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Enhancing C. , product selectivity in
electrochemical CO, reduction by controlling the
microstructure of gas diffusion electrodest

a

Francesco Bernasconi, (2 2° Alessandro Senocrate, (2 *3¢ Peter Kraus and

Corsin Battaglia {2 2°¢

We fabricate polymer-based gas diffusion electrodes with controllable microstructure for the
electrochemical reduction of CO,, by means of electrospinning and physical vapor deposition. We show
that the microstructure of the electrospun substrate is affecting the selectivity of a Cu catalyst, steering
it from H, to C,H,4 and other multicarbon products. Specifically, we demonstrate that gas diffusion
electrodes with small pores (e.g. mean pore size 0.2 pm) and strong hydrophobicity (e.g. water entry
pressure >1 bar) are necessary for achieving a remarkable faradaic efficiency of ~50% for C,H4 and
~75% for C., products in neutral 1M KCl electrolyte at 200 mA cm™2. We observe a gradual shift from
CyH4 to CH4 to H, during long-term electrochemical reduction of CO,, which we ascribe to
hygroscopic carbonate precipitation in the gas diffusion electrode resulting in flooding of the Cu catalyst
by the electrolyte. We demonstrate that even with minimal electrolyte overpressure of 50 mbar, gas
diffusion electrodes with large pores (mean pore size 1.1 um) lose selectivity to carbon products
completely, suddenly, and irreversibly in favor of H,. In contrast, we find that gas diffusion electrodes
with small pore size (mean pore size 0.2 pm) and strong hydrophobicity (water entry pressure ~5 bar)
are capable of resisting up to 1 bar of electrolyte overpressure during CO,RR without loss of selectivity.
We rationalize these experimental results in the context of a double phase boundary reactivity, where an
electrolyte layer covers the Cu catalyst and thus governs local CO, availability. Our results emphasize
the pivotal role of microstructure and hydrophobicity in promoting high C., product selectivity and
long-term stability in CO,RR flow cells.

The electrochemical CO, reduction reaction offers the unique possibility to power the conversion of CO, with electricity from renewable energy technologies,
which is a necessary condition to close the carbon loop. An important technological goal is to maximize the selectivity towards one single carbon product while

avoiding the parasitic H, evolution reaction, to avoid costly and energy-intensive separation methods. Amongst carbon products, C,H, is one of the most
sought after, as it is a suitable platform chemical for the synthesis of long-chain hydrocarbons. Presently, Cu is the only known electrocatalyst capable of
converting CO, to C,H, at technological relevant current densities, albeit with limited selectivity. To improve the selectivity towards C,H, selectivity and
suppress the H, revolution reaction we purposefully modify the morphology of hydrophobic polymer-based gas diffusion electrodes made in-house by
electrospinning. We find that gas diffusion electrodes substrates with small pore sizes and strong hydrophobicity grant high C,H, and C. , products selectivity
(~50% and ~75%, respectively) in neutral electrolyte, as well as resilience to electrolyte overpressures (> 1 bar) during CO,RR. These findings highlight the

potential of substrate control as a scalable strategy to improve the selectivity of the electrochemical CO, reduction reaction.

Introduction
@ Empa, Swiss Federal Laboratories for Materials Science and Technology, The conversion of CO, into sustainable fuels and chemicals has
8600 Diibendorf, Switzerland. E-mail: alessandro.senocrate@empa.ch been identified as a key technology to achieve carbon neutrality
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by closing the carbon loop."? Converting CO, electrochemically
via the electrochemical CO, reduction reaction (CO,RR) offers

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ the unique possibility to power this conversion with electricity
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from renewable energy technologies." Significant scientific
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effort has been devoted to improving CO,RR activity and
selectivity, as well as to understanding its mechanisms, starting
from the studies of Hori, who pioneered the reduction of CO,
dissolved in aqueous electrolytes in the 1980s.>”> More recent
developments employ gas diffusion electrodes (GDEs) to cir-
cumvent CO, mass transport limitations to the catalyst result-
ing from the low solubility of CO, in water (35 mM at 25 °C),°
enabling CO,RR at technologically relevant current densities >
200 mA cm 2.7®

An important technological goal to avoid costly product
separation is to achieve high selectivity towards one single
carbon product, while suppressing the parasitic hydrogen
evolution reaction (HER). However, depending on the catalyst
material,” pH and composition of the electrolyte,>*"”
temperature,'®'® pressure,”®?! and GDE type,®* > the product
selectivity of the CO,RR can vary significantly. For example Cu,
the most studied catalyst for CO,RR, can produce both single
carbon (CH,, CO and HCOOH, collectively labeled C,) and
multicarbon products (e.g. C,H,;, CH;CH,OH, etc., collectively
labeled C. ,), yielding a complex product distribution. Amongst
multicarbon products, C,H, is particularly desirable as it can
be used as a precursor to obtain long-chain hydrocarbons.
An emerging strategy to enhance C,H, selectivity and suppress
HER consists in controlling the local environment of the
catalyst,>***?°?® for example by creating an abrupt interface
between a hydrophobic polymer substrate and a hydrophilic
Cu catalyst yielding high C,H, selectivity in strongly basic
electrolytes.”®

In this work, we purposely control the pore size of hydro-
phobic polymer substrates made in-house by electrospinning.
We find that Cu GDEs based on substrates with small pore size
and strong hydrophobicity achieve high C,H, and C~, products
selectivity in neutral electrolyte as well as resilience to electro-
lyte overpressures (>1 bar) during CO,RR. Through mass
transport considerations and the comparison between CO,
and CO reduction experiments we provide evidence that the
Cu active sites are covered by a layer of electrolyte, forcing the
reaction to take place mainly at double phase boundaries. Our
work highlights the necessity of controlling GDE substrate
microstructure to minimize the parasitic HER and offers a
scalable strategy towards high C., products selectivity.

Methods

GDE substrates were prepared by electrospinning solutions of
15, 30, and 32 wt% poly-(vinyliden-fluoride-co-hexafluorpropylene)
(PVDF-HFP) in a 1 wt% solution of tetraethylammonium bromide
(TEABr) in dimethylformamide (DMF) at 30 kV. These sub-
strates were used to prepare GDEs by single-sided deposition of
a Cu catalyst layer with a nominal thickness of 500 nm employ-
ing physical vapor deposition (Cu-GDE). Pore size and water
entry pressure measurements on both substrates and GDEs are
carried out by capillary flow porometry. Details on the fabrica-
tion and structural characterization are provided in the ESI}
and in Fig. S1-S4.
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Cu-GDE product selectivity and activity during CO,RR was
assessed in a three-compartment electrochemical cell. Details
of the cell assembly are shown in Fig. S5 (ESIt). Briefly, the GDE
sits between a gas chamber where the CO, reactant flows, and a
liquid chamber, which contains the catholyte (1M KCl) and
a Ag/AgCl reference electrode. The anolyte (1M KHCOj;) is
separated from the catholyte by a cation exchange membrane
(Nafion 117). A Ti grid coated with IrO, serves as anode for
the oxygen evolution reaction, oversizing the anode to avoid
limiting the cathodic performance. Gaseous and liquid reaction
products are quantified using gas and liquid chromatography,
respectively (details are reported in the ESIf).

Results and discussion

Fig. 1a-c shows cross-sectional scanning electron microscopy
(SEM) images of Cu-GDEs obtained by electrospinning solu-
tions with increasing polymer concentration. The pore size
distribution shown in Fig. 1d, from which we extract the mean
pore sizes of the GDEs was determined by capillary flow
porometry (see Fig. S3 and S4 for more details, ESIT). With
increasing polymer concentration in the electrospinning
solution, the mean pore size increases from 0.2 to 0.7 to 1.1 pm.
To get information on the GDEs’ wetting behavior, we also
measure their water entry pressure, which is the pressure of water
required to penetrate a dry, porous, hydrophobic substrate. The
water entry pressure is related to the polymer’s hydrophobicity,
and thus to its chemistry, but also depends on the substrate
pore size. As the GDE substrates are made of the same polymer,
their different water entry pressures are mainly dictated by their
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Fig.1 SEM images of Cu-GDEs with mean pore size of (a) 0.2 um (15%
PDVF-HFP), (b) 0.7 um (30% PDVF-HFP), and (c) 1.1 um (32% PDVF-HFP),
and (d) corresponding pore size distribution, and (e) water entry pressure
vs. mean pore size. Note the different scale bars in the SEM images. The
obtained fibers (darker contrast) are coated with Cu (lighter contrast) close
to the top surface of the GDE.
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different mean pore size, as described by the Young-Laplace
equation. Fig. 1e shows the correlation between these morpho-
logical descriptors, with GDEs with smaller mean pore size
showing higher water entry pressures.

Next, we analyze the product selectivity and activity of the
GDEs during CO,RR. Fig. 2 displays the faradaic efficiencies
(FEs) towards the main gaseous products (H,, C,H,, CH, and
CO) and liquid products (formic acid, acetic acid, EtOH, and
n-PrOH), and the total FE as a function of applied current
density for the Cu-GDEs with mean pore sizes 0.2 pm, 0.7 pm,
and 1.1 um. The total FE also accounts for minor gaseous
products such as allyl alcohol, propane, propene, propionalde-
hyde, acetaldehyde, and acetone, each accounting for FE < 1%.
Inspection of Fig. 2 reveals that when increasing the current
density from 10 to 50 mA cm ™2, all GDEs show a clear decrease
of FE towards H,, CO, and formic acid, a strong increase
towards C,H,, ethanol, and acetic acid, as well as a mild
increase in FE towards CH, irrespective of their mean pore
size. In this current density range, the only difference between
the GDEs is a lower FE towards CO and formic acid and a
higher FE towards H, for the GDE with 1.1 pm mean pore
size. When increasing the current density further from 50 to
200 mA cm >, the FE of the GDE with 1.1 um mean pore size
shifts distinctly towards H,. In comparison, for the GDEs with
0.2 and 0.7 pm mean pore size, the FE for C,H, continues to
increase up to 200 mA cm >, where a remarkable value of

View Article Online

Paper

~50% is achieved. For n-PrOH, an initial increase followed by a
decrease at high current densities is observed. In addition, the
FE towards CH, decreases for the 0.2 um and 0.7 pm GDEs with
increasing current density, while it stays almost constant for
the GDE with 1.1 um mean pore size. The total FE shown in
Fig. 2i falls between 90 and 110% considering all GDEs and all
current densities applied. These relative variations, however, do
not affect the observed trends with GDE pore size, as these are
also present after normalization of the total FEs to 100%
(Fig. S6, ESIt). The statistical error associated to the FE was
assessed by evaluating the performance of nominally identical
GDEs with 0.2 um pore size. This analysis is given in Fig. S10
(ESIT), from which we extract a relative standard deviation of
+5% for the FE of the main gaseous products, averaged over a
1 h measurement at 200 mA cm ™2 We also provide the current
vs. voltage slopes in Fig. S7 (ESIT).

The plateau in FE towards C-., product observed in Fig. 2b is a
first evidence for CO,RR taking place at double-phase boundaries
between the solid Cu catalyst and liquid electrolyte with dissolved
CO,,*° rather than at triple phase boundaries (between catalyst,
electrolyte, and gaseous CO,). As direct gaseous access is unlikely
to be restricted in our highly porous GDEs (~80% porosity by
liquid pycnometry), these results suggest that the active sites of
the Cu catalyst are covered by an electrolyte layer, which indir-
ectly limits the availability of CO,. The uniform behaviour of the
GDEs below 50 mA cm ™ is consistent with this hypothesis.
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Fig. 2 Faradaic efficiency of Cu-GDEs with different mean pore size as a function of current density towards (a) H, (b) CoHa, (c) CHy, (d) CO, (e) formic
acid (f) EtOH (g) n-PrOH (h) acetic acid and (i) total FE. Additional trace compounds (FE < 1%) including allyl alcohol, propane, propene, propionaldehyde,
acetaldehyde, and acetone were detected in the gas products and are accounted for in the total FE. The FE towards gaseous products is assessed every
five minutes and it is averaged over one hour of reaction, while the FE towards liquid products is determined at the end of the reaction.
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Fig. 3 Faradaic efficiency for H,, CyH4, and CH,4 as function of applied
current for GDEs with different mean pore size during CO,RR (a)-(c) and
CORR (d)-(f). To avoid resistive heating at current densities >200 mA
cm™2, we reduce the exposed area of the catalyst from 1 cm? to 0.2 cm?
for CO,RR by masking the GDEs with a polytetrafluoroethylene tape. The
voltage of the reactions is reported in Fig. S8 (ESIt). Note the difference in
the scale of the x-axis for CO,RR and for CORR plots.

To gather additional evidence for CO,RR taking place at
double-phase boundaries, we extend the CO,RR experiment
to higher current densities up to 600 mA cm™>. In parallel, we
assess the GDE performance during the electrochemical
reduction of CO (CORR). Fig. 3a-c displays the FE for the main
gaseous products (H,, C,H,, and CH,) during CO,RR at current
densities up to 600 mA cm 2. Results are consistent with Fig. 2,
even showing a higher maximum FE of ~55% for C,H, at
200 mA cm~? for the GDE with the smallest mean pore size of
0.2 pm. Maxima in FE are also observed for CH, shifting from
400 mA cm > to 200 mA cm > with increasing GDE mean pore
size followed by a rapid rise in FE for H, at higher current
densities. For CORR shown in Fig. 3d-f, we observe that the
highest FE towards C,H, is achieved at a ten-fold lower current
density compared to CO,RR for the GDE with the mean pore
size of 0.2 pm, which is attributed to the lower solubility of CO
in water (1 mM at 25 °C).*" At higher current densities, the FE
for C,H, falls rapidly. A similar behavior is observed for the
GDEs with 0.7 pm and 1.1 um mean pore size with the maxima
shifted towards lower current densities.

These findings show that a maximum FE towards C,H, is
obtained at an optimum value of the current density which
depends on the GDE’s mean pore size. The selectivity towards
C; products is promoted when the availability of protons is
substantial (indicated by high parasitic HER), while the selec-
tivity towards C., products is maximized when proton
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Fig. 4 Faradaic efficiency for (a) Ha, (b) CoHa, and (c) CH4 at 200 mA cm ™2

as a function of time for GDEs with mean pore size 0.2 um, 0.7 um, and
1.1 pm.

availability is limited (low HER). In addition, the CORR results
provide a strong evidence for the double phase boundary
hypothesis, as the much more severe mass transport limita-
tions observed there are consistent with the 35-fold lower
solubility of CO in water compared with CO,. As the thickness
of the electrolyte layer covering the catalyst is the key parameter
governing CO/CO, availability, the results reveal a correlation
between GDE pore size and electrolyte layer thickness, with
smaller pores yielding thinner electrolyte layers.

Having shown that the GDE microstructure dictates CO,RR
product selectivity, we now study the impact of GDE micro-
structure on CO,RR stability. In Fig. 4, we present the evolution
of the CO,RR FEs during 300 min operation of the Cu-GDEs at
200 mA cm ™ (see Fig. S9 for other products, ESIt). During the
first 180 min, the FE toward H, remains below 5% for the GDEs
with mean pore size of 0.2 pm and 0.7 um, then progressively
increases to 40% after 300 min. For the GDE with the largest
mean pore size of 1.1 pm, the FE for H, starts at 60% and
increases to 100% after 300 min. The FE for C,H, follows an
opposite trend and starts at 50% for the GDEs with 0.2 pm and
0.7 pm mean pore size, but then gradually decays over time.
A more complicated evolution is observed for the FE for CH,:
for the GDEs with 0.2 um and 0.7 pm mean pore size, it slowly
increases and reaches a maximum after several hours, while for
the GDE with 1.1 um mean pore size, the FE for CH, reaches a
maximum very early and then decreases continuously.

Overall, we observe a gradual shift from C,H, to CH, to H,
during long-term CO,RR, which we ascribe to precipitation of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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carbonates in the GDE resulting in flooding of the Cu catalyst
by the electrolyte, as described previously.*>** According to the
reported mechanism, high local pH values in the electrolyte
near the Cu catalyst, resulting from localized proton depletion,
lead to the precipitation of carbonates or bicarbonates, which
are highly hygroscopic. Over time, the accumulation of these
salts in the GDE causes a loss of hydrophobicity, and promotes
electrolyte penetration into the GDE. As a result, catalyst flood-
ing worsens CO, mass transport and favors parasitic HER by
increasing the diffusion pathway length of CO,. As we are
employing strongly hydrophobic GDE substrates, we have never
observed complete, macroscopic flooding of the GDE. However,
it is still likely that local precipitation of salts close to the Cu
catalyst takes place, reducing local hydrophobicity and causing
an increase in the thickness of the electrolyte layer covering
the catalyst. One strategy to mitigate or reduce the decay of
performance over time is to periodically refresh the electrolyte
and/or to periodically interrupt the reaction.*® As we focus here
on the effect of the morphology of the GDE on their perfor-
mance, we refrain from using these strategies in this study.
An additional parameter for controlling local wetting of the
GDE is provided by the pressure difference between the liquid
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electrolyte and the reactant gas inside the electrochemical cell.
A negative pressure difference (AP < 0), i.e. a gas overpressure,
can hinder electrolyte penetration into the GDE and conse-
quently prevent catalyst flooding, while a positive pressure
difference (AP > 0), i.e. an electrolyte overpressure, can pro-
mote it. Fig. 5 displays the results of a CO,RR experiment in
which we purposefully vary the pressure difference by using
needle valves, monitoring the change with pressure sensors.
As can be seen in Fig. 5a and b, switching the pressure
difference from negative to slightly positive (only 50 mbar)
immediately causes the C,H, selectivity to drop to zero while
H, selectivity dominates the product distribution for the GDEs
with 0.7 pm and 1.1 pum mean pore size. Only the GDE with
0.2 pm mean pore size is capable of maintaining high C,H,
selectivity despite the pressure change, highlighting again the
importance of small mean pore sizes. Note that 50 mbar liquid
overpressure is insufficient to push the liquid electrolyte
through the GDE, as even the water entry pressure for the
GDE with the largest pore size is 0.6 bar. Further, this loss of
selectivity is irreversible even if the pressure difference is set
back to negative values. Notably, the GDE with smallest mean
pore size of 0.2 pm is unaffected by the change in pressure
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Fig. 5 Faradaic efficiency for (a) H, and (b) CoH,4 at 200 mA cm~2 as a function of time and pressure for GDEs with mean pore size 0.2 um, 0.7 pm, and
1.1 um. In the first 60 minutes, the pressure difference between liquid and gas chamber is negative (AP < 0), then switched to positive (AP = 50 mbar,

liquid overpressure) for 60 minutes, finally the pressure is reverted back to negative values (AP < 0). (c) Faradaic efficiency towards C,H4 at 200 mA cm

-2

as a function of time and with stepwise increase of pressure from AP ~ —200 mbar to AP ~ 1000 mbar for the GDE with mean pore size 0.2 pm.
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difference even up to AP > 1000 mbar, as shown in Fig. 5c.
From an engineering point of view, GDEs with small pores thus
offer the attractive advantage of withstanding pressure spikes
both in gas and in liquid overpressure, which could take place,
for example during CO,RR startup.

Our findings provide multiple evidence that, for all mean
pore sizes considered, the active sites of the Cu GDE are
covered by an electrolyte layer, and that the thickness of this
layer is governed by GDE pore size, with smaller pores yielding
thinner electrolyte layers. This means that, in these polymer-
based GDEs, double-phase boundaries dominate the CO,RR
or CORR reactivity over triple phase boundaries. We also note
that, while thinner electrolyte layers cause enhanced CO,
transport, they also yield a more limited transport of H'/OH ™~
to/from the catalyst active sites. The H/OH™ transport limita-
tion will make the pH shift more strongly to higher values
during CO,RR for small pore size GDEs, potentially also influ-
encing the product selectivity.

Considering 200 mA cm > as a technologically relevant
threshold value for the current density, our results show that
the upper limit for the GDE’s mean pore size is certainly below
1.1 um, likely below 0.7 um. In addition, we can expect a lower
limit dictated by the pore size at which the mass transport of
CO, to the catalyst transitions from pressure driven to Knudsen
diffusion, i.e. when the mean free path of the gas molecule is
comparable with the diameter of the pore, which is ~0.05 pm
for CO, gas at room pressure.>® These mass transport consi-
derations, in agreement with our experimental results, indicate
an optimal pore size for GDE substrates between ~0.05 and
~0.7 pm to maximize C,H, selectivity on Cu catalysts.

Nonetheless, we note that C,H, is always synthetized along-
side a variety of other C., products, highlighting the need for
strategies able to steer the selectivity toward a single C.,
product. Several different approaches in this direction have
been recently assessed, from the development of engineered
pathways for CO, and H/OH ™ transport,’” to the insertion of
hydrophobic zones near the active sites,* to the use of complex
electrolyte solutions.*®*® As these approaches have yielded
important - but not sufficient - selectivity improvements, we
expect that a higher degree of control of the local catalyst
environment, for example achieved by the targeted introduc-
tion of hydrophobic - hydrophilic zones within the GDE, may
be necessary to obtain a single C., product during CO,RR.

Conclusions

In conclusion, we employed electrospinning and physical vapor
deposition to prepare Cu GDEs with tunable substrate pore
sizes and water entry pressures. We demonstrated that GDE
mean pore size dictates product selectivity and were able to
achieve a remarkable FE of ~50% towards C,H, and ~75%
towards C., products with the GDE with smallest mean pore
size of 0.2 pm. Based on mass transport considerations, we
estimate the optimal pore size of the substrate to be between
~0.05 and ~0.7 pm to maximize C., product selectivity.
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Finally, we assessed the capability of GDEs to sustain liquid
electrolyte overpressures and found that GDEs with the smal-
lest mean pore size are able to withstand up to 1 bar over-
pressure, while GDEs with larger mean pore size (above 0.7 um)
suddenly and irreversibly lose their selectivity towards carbon
products in favor of HER with just 50 mbar of electrolyte
overpressure. The dependence of the highest FE towards
C,H, on the pore size for both CO,RR and CORR, the progres-
sive increase of FE towards H, over time and the increased
sensitivity of GDEs with large pore size to liquid overpressure
provide evidence for the presence of an electrolyte layer cover-
ing the active site of the Cu catalyst, and thus of the dominance
of double phase boundary reactivity. To complement the pic-
ture emerging from electrochemical measurements with direct
experimental in-formation on the local catalyst environment,
future studies will focus on in situ methods.
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