0-500 mA cm 2. The polarization
curves (Fig. 3a) of all three cathodes were very similar up to
200 mA cm 2. Beyond that, the rise in cell voltage varied for
each catalyst, likely as a result of increasing H, faradaic
efficiency (FEy,) for the NiNC-600C and the NiNC-1000C.
Drawing 500 mA cm > proved problematic for NiNC-800C
likely due to slow water dissociation rates. While trends in
FEco (Fig. 3b) did not correlate with the pyrolysis tempera-
tures, they followed trends in BET surface areas, suggesting a
relation to catalyst porosity. Notably, despite the reverse-bias
low-pH conditions at the cathode, the BPM cell reached

This journal is © The Royal Society of Chemistry 2025

favorable FEco values of 80-100% at current densities up to
500 mA cm 2.

In order to characterize the ion transport in the cathodes of
CO, electrolyzers, we recently introduced the concept of the
carbon cross over coefficient, CCC."® Illustrated in the context
of a AEM CO, electrolyzer,'® the CCC proved a diagnostic tool
to distinguish ion transport regimes dominated by protons
(CCC ~ 0), carbonate (CCC ~ 1), or bicarbonate ions
(CCC ~ 2). Equivalently, the CCC provided insight in the
non-electrocatalytic consumption of CO, by OH .'® Fig. 3c
reports experimental CCC values in the present BPM CO,
electrolyzer environment. Unlike for AEM CO, electrolyzers,
the experimental CCC values are near 0 over the entire current
density range, suggesting protons to be the dominant ion at the
cathode and implying no significant loss of CO, by carbonate
formation. This directly confirms the hypothesized functional
concept of a reverse-bias BPM-based cell cathode. Here, we
further introduce the experimental volume fraction of N, in the
cell outlet (Fig. 3d) as a new diagnostic tool to characterize
failure modes and degradation regimes of CO, electrolyzers.
A small N, “bleed” is introduced after the cell and prior to the
gas chromatographic analysis to provide an internal calibration
for accurate determination of the outlet flow. For a CO, to CO
electrolyzer operating at FEgco ~ 100% without any non-
electrocatalytic loss of CO,, a constant N, bleed of 5 ml min™"
against the CO, inlet feed of 20 ml min~* should result in an
experimental N, fraction of about 20 vol%, as evidenced in
Fig. 3d. By contrast, in case of (bi)carbonate formation from
OH™ and CO,, the volumetric outlet flow rate decreases, while
the experimental N, vol% increases. In absence of carbonate
formation, yet significant competitive H, evolution, the outlet

Energy Environ. Sci., 2025, 18, 6577-6586 | 6581
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flow rate increases, while the N, vol% decreases, as observed
for NiNC-800C (blue line in Fig. 3d) above 200 mA cm ™2 where
the FEco gradually dropped. These considerations underline
the diagnostic value of the N, vol%, which will be elaborated
further below. Next, the single pass conversions of the BPM
electrolyzer were evaluated for each NiNC catalyst (Fig. 3e).
Thanks to the low carbonate formation in the proton-rich
cathode suggested by CCC ~ 0, the present BPM CO, electro-
lyzer design displayed a very high ~70% single pass conversion
(SP) that significantly surpassed the theoretical limit of 50% of
AEM CO, electrolyzer systems that are characterized by CCC ~
1. These favorable SP values resulted in CO-enriched outlet
flows of up to 60 vol% at 400-500 mA cm 2 for NiNC-1000C
(Fig. 3f) that are relevant for cascaded CO, conversion using
tandem electrolyzer cell designs*® or other subsequent CO-
based, e.g. synthesis gas related, thermal catalytic processes.

One of the challenges of BPM cell designs remained the
limiting water dissociation rates at higher current densities
coupled with high overpotentials. The Boettcher group showed
how self-made BPMs overcome this challenge; we prepared
CEM-AEM combinations®”™*° and succeeded in significantly
decreasing cell potentials to below 4 V even at high current
densities of 600 mA cm™> (Fig. S9, ESIf). The significantly
lowered cell voltage penalty using TiO, water dissociation
catalysts is testament to the technological viability of
reversed-bias BPM electrolyzer schemes. It voids the commonly
held view that excessive cell voltages will preclude the wider use
of reverse-bias BPM cells. In Table S4 (ESIT) we can show that
we could improve the achievable current density, faradaic
efficiency and even lower drastically the cell potential.

We note that minor, though finite, K" migration from anode
to cathode across the BPM does impact the electroneutrality
balance, as well. K* transport rates lower the required water
dissociation rate (H,0 — H' + OH") in the BPM. While this
may benefit overpotentials, the resulting potassium carbonate
formation may affect stability (Fig. S8a, ESIT) and promotes
CO, consumption. To lower K* cross-over-rates, we carried out
control experiments using 0.1 M KOH instead of 1 M KOH,
which lowered the FEco (Fig. S8b, ESIt). There appears to exist
a trade-off between product selectivity and K* cross-over in BPM
systems, in line with a previous report on Ag catalysts.*’

Failure mode diagnosis and
stabilization of zero-gap BPM CO,
electrolyzers

In order to learn more about the nature, the diagnosis, and the
mitigation of failure modes of zero-gap BPM CO, electrolyzers,
we investigated the stability of the BPM cell at an initial
constant current density of 100 mA cm ™2 for 100 h. Fig. 4a
and b report the temporal evolution of the cell voltage E.,
FEco, FEn,, and N, vol% over the test time. We observed an
initial stable performance (FEco = 100%, N, bleed = 20 vol%)
below 3.25 V cell potential for around 10 h. This stable regime
was followed by an unstable regime, characterized by increased,
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fluctuating Ecen and scattered FEco and FEy,. During the
unstable regime, the N, vol% values rose to 100% (yellow
period in Fig. 4b), followed by a period of fluctuating N, vol%
values (grey period in Fig. 4b). Correlating the dynamic perfor-
mance parameters in Fig. 4a and b with an inspection of the
cathodic CO, gas channels, we realized that the N, bleed vol%
values provided a surprisingly useful diagnostic test for the
detailed salt blocking locations (Fig. 4b and c): N, vol% values
of 100% correlated with complete salt blocking near the cell
outlet (marked “outlet” in Fig. 4b). This is because during this
particular type of salt blocking failure, the cell outlet gas flow
ceased completely, while the N, bleed flow rose to 100 vol%,
being the only gas detected. Regimes with strongly fluctuating
values of N, vol%, by contrast, represented a failure mode
characterized by dynamic partial salt blocking (marked “par-
tial” in Fig. 4b). Incomplete dynamic salt blocks in the cathode
flow channel led to reduced CO, feeds. This causes the FEy, to
rise in order to satisfy the applied current density. As a result of
this, FEgo and FEy, fluctuated irregularly. Occasional cathode
flushing helped normalize the N, vol% values, suggesting the
removal of salt blocks.

We then tested the system stability at a constant current
density of 200 mA cm ™ (Fig. 4d and e). After an initial stable
regime at 3.7 Vand FEco > 90%, the cell entered its first failure
mode regime after ca. 18 h. This failure regime appeared
distinct from the one observed in Fig. 5a and b: while E..j
rose, and FE¢o dropped, N, vol% and FEy, values stabilized at
40% and 20%, respectively, without fluctuations (yellow period
in Fig. 5e). This failure regime involves salt blocking near the
cell inlet (marked ““inlet”), the location of which we were able to
confirm experimentally (Fig. 4f). Inlet salt blocking is charac-
terized by time-stable faradaic H, evolution from water coupled
to exclusive detection of H, and N, in the outlet flow, because
CO, input feed is blocked. Again, cathode flushing was able to
alter or partially mitigate salt blocking (see > 65 h), corroborat-
ing the importance of cathodic water management in zero-gap
CO, electrolyzers. Our stability studies hence suggested that
our BPM zero-gap CO, electrolyzer performance was limited by
the system stability and not by any single component stability.

In AEM CO, electrolyzer systems, salt block degradation can
be addressed by (i) water management (ii) cell temperature
adjustments or (iii) salt solubility increases, e.g., replacing K"
with Cs*. We investigated whether these mitigation strategies
would also apply to BPM CO, electrolyzer and opted for strategy
(iii). In a control experiment, we used a 200 ml 1 M CsOH
anolyte at 100 mA cm ™2,

Use of Cs at the anode clearly solved failure modes asso-
ciated with salt precipitation and allowed stable operation over
at least 100 h at close to 100% FE, 3.25 V (Fig. 5a) and only a
small pH change (from pH 14 to pH 13 after 100 h) at the
anode. In order to verify that N, vol% continues to act as
diagnostic tool, we monitored N, vol% values and confirmed
their time-dependent stability at nearly 20% over 100 h. These
results corroborate that the favorable solubility of Cs-(bi)-
carbonate suppressed undesired salt blocking (Fig. 5b).
We note in passing that, in our view, cell stability tests at

This journal is © The Royal Society of Chemistry 2025
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100 mA cm™2. Salt blocking failure events (“salt block CO,") are indicated. “flushing” marks salt removal by water flushing of cathode channel. (b) FEn,
and actual N, vol% in the exit flow. Expected N, vol% from N,-bleed is 20%. The N, vol% is used as diagnostic tool to determine where and what type of
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squares) during a 100 h stability test at constant current density of 200 mA cm™2. (e) FEn, and actual N vol% in the exit flow. “inlet” (yellow periods) marks
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blocking at the inlet of cell derived from data in (e). N, bleed: 5 sccm, CO, feed: 20 sccm. The data shown in the figure correspond to single tests.

current densities of about 100 mA cm ™2 reveal system stability
rather than catalyst component stability. This makes compo-
nent stability tests in a liquid electrolyte environment of a
commonly employed H-cell operating at even smaller current
densities very doubtful. This is why we investigated the BPM

This journal is © The Royal Society of Chemistry 2025

electrolyzer stability at higher current densities of 200 mA cm ™2

at extended test times (Fig. S10, ESIT). For the initial 24 h, the
cell performance maintained favorable 90% FEco with a slight
rise in E.e from 3.9 to 4.3 V. Then, we noticed a pH change on
the anode to pH 8-9 after 140 h (100 h at 100 mA cm > and 40 h
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blocking. The data shown in the figure correspond to single tests.

at 200 mA cm™?). This was associated with a drastic black anol-
yte color suggesting corrosion of the Ni-based anode catalyst.
Post-testing analysis of the anode revealed a clear morphology
change at the front side of the anode (Fig. S11, ESIt) and we saw
individual particles in the completely blackened anode (Fig. S12,
ESIt) with the anode back side still resembling metallic Ni foam
(Fig. S13, ESIt). Finally, after a test time of 170 h, the zero gap CO,
electrolyzer ceased operation with complete loss of CO selectivity.
After disassembly, pinholes were observed all over the membrane,
indicating possible impact of the anode restructuring. Clearly,
when PGM-free anodes are used, tracking the evolution of anodic
pH is critical.

Conclusion

We have presented the first zero-gap reverse-bias BPM CO,-to-
CO electrolyzer cell deploying CO-selective single Ni atom
cathode catalysts. Furthermore, we have reported the useful-
ness of the novel concept of the carbon crossover coefficient,
CCC, and the N, bleed as diagnostic tools to predict and
understand the dominant transport ion and the type of failure
regimes. We have analyzed key cell performance parameters
and diagnosed its cell stability over 100+ hours. While use of a
N, bleed for internal reference has been known to be critical for
accurate evaluation of cell performance, we now propose the
experimental N, vol% in the combined cell outlet and bleed
flow to be a valuable diagnostic tool to recognize and analyze
cell failure regimes due to cathodic salt blocking.

The zero-gap BPM CO,-to-CO electrolyzer cell showed excel-
lent performance over a wide current density range of 0 to
500 mA cm ™2 with FEgo near 100%. The proton-controlled ion
transport in the cathode was confirmed by a carbon cross-over
coefficient (CCC) near zero, suggesting minimal carbon loss
due to carbonate formation. This was coupled with a high
single pass conversion of ~70% at the largest current densities.

The experimental N, vol% values proved a diagnostic tool
for the localization of system instabilities due to salt blocking.
Complete salt blocking near the cell outlet resulted in experi-
mental N, volume fractions of close to 100%, as the gas outflow
from the cell ceased. Salt blacks near the cell inlet resulted in
time stable increases of the experimental N, vol% to around

6584 | Energy Environ. Sci., 2025, 18, 6577-6586

40%, with FEy, nearing 20%. Partial dynamic salt blocking,
however, resulted in highly fluctuating values of N,, FEco,
and FEy .

Short term mitigation of system failure modes was achieved
by cathodic water management. Increasing salt solubility, by
contrast, proved a superior stabilization strategy for 100+ hours.
Only at larger current densities (here 200 mA cm™ ) and further
extended test times (100-200 h), individual component stability
failures became noticeable as anolytes approached near neutral
pH. This should be considered when CO, electrolysis component
stability is evaluated in low-current and/or short-term H-Cell
environments.
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