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1 Introduction

CO; flow electrolysis — limiting impact of heat and
gas evolution in the electrolyte gap on current
densityt

a

Christina Martens, (2 **° Bernhard Schmid, 2 ** Hermann Tempel and

Rudiger-A. Eichel®®

Research in CO, electro-reduction with the aim of providing green chemical feedstock (e.g., CO) has
been driven towards optimization of individual components such as CO,-reducing gas diffusion electro-
des (GDEs) to achieve stable electrolysis processes. Moving forward, investigation into the performance of
electrodes at a cell- and system-level is needed to identify key operational parameters that enhance elec-
trode efficiency. In this study, we characterize self-regulated steady-states within an electrolytic cell.
Additionally, we explore the circumstances under which the current density passing through the cell
becomes self-limiting. GDE-relevant system parameters and their impact on the overall electrode dura-
bility during electrolysis at high current densities up to —1.2 A cm™ were analyzed on an intermediate
time scale. Integration of inline sensors to the electrolysis test setup enabled close monitoring of changes
in the electrolyte temperature and electrolyte pH, as well as the detection of pressure changes around
the cathode. In the presented study, the GDE did not appear to be the bottleneck to achieving high
current density CO,-electrolysis. Instead, electrolyte heating and gas evolution within the electrolyte gap
limited the maximum current densities that could be applied to a GDE flow cell. Our results suggest that
electrode performance (selectivity, durability) can sometimes be underestimated when electrolysis cells
and their periphery are not optimally suited for operation with GDEs yet, thus preventing performance
windows from being reached.

facilitate this conversion is CO, electrolysis. Electricity from
renewable sources is supplied to an electrochemical reactor

CO, is a thermodynamically stable molecule’ that has been
accumulating in the Earth’s atmosphere over decades along-
side human industrial development and the use of fossil
carbon as an energy source.” The resulting imbalance in the
carbon cycle due to surplus CO, emissions in addition to natu-
rally occurring CO, is directly linked to global warming and
climate change.** Therefore, to preserve life on this planet, a
transition from the current model of a linear economy to a cir-
cular economy is imperative.””” One step towards mending the
anthropogenically caused imbalance in global carbon cycles is
to re-introduce CO, to the market in the form of value-added
green chemicals and energy carriers. A promising approach to
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where it is used for the cathodic reduction of CO, into a multi-
tude of products, eg., CO, ethene (C,H,), and ethanol
(C,H;OH).® This reaction is typically coupled with anode-sided
water oxidation to oxygen.’ Producing universal educts like CO
or syngas (CO, H,) using CO, as a resource contributes to
reaching carbon neutrality in many products of daily living,
such as acetic acid household cleaners.'® Sourcing these educt
streams from fossil sources, such as gas steam reforming or
coal gasification, which are used to obtain CO and syngas for
the chemical industry,'® could be avoided. Furthermore, this
technology does not leave any critical waste or reaction bypro-
ducts behind. CO, electrolysis can be considered a green
process as its process media are aqueous solutions of environ-
mentally benign salts and inorganic acids and the process is
operated at ambient conditions.

From the discovery of CO, reduction and first studies on its
kinetics in the 1960s,"* the development of CO, electrolyzers
progressed in response to a growing understanding of process
and reaction requirements. CO, reduction has since been
studied using various reactor systems and with different focus.

This journal is © The Royal Society of Chemistry 2023
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Whereas catalyst research requires a very controlled reaction
environment that can be achieved, e.g., by using a rotating disc
electrode (RDE)™ or a cell that encompasses static electrolytes
like the H-cell," continuously run flow cell electrolyzers are
required by the industry once CO, electrolyzers are to be
scaled up for commercial use.'*"> Currently, the state-of-the-
art reactor for doing this are gas diffusion electrode (GDE) flow
cells, which are studied in a variety of electrode, electrolyte
and membrane configurations.'®*® Through the use of a GDE,
this type of reactor comes with the advantage of supplying all
educts (CO,, electrons and charge carriers) to the catalyst
directly. The limiting slow mass transport of CO, through
aqueous electrolyte media’®?* is accelerated in GDEs, as
diffusion pathways for CO, are substantially shortened.'®
When GDEs were first introduced, it was assumed that the
reaction at the electrode takes place in a three-phase interface
of the gaseous CO,, catalyst surface, and liquid electrolyte.*
Contrary to this assumption, recent studies indicate that CO,
reduction in such a system takes place within the two-phase
interface of the catalyst and dissolved aqueous CO,.>* Due to
accelerated educt transport, GDE flow cells surpass other cell
designs not only in terms of selectivity, but also in terms of an
extended current density range that can be applied to such
reactors.'>?® As researchers explored the use of GDEs in this
flexible cell concept, GDE flooding - the gradual (and some-
times quite spontaneous) intrusion of liquid electrolyte into
the highly porous GDE structure and gas channel - emerged
as the next big obstacle in realizing high current density CO,
electrolysis.>® Electrode flooding results in a series of unfavor-
able consequences, such as the blockage of passageways for
gas exchange, a generally reduced electrode stability, and a
loss in CO,-derived product selectivity favoring H, evolution by
water-splitting, among others.>”?® This general limitation
often hindered research into continuous steady-state operation
at high current densities, as experiments were often limited to
minutes by GDE flooding.”® Systematic studies regarding
different GDL types and binder polymers for GDE preparation
are numerous”'® and not the aim of this study. Currently,
there are both flooding-resistant GDEs and the approach of
intermittently washing off GDEs during electrolysis to extend
their lifetime.?°32

By combining known electrode optimization trends,**~*® we
prepared GDEs that were flooding-resistant within the necess-
ary duration of experiments conducted for this study, making
it possible for us to study system steady-states of CO, electroly-
sis at high current densities in a GDE flow cell. In such reac-
tors, local and bulk system conditions vary greatly, both in the
gas stream and in the liquid catholyte. While the buffer chem-
istry of the catholyte does not allow concentration gradients
parallel to the GDE plane, the current will still lead to the for-
mation of concentration gradients in the catholyte gap along
the axis towards the anode.?” By using CO, in excess, concen-
tration gradients in the gas flow field can be eliminated.
Nevertheless, local CO, depletion in the catalyst layer can be
expected at high current densities, reducing selectivity for
CO.?® However, this limitation is solely a function of the GDE
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properties and structure when CO, excess is ensured over the
entire GDE area. We expect high conversion rates in the cell to
strongly impact local conditions. In order to obtain a stable
and continuous operation, the conditions and gradients
formed due to the current density must converge to a steady-
state. This raises the question as to where and what the steady-
states of such a system are. A more sophisticated analysis test-
setup monitoring these additional, GDE-relevant system vari-
ables expected to impact GDE performance was assembled to
answer this question.

This study explores the windows of steady-state electrolysis
beyond GDE flooding, in which reversible operation dynamics
can be achieved using a single electrode. Identification of
operating regimes for optimal electrode performance, as well
as the presentation of means to expand such stable windows
of operation by tuning individual system parameters, comp-
lement previous studies on GDE design and material
optimization.”'*?”**3% Within the experimental time frame,
the entire electrolyzer system was allowed to reach steady-state
conditions, while long-term degradation mechanisms were not
yet in effect. Previously conducted theoretical studies of indi-
vidual parameters, such as cell pressures, pH gradients around
the GDE, or GDE-poisoning by CO, reduction products, are
available and pointing to the existence of limitations in GDE
flow cells at high CO, conversion rates.*®*? This work presents
experimental data on the direct and indirect effects of high
current densities in GDE flow cells. We further identify
inherent system limitations and report a new method of identi-
fying windows of steady-state operation for GDE flow cell
systems.

2 Experimental
2.1 Electrode materials and preparation

The CO,-reducing electrodes used in this study are prepared
from commercially available gas diffusion layer sheets (GDL)
made of macroporous carbon paper and a dense microporous
carbon black layer (MPL), treated with polytetrafluoroethylene
(PTFE) (Sigracet-38 BC, SGL Carbon). Sheets were cut into rec-
tangles, 4 cm x 5 cm in size. Catalyst-ionomer-ink was applied
to the MPL with a hand-held airbrush (0.3 mm nozzle dia-
meter, 0.75 bar N, carrier gas). The catalyst layer consisted of
Ag-nanoparticles (2 mg cm™>, <150 nm, Iolitec) bound to the
electrode surface by an anion exchange resin (7.5 wt% of the
catalyst, Aemion HNN-8, Ionomr). The precursor ink was pre-
pared in an ethanol: acetone-mixture (0.65:0.35 wt%) and
ultrasonicated for 40 min before spraying. Prepared electrodes
were stored in an argon atmosphere.

2.2 Electrode characterization

Cross-sectional and top-view images of GDE surfaces before
and after electrolysis were acquired using a Thermo Scientific
Quanta FEG 650 scanning electron microscope (SEM) with an
accelerating voltage of 5-20 kV and a beam current of 1.19 x
1077 pA and 170 pA. Representative cross-sections of the GDEs
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have been prepared by freezing and breaking GDE material in
liquid nitrogen.

2.3 Electrolyzer and periphery

Electrochemical testing was performed in a modified micro-
flow cell (ElectroCell) consisting of three compartments: two
liquid electrolyte compartments containing an acidic anolyte
(H,SO, of different concentrations, Honeywell Fluka) and a
neutral buffered catholyte (KHCO; of different concentrations,
VWR Chemicals). A Nafion 117 membrane (Fuel Cell Store)
was used to separate the electrolyte compartments. The dimen-
sions of each electrolyte compartment were 30 x 34 x 3 mm®.
The GDE separated the liquid catholyte compartment from the
gas compartment. The gas compartment consisted of a tita-
nium flow field with a meandering channel.'® This flow field
also served as the electrical contact for the GDE. A zero-gap
counter electrode consisting of an Ir-MMO coated titanium
mesh (mesh size: 2 mm x 4 mm, Metakem) was used in the
cell. The effective distance between the electrodes corre-
sponded to the thickness of the catholyte compartment. The
cell allowed for an active geometric electrode area of 10 cm?.
Electric current was supplied via an Autolab PGSTAT302N
potentiostat/galvanostat (Metrohm) coupled to a 20 A Booster
(Metrohm). RE-1CP (Ag/AgCl/saturated KCl, ALS Japan) were
used as reference electrodes and connected to the cell via a
Haber-Luggin capillary through the catholyte supply line.
10-channel data loggers (Almemo-710, Ahlborn) were used to
record the signals of sensors installed in the system, assessing
the evolution of environmental system parameters. The test
stand included two pH-electrodes with integrated Pt1000 (LL
Unitrode Pt1000 WOC, Metrohm) to directly measure changes
in temperature and pH in the catholyte entering (pH;,) and
exiting the electrolysis cell (pHoy), two K-type thermocouples
(Ahlborn) acquiring data on the temperature in each of the
electrolyte reservoirs (bulk electrolyte temperatures, Tyy), tWo
differential pressure sensors (FDA602D, Ahlborn) assessing
changes within the catholyte gap (entry vs. exit, Apjiq iq.) and
the gas channel (catholyte entry vs. gas channel, Apiiq /gas), tWO
relative pressure sensors (FDAD3302R, Ahlborn) measuring the
overpressure in the product gas stream (prerpg) as well as in
the catholyte gas stream (p;e1csc), and a galvanically separated
electrometer (ZAD900AB3, Ahlborn). Catholyte and anolyte
were recycled through the cell at a pump rate of 50 mL min™"
using peristaltic pumps for the catholyte and anolyte
(Catholyte: Ismatec Ecoline ISM1089C peristaltic pump;
Anolyte: Ismatec Reglo Digital piston pump). They were kept in
external electrolyte reservoirs containing a volume of 200 mL
equipped with cooling jackets. The reservoirs were connected
to a water chiller (Corio CD-200F, Julabo). CO, of 99.995%
purity was used as a feed gas and supplied to the gas channel
in single-pass mode before being analyzed by an online-gas
chromatograph. The headspace of the catholyte reservoir was
purged with an argon stream to analyze gases formed in the
catholyte compartment. The volumetric flow rates of both gas
streams exiting the experimental setup were determined using
drum-type gas flow meters (TGO5, Ritter). All reported relative
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and differential pressures are given as a total, including all
components in the respective stream. Partial pressures were
not discussed in this study. Pressure control was achieved
using membrane back pressure regulators (LF-series,
Equilibar) downstream the cell. Further information on the
assembly of the electrochemical setup is provided in the ESL.{

2.4 Product analysis

The product gases from the gas- and electrolyte-side of the
GDE were simultaneously analyzed using a Trace 1310 gas
chromatograph (Thermo Fischer) with two sample inlets. Each
inlet was connected to two parallel gas analyzer channels. CO,
and CO were separated on a two-dimensional channel using a
Hayesep-Q packed primary column and a 5 A molecular sieves-
packed secondary column with He carrier gas coupled to a
thermal conductivity detector (TCD). H, was separated on a
5 A molecular sieves-packed column with argon carrier gas
coupled to a TCD. Samples were injected from sample loops
directly connected to the experiment via transfer lines.

Two indicators were defined to evaluate cell performance:
(1) the Faraday efficiency (FE) or the equivalent CO-specific
current density (jco), and (2) the maximum applicable current
density, at which the cell stayed fully operational (jay). The
product-specific current density (j;) is directly derived from
the more commonly presented FE for the electrochemical con-
version of a species i. FE; and j; are calculated as follows:*°

2. F- - -V,
pE; = 2 F i Voo, (1)
Vi - I
Ji =Jx - FE; (2)

With the Faraday constant (F), the molar gas fractions in
the product gas stream (¢;), the product gas flow rate (Vco,)
and the current that is applied to the cell (I,) according to the
list of settings given in Fig. 1. For eqn (2), the current density
(Jx) corresponds to the applied cell current (see Fig. 1) and the
GDE’s active geometrical size.

2.5 Electrochemical testing procedure

To better understand the limits of GDE flow cells to high-
current density CO, electrolysis, GDEs were tested via a
chrono-potentiometric staircase screening method under
varied environmental cell conditions. A screening run was
carried out using a single GDE. After each staircase screening,
a post-electrolysis test was performed at —0.1 A cm ™ to assess
the GDE’s remaining functionality. This protocol was validated
by conducting additional GDE screenings, in which the order
of applied current loads was shuffled.

For this screening, j, was increased step-wise, until either
the electrode seized to produce CO (e.g., due to flooding), or
the potentiostat started to counter-regulate the applied current
density to a lower value. The latter case was caused by cell vol-
tages over-proportionally increasing in relation to the increase
of j. eventually exceeding the potentiostat’'s compliance
voltage of +20 V. Either of the two conditions was indicative of

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Electrochemical GDE testing parameters and procedure.
Chrono-potentiometric screening continued until either GDE flooding
occurred or cell voltage peaks exceeded the potentiostat’'s compliance
voltage (+20 V).

an unstable process operation and led to a termination of the
experiment.

CO, was supplied to the cell in 9-fold excess compared to
its maximum achievable conversion rate to CO (4 = 10). It was
increased proportionally to the applied current density (see
ref. 41). Each current density step was applied for 1300 s in a
continuous series (see table and scheme in Fig. 1). CO, conver-
sion in the GDE flow cell was allowed to reach equilibrium
within 5 min, followed by catholyte gas and product gas
stream analysis. Three gas samples were analyzed for each
current density step, and the results were averaged. Error bars
in graphs show the standard deviation between duplicate
experiments. To assess whether a GDE was still functional
after system limitations have been reached, a post-screening-
electrolysis test was performed after the screening. For this,
the current density was once again set to a low value (—0.1 A
cm™?). The obtained data from the post-test was compared to
the product selectivity obtained during the main screening,
and the production of CO was an indicator of a not-yet-dys-
functional GDE.

3 Results and discussion

3.1 Electrochemical performance of flooding-resistant GDEs
under baseline conditions

The GDE flow cell was operated over a range of current den-
sities according to Fig. 2a. With increasing current density,
FEco reached a maximum of 83.6% at —0.2 A cm™ and con-
sistently decreased with higher current densities. The cell was
operable up to —0.8 A cm™ at FEco of 44.3%. Higher current
densities led to over-proportional increases of the cell voltage
that terminated the measurements. Except at the lowest
current density (—0.001 A cm™?), the total FE added up to
100% with deviations that fall into the combined error margin
of the equipment used for gas analysis and quantification. The

This journal is © The Royal Society of Chemistry 2023
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data indicates that electrons provided to the electrolyzer,
which did not contribute to CO generation, were utilized to
generate H,, the only by-product detected in the process.i In
addition to the FE¢o, Fig. 2b depicts the corresponding jco,
as an equivalent performance indicator expressing reaction
selectivity. The graph shows saturation behavior at —0.6 A
em™?, after which joo decreases as H, formation at the GDE
increases. This observation is consistent with previously
reported, and expected, CO, and CO mass transport limit-
ations towards high current density electrolysis.*® Besides
showing information about product-selectivity (jco) and the
current density range (jmax), this graph also contains infor-
mation about the operating regimes of the cell at different
currents. We differentiate two process regimes that can be
reached by the system, as well as an inaccessible third
region. The two working regimes are (I) steady-state process
conditions, and (II) process states with accelerated
degradation.

Operating regime I (white area in Fig. 2b) may be character-
ized as the current density range, in which current switching
to higher or lower j, does not significantly alter the process’s
performance at either current density. Thus, reaction selecti-
vity is a GDE property in regime I, independent of its previous
operation. It is exclusively a function of the applied current
density. Operating regime II (pink area in Fig. 2b), on the
other hand, is characterized by gradual GDE degradation or
sudden GDE failure (flooding). Continuous and irreversible
degradation in this regime is verified when electrolysis is sub-
sequently performed in regime I and the previously achieved
CO selectivity no longer reached by the same electrode.
Nevertheless, it is possible to operate the flow cell in a stable
and meaningful manner in regime II, if accelerated degra-
dation is acceptable. When a further increase of j, leads to
erratic data and uncontrollable parameters, the system has
reached one or more limitations, under which the electrolyzer
can no longer be operated (regime III).

The three states of operation can be identified from the
slope of jco. A positive slope of joo with increasing j, is
indicative of the stable, steady-state regime I. Once the slope
of jco turns negative, regime II is reached by the system. If
there is no option to record meaningful data at higher
current densities, the inaccessible region III has been reached
(see Fig. 2b). We define the current density, at which the
system changes from regime I to regime II, as the first point
of accelerated degradation (j,p) of the GDE hereon. This
point is identifiable as the first data point at which the slope
of joo changes from positive to negative. In Fig. 2b, the slope
of joo turns negative for current densities above —0.6 A cm™>.
In the present GDE flow cell, —0.6 A cm > was therefore

identified as jop (arrow indication in Fig. 2b). At —0.8 A cm™2,

iIon exclusion chromatography was used to detect charged products such as
formate in the catholyte after the screening procedures. Analysis showed that the
amount of liquid products remained well below 1%, which is within the error
margins of the instrument and calibration data. It is therefore not reported in
this study and regarded as noise.

Green Chem., 2023, 25, 7794-7806 | 7797
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Fig. 2 GDE performance measured in terms of (a) the CO-Faraday efficiency, (b) the product-specific current density, and jap (indication arrow).

Randomized-order screenings confirmed the representativity of the data

the production of CO starts decreasing although j, is
increased and, for the first time, less CO is being produced
despite a higher electron and CO, supply to the GDE (pink
area in Fig. 2b). This behavior is not explicable by electro-
chemical reaction kinetics. j,p and the current density operat-
ing regimes is only visible in the joo-plot. It is not distinct in
the FEco-plot.

To rule out the possibility of the tested electrodes degrading
in the low-current density regime, we performed randomized
order screenings where the order of the previously chronologi-
cally applied current density steps was shuffled. Fig. 2c shows
the obtained FE¢o for both a chronological (light blue) and a
randomized-order screening (dark blue). The numbers in the
data points obtained for the randomized-order screening rep-
resent the order in which the current density steps have been
applied to the cell in this case. The order differs from the
chronological staircase screening but was arranged in that
order for comparison (see Fig. S1 of the ESIf).§ Operating
points 1 and 2 were both measured in regime I, without
entering regime II, and show comparable CO selectivity to the
step-wise increased chronological screening results at the
respective current densities. Operating point 3 coincides with
Jap in the chronological screening: the GDE still reduces CO,
at similar rates as observed for electrodes in the staircase
screenings. Subsequently, lowering j, and moving the operat-
ing state back to regime I shows a minimal decrease in
selectivity by —6.3% FEco compared to the previously
achieved rate (71.3% FEco for the chronological screening).
Deviations from the chronological screening up to and
including point 4 are within the error margins of the instru-
ments used for product analysis in our system. The following
point 5 (40.6% FEco) fell far within the range of operating
regime II. This caused the electrode to experience accelerated
degradation. Subsequently, shifting the state of cell operation
into regime I (point 6) once again increased the FEco.
However, the observable GDE performance stayed well below
the efficiency observed for electrodes that were not yet oper-
ated in regime II (42.6% FEco in the randomized screening

§ FEy, is not displayed in Fig. 2c, but completes the balance up to 100% total FE.

7798 | Green Chem., 2023, 25, 7794-7806
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vs. interpolated 61.0% FEco in the chronological screening). A
performance decrease in terms of FEco was evident for all
successive data points recorded within the lower current
density regime.

Continued electrolysis in regime II resulted in additional
degradation of the GDE (point 7) and further decrease of FEqo
(36.6% FE¢o at point 7). The results indicate that GDE per-
formance is not affected by the applied current load below a
current density of —0.6 A em™>, from which point onwards it

Fig. 3 SEM micrographs of Ag-coated electrodes (a and b) before and
(c) after electrolysis. (a) 45° top view of the catalyst layer on the elec-
trode surface (BSE-detector). (b) Catalyst layer cross-section of the GDE
before electrolysis (BSE-detector). (c) Catalyst layer cross-section of the
GDE after electrolysis (BSE-detector).

This journal is © The Royal Society of Chemistry 2023
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lost its peak performance irreversibly. Therefore, the data gen-
erated by the chronological GDE screening method is represen-
tative within the current density regime I, up to jap, the first
point of accelerated GDE degradation. In the following, the
newly introduced parameters jhp and jm.x will be used to
assess the impact of process parameters on the GDE perform-
ance in CO, reduction.

Microscopic analysis of the GDEs before and after the
electrochemical screening procedures revealed no morphologi-
cal changes in either the catalyst layer or in the gas diffusion
layer structure (see Fig. 3b vs. c). This further indicates that the
electrodes could not have lost all functionality when the
system ceased to operate in a controlled manner.

From these observations, we conclude that the GDE is not
necessarily the single process-limiting component for high
current density CO, electrolysis. Thus, the system is con-
strained by additional factors stemming from the design of the
electrolyzer and the evolution of its reaction environment. To
elucidate this, we changed the GDE environment in terms of
the electrolyte concentration (1 M, 2 M, 3 M), the electrolyte
temperature (with or without cooling), by augmenting system
pressures (no pressure regulation, liquid-sided overpressure at
the GDE, fully pressurized system), and by comparing two set-
tings for the CO, supply (gas supply as a constant CO,-to-elec-
tron ratio with 9-fold excess of CO, and a constant volumetric
CO, flow rate over the entire range of j,). We were specifically
looking for mechanisms that led to the observed instable and
uncontrolled process state that terminated experiments at
high current densities in the flow cell. The following sections
present how changes in the electrode environment affect the
process and performance of GDEs in their ability to reduce
CO,.

3.2 Current density dependent steady-states of the process

To monitor the evolution of system parameters with increasing
Jx, such as the catholyte temperature and system pressures, a
number of inline sensors have been built into the GDE flow
cell according to Fig. 5. An example of a complete dataset
obtained by the chrono-potentiometric screening procedure is
depicted in Fig. 4. Individual parameters are discussed in
detail in the following sections.
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It is evident that almost all measured parameters are
dependent on j,. While for static cells, the assumption of near-
constant process conditions around the electrodes may still be
a realistic approximation, the parameters in GDE flow cells
change profoundly with j, (to the point of sign inversion in
some parameters, as presented in the following sections). A
significant reason for this is the ratio of electrolyte to the
applied current in the catholyte gap.

The overall electrolyte volume in an H-Cell and a flow cell
setup may be quite similar, while the GDE flow cell may
operate at 100-1000 times higher current densities. This is
exacerbated in flow cells with thin electrolyte gaps, resulting
in a very small electrolyte volume present in the cell itself,
which amplifies induced changes to the electrode environ-
ment by accelerated reaction rates. The catholyte bulk pH
could be identified as the only near-constant parameter in
our cell setup (see Fig. S4 of the ESIf). It was measured in
the electrolyte stream entering and exiting the GDE flow cell.
It is, therefore, only representative of bulk electrolyte pro-
perties. Only minor variations in the catholyte pH were
expected in the presence of a bicarbonate buffer system (1 M
KHCO3;). Fig. 4c shows the catholyte pH to remain at a con-
stant value of 8.6 + 0.15 over the entire screening range,
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Fig. 4 Current-dependent steady-states of a GDE flow cell operated with 1 M electrolytes. (a) Voltage and CO-specific current density, (b) relative
system pressures (PG — product gas, CSG — catholyte sweep gas), (c) and the catholyte pH entering and exiting the GDE flow cell, and (d) the catho-

lyte temperatures entering and exiting the flow cell.
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Fig. 6 CO-specific current densities and temperature evolution throughout the chrono-potentiometric screenings at varied electrolyte concen-
trations with vs without electrolyte cooling. (a) 1 M electrolytes, (b) 2 M electrolytes, and (c) 3 M electrolytes.

with a deviation of ApH 0.1 within the catholyte cell
compartment.

3.3 Impact of electrolyte concentration on temperature
evolution and selectivity

The ionic resistance in the cell is largely given by the electro-
lyte concentration. With a higher electrolyte concentration,
less energy is lost to heating, resulting in a higher energy
efficiency.*> From experiments with single-pass electrolytes it
has been reported that electrolytes with higher concentrations
result in higher CO selectivity.”® To elucidate how the catholyte
concentration affects CO selectivity and the steady-states of
cell operation in a system with cycled electrolytes, we con-
ducted the staircase screening experiments with 1 M, 2 M, and
3 M electrolytes, respectively.

Fig. 6 shows a similar trend for jco up to a current density
of —0.6 A cm™? for all concentrations. The CO selectivity for
experiments conducted with 2 M and 3 M electrolytes was
identical within the error bars. Yet, when using 1 M catholytes,
the selectivity was consistently higher. Above —0.6 A cm™ the
cell reached j,p when 1 M catholytes were used, whereas 2 M
catholytes enabled a shift of j,p to =1 A cm™?, and —0.8 A
em™? for 3 M catholytes. Following the same trend, jyax was
increased from —0.8 Acm™2at1 M, to —1.2 Acm™? at 2 M, and
-1.0 A cm™? at 3 M electrolytes.

In contrast to previous observations with non-cycled electro-
lytes,*’ the selectivity moderately declined for the higher elec-
trolyte concentrations. Additional effects, such as the decreas-
ing solubility of CO, at increased salt concentrations,***® may
have limited the benefits of increasing electrolyte concen-
trations beyond an optimum.] It has also previously been

7800 | Green Chem., 2023, 25, 7794-7806

demonstrated that at high current densities, higher cation and
HCO;™ concentrations may negatively impact the kinetics of
the electro-catalytic conversion at the catalyst itself.*” Because
electrolytes are cycled in this study, heat accumulation in the
electrolyte needs to be addressed.

In the lower half of Fig. 6 the measured catholyte tempera-
tures at the cell outlet are shown. Upon reaching ji.yx, the cell
operated with 1 M electrolytes reached temperatures up to
58 °C. At the same current density, the 2 M experiment
reached a temperature of 52 °C. The 3 M experiment remained
the lowest with 48 °C. Thus, the use of 2 M electrolytes
reduced the steady-state catholyte temperature at —0.8 A cm™>
by 6.0 K, 3 M electrolytes further reduced the temperature by
4.3 K. At their respective jmax, the 2 M experiment reached a
maximum of 90 °C, and 68 °C were reached in the catholyte
gap of the 3 M experiment. As the electrolyte volume in the
catholyte gap that absorbs all heat generated from the cell, is
only 3 mL (1.5% of the total catholyte volume), higher j, also
result in a larger differential between catholyte cell entry and
cell exit temperatures. A maximum temperature difference of
up to 20 K at —0.8 A cm™~> was measured in the cell’s catholyte
gap for 1 M experiments (see Fig. 4d).

Furthermore, higher electrolyte concentrations led, as
expected, to a reduction in cell voltage in regime I (see Fig. 7).
When the catholyte temperature increased, the Ohmic resis-
tance in the cell was lowered, which benefitted energy

fWhile the CO, is supplied to the GDE via the gas stream, recent studies report
that the reduction reaction takes place in a liquid film on the catalyst.>* Hence,
CO, solubility matters.

This journal is © The Royal Society of Chemistry 2023
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state cell operation, regime II: cell operation with accelerated GDE degradation, regime llI: inaccessible region.

efficiency in the electrolyzer (see Fig. 7, regime I). In regime II,
an abrupt increase in the Ohmic resistance of the cell could be
observed. We attribute this to an increased gas content in the
liquid electrolyte due to bubble formation and the resulting
progressive insulation in the cell. ji,p coincides with the
current density beyond which the cell voltage sees this extra-
ordinary voltage increase (arrow indications in Fig. 7). The
presence of gas bubbles likely reduced the electrode-electro-
lyte contact, causing local current density overloads in the
catalyst layer. These hotspots presumably contributed to the
accelerated GDE degradation, irreversibly damaging the cata-
lyst layer.

We conclude that by using electrolytes with an increased
salt concentration, trade-offs in CO conversion efficiency can
be made in favor of electrolysis over an extended current
range. Maximum possible electrolyte concentrations, however,
do not benefit either of the performance indicators, as overlap-
ping effects such as a reduced CO, solubility***® come into
play. We found the intermediate electrolyte concentration of 2
M KHCO; to perform optimally in our system.

3.4 Benefits of electrolyte cooling on process stability and
selectivity

In attempts to reduce the cell temperature, thus keeping CO,
solubility in the catholyte high, the experiments described in
the previous section were repeated while cooling jackets
actively cooled both electrolyte vessels. As a result, the overall
electrolyte temperature could be kept below 70 °C for all j,,
whereas previous experiments reached temperatures of >90 °C
(see Fig. 6). Similar to the reduced heating effect through the
increase in electrolyte concentration, active cooling of the elec-
trolytes led to an extension of the current density range appli-
cable to our GDE flow cell.

On average, the catholyte temperature in the actively cooled
cell got reduced by 8 to 12 K compared to the cell without elec-
trolyte cooling jackets. jco in the cell operated with 1 M electro-
lytes improved by an additional —0.11 A cm™> at —0.8 A cm™>,
Electrolysis could be performed at —1.0 A cm™?, whereas the
non-cooled system could not sustain this current through the
cell without voltage overloads. For systems operated with 2 M
and 3 M electrolytes, the active cooling system did not lead to

This journal is © The Royal Society of Chemistry 2023

significant changes in product selectivity, as the CO-specific
current density at any given data point was comparable.||

Our data suggest that active electrolyte cooling has no dis-
cernible impact on product selectivity. Thus, the lowered temp-
erature and the resulting increase in CO, solubility had no sig-
nificant benefits on the selectivity of the catalyst. However, the
current density range that can be applied to a GDE flow cell
could be substantially extended.

3.5 Effects of gas pressure control on the system

The differential pressure of liquid catholyte and CO, feed gas
within the GDE is decisive to the electrode’s catalyst efficiency.
If the gaseous phase does not reach the catalyst layer, CO,
supply to the catalyst particles is limited, which leads to larger
amounts of water being reduced to H,. If the catalyst particles
are not sufficiently wetted by the catholyte phase on the other
hand, the available electro-chemically active surface area is
reduced.

Depending on the differential pressure within the GDE, two
operation modes can be distinguished, in which the CO, gas
stream may be supplied to the catalyst layer: flow-by and flow-
through."® Flow-by conditions exist when the gas-liquid inter-
face is formed within the catalyst layer and there is no gas flow
into the catholyte gap. CO, molecules diffuse into the catalyst
layer towards the catalytically active sites, and the gaseous pro-
ducts diffuse back into the gas channel. This condition is
favorable. The second operation mode, flow-through, occurs
when the gas-sided overpressure towards the -electrolyte
exceeds the GDE’s bubble point pressure (Apgpr = Pliquid — Pgas
< Pbubble point < 0).*° Flow-through of CO, into the catholyte
gap is unfavorable for many reasons. First of all, the presence
of gas bubbles adds to the overall cell resistance and may
cause current fluctuations. Secondly, the GDE catalyst layer
may take damage from the additional stress caused by the
bubbles and current hotspots. This may result in early acceler-
ated degradation, effectively reducing jap. A third reason is the
acidification of the aqueous electrolyte by increased amounts

|| Information on the evolution of corresponding cell voltages can be found in
Fig. S3 of the ESL}
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Fig. 8 Pressure evolution in the cell with different pressure control settings (1 M electrolytes). (a) System without pressure control, (b) back pressure
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liquid-to-gas pressure at the GDE — cell entry, Ap;,: differential liquid-to-gas pressure at the GDE — cell exit, p,e_ -pg: relative pressure in the product

gas stream, prei-csc: relative pressure in the catholyte sweep gas stream.

of CO, dissolving (electrolyte degradation).'® We, therefore,
aim to operate our GDE flow cell at flow-by conditions only.

Fig. 8a depicts the evolution of system pressures during an
experiment without any pressure regulation. With increasing
current density and correspondingly increasing CO, feed flows
in the system (const. CO, excess with A = 10) the gas-sided
pressure at the GDE increased almost linearly. The sweep gas
that was used to flush out gaseous products from the catholyte
cycle, was kept at a constant feed rate. Correspondingly,
pressure in the sweep gas did not change between the current
steps. For the GDE, liquid-sided overpressure could be
observed during the screening. This overpressure increased
with increasing current density until j,p was reached. From
—-0.6 A cm™ to —0.8 A cm™>, we observed a collapsing liquid-
gas differential pressure at the cell inlet (Ap;, in Fig. 8a). At
the same time, a slight drop in the slope of the feed gas
pressure (pre1-pg) Was observed. Additionally, a slight increase
in the relative catholyte sweep gas pressure (Prei-csg) was
observed. Because no pressure regulation was conducted, the
pressure is expected to be proportional to the gas flow. Hence,
a drop in the slope of the feed gas pressure means that the gas
stream pressure has not increased by the expected amount
and that the total flow in the sweep gas stream must have been
increased. We resume that part of the CO, feed gas stream
must have passed through the GDE into the catholyte gap,
indicating CO, flow-through conditions.

Applying an overpressure of 40 mbar** to the catholyte
sweep gas pressure resulted in an increase in pressure within
the liquid catholyte gap (overall increase of Ap;, to liquid-
sided overpressures in Fig. 8b). We found that it is possible to
regulate the pressure of the liquid catholyte by pressurizing
the headspace gas in the electrolyte reservoir. Pressurizing

** A pressure difference of +20 mbar in the product gas compartment compared
to the catholyte headspace sweep gas has yielded the highest joo at —0.2 A cm™
in the reference experiment using 1 M electrolytes in a non-pressurized flow cell
and without active electrolyte cooling. This gradient was artificially generated by
pressurizing the catholyte headspace sweep gas to 40 mbar and the product gas
to 60 mbar, with room to tune the pressure up or down as needed.

7802 | Green Chem., 2023, 25, 7794-7806

both the catholyte sweep gas and the product gas to 40 mbar
and 60 mbar, respectively, caused the differential gas-liquid
pressure within the GDE to gradually change from a liquid-
sided overpressure to a gas-sided overpressure, alongside
reduced CO-production and an increased flow-through of the
CO, feed gas into the catholyte compartment (Fig. 8c). This
further increased the gas content in the catholyte gap.

All in all, we observed the pressure gradient within the elec-
trode to depend strongly on the applied current density, when
the electrolyzer is operated at a constant CO, excess. A liquid-
sided overpressure ensured CO, flow-by conditions. We further
observed that, by regulating the catholyte headspace gas
pressure, it is possible to directly tune the GDE-liquid sided
catholyte pressure.

3.6 Comparison of CO, feed settings

The experiments to this point have been carried out with a
constant 9-fold over supply of CO, to avoid effects from CO,
concentration gradients in the gas channel. This was done
because a 9-fold excess of an educt in a general second-order
order reaction (reaction rate dependency on the availability of
CO, and electrons) may be regarded as a pseudo-first-order
reaction (only dependent on the applied current density j,).>°
CO, concentration gradients within the gas channel could be
neglected. To assess the necessity of a constant CO, supply
ratio and its impact on the formation of steady-states, we per-
formed electrolysis with a CO, feed of 282.5 mL, min™" that
was kept constant over the entire electrochemical screening
range. This setting corresponds to the previously used 4 = 10 at
—0.4 A cm™> With a constant CO, flow rate, 1 changes
throughout the measurement, e.g., to 4 = 20 at —0.2 A cm™?
and =5 at —0.8 Acm ™2,

Fig. 9a shows that the values for jco were much lower for
cells supplied with a constant CO, feed stream, than previously
observed for cells supplied with a constant CO, excess of 1 =10
(see Fig. 4a), at otherwise identical conditions. At —0.2 A cm™>
a joo of —0.11 A ecm™> could be observed (56.9% FEc),
whereas a nearly 40% higher efficiency was observed in a

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Current-dependent steady-states of a GDE flow cell operated at a constant CO,, feed rate (Vcoz =2825mL, min~Y). (a) Cell voltage and CO-
specific current density, (b) catholyte pH entering and exiting the GDE flow cell, and (c) catholyte temperatures entering and exiting the flow cell.

system with 9-fold CO, excess (—0.16 A cm ™2 jco, 83.6% FEco).
At a current density of —0.8 A cm ™2, a selectivity joo of —0.24 A
em 2 could be observed at A =5 and —0.39 A cm™ for 4 = 10.
The catholyte temperature evolved the same way for both
experiments (see Fig. 4d and 9c). Similarly, the CO, excess had
no discernible impact on the pH in the catholyte gap (see
Fig. 9¢).

From this, we conclude that a constant CO, feed ratio is
beneficial when operating CO, electrolyzers at different
current loads.

3.7 Prospect of passive pressure regulation in large-scale
electrolyzers

Fig. 8a shows a near-linear pressure build-up with increasing
current density when the experiment was conducted with con-
stant A. For experiments with constant gas flow, the product-
gas pressure was nearly constant (see Fig. S2 of the ESIY).
Hence, the observed pressure evolution originated from the
flow-resistance downstream the cell and the product gas flow
and viscosity. Operating the cell with constant 4 has not only
provided a constant CO, excess but also provided a gas-sided,
self-regulated pressure adjustment according to the applied
current. Attempts to keep the gas-sided pressure at a constant
value or keeping the CO, feed flow constant did not prove ben-
eficial to GDE performance. Hence, adding a flow-restriction
downstream the cell in combination with a constant CO,
excess may be used to improve the dynamic range of an elec-
trolyzer without having to resort to expensive, digitally con-
trolled pressure regulators.

3.8 Interdependence of process parameters

In a highly complex process like CO, electrolysis, it is rather
unlikely that the process parameters are independent. We
looked into the effects of changing from 1 M to 3 M catholytes
on the other process parameters to evaluate these
dependencies.

Comparing the two scenarios, an increase in electrolyte
concentration did not significantly change the observed rela-
tive system pressures in the catholyte sweep gas stream and
product gas stream. However, a notable difference could be
observed in the pressure difference within the liquid catholyte
gap (Apin at the cell entry vs. Apoy, at the cell exit, Fig. 10). As
gas solubility in aqueous solutions decreases with an increas-

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Pressure evolution in a GDE flow cell operated with (a) 1 M
electrolytes and (b) 3 M electrolytes. Ap;,: Differential liquid-to-gas
pressure at the GDE - cell entry, Ap;,: differential liquid-to-gas pressure
at the GDE - cell exit, pie.-pg: relative pressure in the product gas
stream, pre-csa: relative pressure in the catholyte sweep gas stream.

ing salt concentration,”>*® the increased pressure gradient

within the catholyte gap using a 3 M catholyte has likely been
caused by more significant amounts of gas leaving the liquid
solution in a gaseous form (additional bubble formation) com-
pared to the experiment using 1 M electrolytes.

At the end of section 3 we stated that there can be multiple
reasons for a reduced CO selectivity when operating the elec-
trolyzer with highly concentrated 3 M catholyte (see also
Fig. 7c). When increasing the catholyte concentration, effects
from the catalyst, temperature, and gas bubble formation due
to the salting-out effect cannot be clearly distinguished yet. We
have further observed that the pressure gradient in the catho-
Iyte gap is directly impacted by the catholyte concentration as
well (Fig. 10). The catholyte concentration may, therefore, also
have an indirect effect on the GDE selectivity via the pressure
in the catholyte gap.

Changing one parameter (electrolyte concentration) caused
both changes in the differential pressure within the GDE and a
deterioration in reaction selectivity. We note that any change in the
cell system (e.g., a change in the electrolyte concentration) could
have the potential to impact all other GDE-, cell- and system-level
parameters. This dependency must be recognized, and the GDE
performance must be isolated. Without resolved parameter effects,
cause-and-effect questions cannot be answered.

3.9 Salt formation and flooding

Despite recent advances, flooding and salt formation within
the GDE are still commonly reported in the literature.>>>' We
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Electrolyte molarity and temperature: Jap Jmax FEco at —0.4 A cm™2
1M —0.6 A cm ™2 (68.3% FEco) —0.8 A cm™? (44.2% FEo) 79.9% FEqo
2M —1.0 A cm™> (34.8% FEo) —1.2 Acm™ (11.8% FEo) 65.8% FEco
3M —0.8 A cm ™ (39.4% FEco) —1.0 A cm™ (18.9% FEo) 66.1% FEco
Cooled 1 M —0.8 Acm™ (57.5% FEco) —1.0 A cm™? (42.9% FEo) 77.7% FEco
Cooled 2 M —0.8 A cm ™2 (42.3% FEco) —1.2 Acm™ (19.7% FEo) 62.7% FEqo
Cooled 3 M —0.8 A cm™ (38.8% FE(o) —1.2 Acm™ (22.7% FEo) 58.3% FEco
System pressures: Jap Jmax FEco at —0.4 A cm ™2

—0.6 A cm™ (68.3% FE(o)
—0.8 A cm™? (55.8% FE(o)
—0.6 A cm™ (46.3% FEo)

Unregulated
Electrolyte-sided overpressure
Fully pressurized

—0.8 A cm™> (44.2% FEco)
—0.8 A cm > (55.8% FE¢o)
—-0.8 A cm™> (27.5% FEco)

79.9% FEco
80.8% FEqo
62.7% FEco

CO, feed setting: Jap

FEco at —0.4 A em ™2

Jmax

Const. 4
Const. CO, flow rate

—0.6 A cm™? (68.3% FE(o)
—0.6 A cm™? (40.5% FEgo)

did not observe any salt depositions on the gas-side of the
GDEs or notable amounts of permeate. In experiments in
which the catholyte was pressurized, small amounts of salt
crystals were found in the gas flow channel. This may be due
to minor amounts of electrolyte permeating through cracks in
the GDL.>>® The permeate did not stick and dry on the gas-
side of the GDL. We attribute this to the high hydrophobicity
of the PTFE-treated carbon paper.

4 Conclusions

In this work, we investigated the steady-states of GDE-relevant
process parameters in the high current density regime and
explore the limitations of CO, electrolysis.

It became apparent that process limitations are linked to
the catholyte medium and arise from processes taking place in
the catholyte gap. Increased reaction rates at high current den-
sities generate significant amounts of heat around the electro-
des that is transferred into the electrolytes. In the catholyte,
this leads to bubble formation through degassing and water
vapor formation. In addition, high CO, flow rates at increased
current densities may result in a gas-sided overpressure within
the GDE that leads to undesirable CO, flow-through con-
ditions. Insufficient contact between the GDE and the catho-
lyte causes over-proportional increases in the cell voltage. As
soon as the gas-to-liquid ratio in the catholyte gap becomes
too high, currents can no longer be passed through the cell in
a controlled way.

By increasing electrolyte conductivity and by electrolyte
cooling, it has been possible to extend the operating current
range of a lab-scale flow cell from —8 A to —12 A on a geometri-
cal active GDE area of 10 cm? Results are summarized in
Table 1.

We resume that the GDE is not the singular critical com-
ponent moving toward high current density CO, electrolysis.
To realize long-term experiments, one must address not only
GDE improvements, but also the entire cell and system design.

7804 | Green Chem., 2023, 25, 7794-7806

—0.8 A cm™? (44.2% FEco)
—0.8 A cm 2 (29.5% FEo)

79.9% FEco
52.8% FEco

We consider the design of the catholyte gap the necessary next
step in the development of CO, flow electrolyzers intended to
operate at elevated current densities. This study highlights the
importance of monitoring not only electrode performance but
also GDE-relevant process environment variables. Electrode
benchmarking in a single cell with a single set of experimental
parameters does not necessarily reflect a GDE’s true perform-
ance unless cell limitations can be excluded and the reactor’s
steady-state operation windows are known. This study comp-
lements studies optimizing the GDE design and materials by
presenting and analyzing performance enhancing aspects
stemming from the cell conditions surrounding the GDE.
Thus, we take a further step towards producing green CO as
well as syngas (CO, H,), whereby downstream and end pro-
ducts are also de-fossilized.
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