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Combining Nanoconfinement in Ag Core/Porous Cu Shell
Nanoparticles with Gas Diffusion Electrodes for Improved
Electrocatalytic Carbon Dioxide Reduction

Jodo R. C. Junqueira,” Peter B. O'Mara,” Patrick Wilde,® Stefan Dieckhéfer,®
Tania M. Benedetti,” Corina Andronescu,' Richard D. Tilley,™ ¥ J. Justin Gooding,”™ and

Wolfgang Schuhmann*®

Bimetallic silver-copper electrocatalysts are promising materials
for electrochemical CO, reduction reaction (CO,RR) to fuels and
multi-carbon molecules. Here, we combine Ag core/porous Cu
shell particles, which entrap reaction intermediates and thus
facilitate the formation of C,, products at low overpotentials,
with gas diffusion electrodes (GDE). Mass transport plays a
crucial role in the product selectivity in CO,RR. Conventional H-
cell configurations suffer from limited CO, diffusion to the

Introduction

Alongside the increase in the concentration of atmospheric
CO,, the interest in suitable materials for the CO, reduction
reaction (CO,RR) to valuable fuels and chemicals is growing
significantly.” The CO,RR is a complex reaction that occurs via
multi proton-coupled electron transfer steps and many different
intermediates under the formation of various products.>*¥ The
selectivity of single metals for the CO,RR have been previously
investigated. Ag, for instance, shows an almost exclusive
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reaction zone, thus decreasing the rate of the CO,RR. In
contrast, in the case of GDE-based cells, the CO,RR takes place
under enhanced mass transport conditions. Hence, investiga-
tion of the Ag core/porous Cu shell particles at the same
potentials under different mass transport regimes reveals: (i) a
variation of product distribution including C; products, and (ii) a
significant change in the local OH" activity under operation.

formation of CO, whereas Cu is the only single metal reported
to produce multi-carbon molecules; however, with insufficient
selectivity and unsatisfactory long-term stability.*' In bimetallic
AgCu catalysts, the combination of two different active sites
improves the product distribution through enhanced selectivity
towards C,, products at comparatively low overpotentials.””
The improved performance originates from a reaction cascade,
in which at the first step Ag centres can efficiently reduce CO,
to CO at a low overpotential,” followed by further reduction of
CO intermediate on Cu sites to C,, molecules at a lower applied
potential and with higher selectivity if compared to Cu-only
catalysts.*” The desorption of a CO molecule from one active
site and the transport and re-adsorption at another one is
known as CO spill-over mechanism."®' In this context,
bimetallic AgCu nanoparticles are an interesting material, where
the structure of the particles strongly influences the CO,RR
product distribution.*'?'3'*'9 For example, AgCu nanodimer
particles showed a faradaic efficiency (FE) for ethylene of up to
~389%.1"

Most studies with AgCu bimetallic catalysts use conven-
tional H-cell set-ups, in which the catalyst-modified electrode is
completely immersed in a CO,-saturated electrolyte.>®'%12'¥
Assessing the CO,RR performance of catalysts with this cell
design has, however, inherent limitations, which are primarily
related to the long CO, diffusion pathways. Hence slow mass
transport from the bulk of the electrolyte to active centres of
the catalyst. Therefore, CO, is quickly depleted in the vicinity of
the active catalytic centres, limiting its conversion, and prevent-
ing the assessment of the full capability of the catalyst material
(Scheme 1d). Moreover, in this scenario, the rate of the parasitic
hydrogen evolution reaction (HER) is promoted. In contrast, gas
diffusion electrodes (GDEs) are known to enable a higher flux of
the gaseous reactant to the catalyst through shorter diffusional
pathlengths leading to higher CO, concentration in the reaction

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Scheme 1. (a) Representation of the cascade reaction in the Ag core/porous
Cu shell particle. (b) The reaction is limited by CO, depletion from the bulk
and only a small amount of CO, reaches the catalyst particle. (c) The reaction
is limited by the CO, mass transport inside the porous Cu shell. (d)
Comparison of the CO,RR in an H-cell with the catalyst layer entirely
immersed within the electrolyte and (e) the GDE-based electrochemical cell.
Local CO, concentration is indicated by colour gradient with red colour
indicating high and white indicating low concentrations.

zone (Scheme 1e) and establishing higher currents.®'”'® Cu—Ag
tandem catalysts measured with a GDE show a production rate
of around —160 mA/cm? for C,, products."® The CuAg is not
the only possible combination for cascade reactions, other
tandem catalysts measured in GDE cells were reported with a
high production rate for C,, products reaching up to
—367 mA/cm? with Cu/ZnO/C®” and —415 mA/cm? using Cu/
Ni—N—C.2"

In contrast to bimetallic and tandem catalyst structures,
where various active centres are directly exposed to the
electrolyte, the Ag core/porous Cu shell catalyst used in this
work exhibits a unique structure with a Ag core, which is
surrounded by a porous Cu shell, such that the CO produced at
the Ag core can react at the Cu shell without diffusion to the
bulk (Scheme 1a).?? Previously, we demonstrated that the
porous channel system of these nanoparticles creates a nano-
confinement leading to a locally higher CO concentration
within the Cu shell that ultimately results in the formation of
more complex products such as n-propanol at a comparatively
low overpotential.” The CO,RR performance of these particles
is sensitive to the applied potential. At more cathodic potentials
the particles experience structural changes, in which the shell
breaks apart with a concomitant loss of nanoconfinement.'®
Therefore, it is crucial to assess the selectivity of these particles
under strict potential control.

The CO, to CO step is essential for the formation of C,.
products. Therefore, the Ag core/porous Cu shell particles
activity can be limited by either (i) low CO, concentration at the
reaction zone, caused by the H-cell constraints (Scheme 1b), or
(i) low CO, availability at the Ag core, caused by a restricted
CO, transport within the Cu shell (Scheme 1c). We hence
combined the Ag core/porous Cu shell particles with GDEs to
eliminate the fundamental limitations of the H-cell configura-
tion, allowing the direct comparison of the particles’ selectivity
under two CO, flux regimes. The measurements with the GDE
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cell allow for an evaluation of the catalyst’s performance devoid
of diffusional restraints and at higher currents. The presented
results show an improvement in the CO,RR activity and
selectivity of the Ag core/porous Cu shell particles using a GDE
as compared to a CO,-saturated H-cell. Furthermore, only
measurements in the GDE cell showed the formation of G,
products, further emphasising the importance of the shorter
CO, diffusion pathways. Measurements of the OH™ activity in
close proximity of the operating electrodes reveal that there is a
significant local variation of the OH™ activity for both H-cell and
GDE cell. Nonetheless, the extent of these changes is more
pronounced when the GDE cell is used.

Results and Discussion

Ag core/porous Cu shell particles were synthesised as described
previously.">'® The particles exhibit a Ag core with ~46 nm
diameter with a porous Cu shell with a thickness of ~25nm
(Figure 1 and Figure S1). The STEM images confirm the porosity
of the Cu shells, which is a prerequisite for the transport of CO,
to the silver core. To prevent inconsistencies related to subtle
variations in particle size or catalyst structure, the same nano-
particle synthesis batch was used in all experiments. Electrodes
were prepared by drop-casting a suspension of catalyst powder
and PTFE particles in methanol onto carbon paper (Figure S2).
New electrodes were used for each experiment performed at
the different applied potentials or configurations of the electro-
chemical cell (Figure S3), and each electrode was measured
only once to prevent influences from possible catalyst degrada-
tion.

The experiments with the GDE reached significantly higher
currents than those performed in the H-cell (Figure 2, Figure S4
and Table S1). Due to the inherent existence of an uncompen-
sated resistance (R,) between the working and reference
electrode, the actual potential at the working electrode differs
from the nominal applied potential proportionally to the
magnitude of the measured current. Therefore, all measure-
ments were performed with an automatic iR, compensation
protocol (for further details, see SI and Figure S5). Three
potentials of —0.50, —0.65 and —0.80V vs. RHEg,, (all the
potential values in this work are given in V vs. RHEg,,, see
supporting information) were selected for the measurement
series to give catalytic currents of —0.7, —7.9 and —17.3 mA for
the H-cell and —3.0, —18.6 and —106 mA for the GDE cell

Figure 1. (a) STEM-DF, (b) SEM micrographs and (c) EDS colour map for Ag
and Cu of the synthesised Ag core/porous Cu shell nanoparticles, scale bar
corresponds to 100 nm.
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Figure 2. Average current i at the end of the 1-hour long chronoamperom-
etry vs. Ejp,, at different applied potentials with the H-cell and GDE cell.
Catalyst loading per electrode ~1.6 mg, n=2.

measurements. The measured currents were 4.2, 2.3 and 6.2
times higher at the three selected potentials when performed
with the GDE cell. Such high current differences underscore the
necessity of the automatic iR, compensation since they would
significantly influence the actual potential at the working
electrode. Moreover, such differences in the measured currents
between the two cell designs suggest that for the GDE cell
there could be a significant variation of the pH value close to
the reaction zone. These changes in the pH value would be a
direct consequence of the consumption of H,O and the release
of OH™ during CO,RR, as demonstrated in the half cell reactions
for alkaline electrolytes (see supporting information).”! Previ-
ously, the increase in the local pH value was shown to increase
the production of C, products and suppress HER.?>*4

To ensure comparable measurements, the CO,RR experi-
ments were performed in 1 M KHCO; as the electrolyte in both
types of electrochemical cells (Figure S3). Gaseous products
were separated and analysed using online gas chromatography,
and liquid products were quantified with '"H-NMR from interval
aliquots (for experimental details, see supporting information).
Apart from H,, six major CO,RR products, namely CO, ethylene
(C,H,), formate (HCO,H), acetate (CH,CO,H), ethanol (C,H;OH),
and n-propanol (C;H,OH) were quantified. Methane (CH,) and
ethane (C,H,) were also identified, but with a faradaic efficiency
of below 1%, and hence they were not considered further
(Figure S6). The activity and selectivity of the CO,RR in the GDE
cell differed significantly from the results obtained in the H-cell.
The effect of the cell design goes beyond merely increasing the
maximum current. Rather, the range of products, and their
distribution, changed substantially for the otherwise identical
catalyst particles. At a working electrode potential of —0.50V,
CO and H, were mostly exclusively formed products with both
cell designs. This potential was too low to invoke a significant
formation of C,, products on the Cu shell (Figure 3, Figure S6
and Table S2).

When measured in the H-cell, H, is by far the major product
at all applied potentials with a faradaic efficiency ranging
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Figure 3. (a) Average faradaic efficiency and (b) mols of product formed for
H,, CO and C,H, at —0.50 and —0.65 V vs. RHE,,, after 30 min with the H-
cell and GDE cell. Catalyst loading per electrode ~ 1.6 mg, n=2.

around 80% and it increases at larger bias potentials. The
dominant HER leads to only a small partial current for the
CO,RR products. In contrast, the FE for H, is much smaller with
the GDE cell ranging around 27% and it decreased at higher
overpotentials. Moreover, when comparing the H-cell and GDE
cell at the same potentials, the FE for H, decreased 4 times at
—0.65V from ~80% to ~20% and 5 times at —0.80 V from
~90% to ~16%. With the suppression of the HER, a larger
portion of the current was used for the CO,RR, consequently,
using the GDE cell yielded superior FEs for all detected CO,
reduction products at all measured potentials (Figure 3a and
Figure S6). In general, with the faster CO, mass transport, the
GDE presents a more favourable environment for the CO,RR
over the undesired HER. Whereas all CO,RR products add up to
a FE of around 8% in the case of the H-cell, this value increases
to approximately 70% in the case of the GDE cell at —0.65 V.
The FE of CO increases around 13 times, whereas the increase
in the C,, products is around 7 times at —0.65V. As a
consequence of higher faradaic efficiencies, the use of the GDE
cell increased significantly the total formed moles of CO,RR
products (Figure 3b). At —0.65V, the amount of H, produced
was two times smaller for the GDE than for the H-cell, whereas
the moles of CO and C,H, increased 32 and 17 times,
respectively. Furthermore, the partial current for ethylene
increased by a factor of 16 at —0.65V in the case of the GDE
cell (Table S3). These results suggest that measurements in CO,-
saturated electrolytes with a conventional H-cell do not allow
for a comprehensive assessment of the intrinsic properties of a
catalyst material due to the rapid depletion of CO, favouring
the HER.

The results show, that the proposed cascade mechanism
inside the nanoconfined environment within the porous Cu
shell is limited by the CO formation rate at the Ag core. It is
revealed, that with the H-cell that the small CO production
stems neither from a low intrinsic activity of the Ag cores nor a
CO, diffusion barrier through the porous Cu shell, but rather
from mass transport limitations inherent to the H-cell config-
uration and the low solubility of CO,. Once the particles are
placed on a GDE the limited CO, mass transport to the particles

© 2021 The Authors. ChemElectroChem published by Wiley-VCH GmbH


www.chemelectrochem.org

ChemElectroChem

Articles

doi.org/10.1002/celc.202100906

Chemistry

Europe

is mitigated, and the activity of Ag core/porous Cu shell
nanoparticles as a CO, reduction catalyst can be accurately
addressed and assessed.

The beneficial effects of the GDE become even more
apparent at more cathodic potentials, where the previously
described trends between the two cell geometries are con-
firmed. At —0.80 V the FE for H, decreased around 5 times using
the GDE cell, whereas the FE for CO increased by 12 times and
by 10 times for C,, products in comparison to the H-cell
(Figure S6 and Table S2). These results highlight the selectivity
for cascade products (Figure 4). Furthermore, the formation of
cascade products increased by about 10 times at —0.80V
compared to —0.65V with a FE of ~17% for ethylene and
~11% for ethanol in the case of the GDE cell. The FE and the
sum of C,, products partial current increased from 2.3% and
—0.5 mA in an H-cell, to 29% and —51 mA with the GDE cell at
—0.8 V. The amount of C,H, increased by a factor of 62 when
using the GDE cell from 7.8 x107 to 4.9 x10° mols (Figure 4b).

We reported previously that the structure of the bimetallic
core/shell particles changes at this potential (for further details,
see Sl and Figures 57)."® Based on the proposed cascade
mechanism, the formation of multi-carbon products is pro-
moted when the original particle structure is present allowing
the nanoconfinement of CO. Therefore, the integrity of the Ag
core/porous Cu shell particles needs to be confirmed which is
possible by assessing changes in the product distribution over
electrolysis time. If the ratio between the FE of C,. and CO
(FEc;,co) exhibits a constant value, the particles are considered
stable during the measurement® However, if this value
decreases over time, the porous Cu shell is disintegrating and
the nanoconfinement capability necessary for the C,, product
formation is lost. Figures S9a and b show that the FE for CO and
C,, remained similar throughout the whole experiment at
—0.50 and —0.65V for both H-cell and GDE cell experiments.
More importantly, the FE¢, . o ratio was relatively constant with
a slight decrease at —0.65 V, revealing the integrity of the Ag
core/porous Cu shell particles during the measurement. In

C,H, C,H;OH M C,H,0H
@ i Hcell A i GDEcel

(@) 30 GDE cell - (b)) GOE col 7 _
254 ° g
r-40 & _5%
— 201 r
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101 \ § P
- .
*] H-cell \ § M g

I S )
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Eigeor. [V vs. RHE] Eigeor. [V vs. RHE]

Figure 4. (a) Average FE (left Y-axis) of cascade products (C,, =C,H,

+ C,HsOH + C;H,0H) and the sum of C,, products partial current (right Y-
axis) and (b) number of moles produced at —0.80 V vs. RHE,,, after 30 min
with the H-cell and GDE cell. Catalyst loading per electrode ~ 1.6 mg, n=2.
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contrast, at —0.80 V (Figure S9c) a significant increase of the FE
for CO in combination with a decrease in the FE for C,, is
observed with a decrease of the FE,, o ratio by more than 5
times during the measurement, which indicates the loss of the
porous Cu shell. These observations are valid for both H-cell
and GDE cell, allowing the conclusion that the structural
changes of the particles take place in a similar manner
regardless of the used electrochemical cell configuration. The
particles are stable at —0.50 and —0.65 V but lose their structure
at —0.80 V.

However, the measurements at —0.80 V in a GDE cell still
allow us to assess the performance of the bimetallic catalyst
under increased CO, mass transport conditions enabling the
assessment of the whole activity potential of the catalytic
material for the CO,RR. Another indication that the use of a
GDE cell at —0.80 V is beneficial for the investigation of CO,RR
catalysts is that at this potential a significant increase in the
amount of C; products was shown, with a FE for n-propanol
reaching up to 1%. Furthermore, one additional C; product,
namely allyl alcohol, was detected in the GDE cell. Allyl alcohol
was not formed in the H-cell measurements nor our earlier
studies*'® with such particles (Figure S8).

During CO,RR in alkaline electrolytes H,O is continuously
consumed of and OH™ is generated, leading to an accumulation
of OH™ ions in close proximity to the reaction zone dependent
on the reaction rate. Such a change in the local pH value may
affect the product distribution of the electrocatalytic
process.>* To investigate these changes a positioned Pt
microelectrode was used as a probe to determine the variation
of the local activity ratios of OH™ and H,O during CO,RR with
the H-cell and GDE cell configurations at different applied
potentials (Figure S10). In these measurements, a Pt micro-
electrode was firstly positioned in close proximity to the
electrode with shear-force based scanning electrochemical
microscopy (SECM) (Figure S11).%' The sensitivity for the local
OH™/H,0 activity ratios can be extracted from the PtO reduction
peak potential (Epred. peak) ¥S- Ag|AgCl{3 M KCI reference
electrode (data given in mV). In more alkaline electrolytes, the
reduction of the PtO takes place at more cathodic potentials
(see Sl). The experiments were performed using a series of
potential pulses. First, a potential equivalent to OCP was
applied at the particle-modified electrode (—250 mV vs. Ag|
AgCl|3 M KCl) followed by a cathodic potential, and to finish
OCP was applied again. The particle modified electrode was
switched between “ON” and “OFF”, while measuring the local
OH"/H,0 activity ratio. Figure 5 shows the variation of the Ep.
red. pesk Measured at the Pt microelectrode when different
potentials were applied at the Ag core/porous Cu shell modified
electrode for both cell designs. A significant cathodic shift of
the Epo-red. peak Was Observed after applying the potential in both
configurations, followed by an anodic shift when OCP was
applied. The results indicate the local increase in the pH value
when CO,RR and the potentially competing HER are taking
place. Furthermore, at higher applied potential, the Epo.ed. peak
was as expected more negative. The Epg e peak Shifts were more
pronounced in the GDE cell (Figure 5¢) in comparison to the H-
cell (Figure 5a). Hence, these experimental data show that a
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Figure 5. (a) Average current at the H-cell working electrode at different
applied potentials (left Y-axis, line plot) and PtO reduction potential peak
(right Y-axis, symbol and line plot) in CO,-saturated 1 M KHCO,. (b) Variation
of the PtO reduction peak potential in solutions of different pH values. (c)
Average current at the GDE cell working electrode at different applied
potentials (left Y-axis, line plot) and PtO reduction potential peak (right Y-
axis, symbol and line plot) in Ar-saturated 1 M KHCO; (d) variation of the PtO
reduction potential peak in solutions of different pH values. Both working

electrodes were prepared with ~1 mg/cm? of Ag core/porous Cu shell. Ep.
red. peak ValUes extrpactgd rom the resuﬂs in Figurgs S12 z?nd S13. Po

more drastic local alkalinisation is obtained with a GDE than the
H-cell."™ The obtained values of Epg req pea at different applied
potentials can be compared with the measured values from the
Pt probe calibration in solutions of different pH values
(Figures 5b and d and Figure S13). Under operation at —0.68
and —0.86 V the GDE cell reached a local activity ratio of OH™/
H,O higher than in 1T M KOH. These changes in the pH value
support the effect on the product distributions. The results from
the GDE cell showed a continuous decrease in the FE for H, at
higher applied currents (Figure S6) and an increase in the
CO,RR. This can be explained by a combination of a shorter CO,
diffusion pathlength provided by the gas diffusion layer and
the high local OH™ activities obtained with this cell config-
uration.

Conclusion

In summary, the activity and selectivity of the Ag core/porous
Cu shell nanoparticles are limited in an H-cell configuration,
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which precluded the comprehensive assessment of the full
catalytic potential of this and presumably other nanostructured
catalysts. In a GDE cell configuration, superior catalytic activity
and selectivity for the CO,RR were observed, resulting in larger
currents and higher FE for CO,RR products. The results
elucidated that the particles were limited by the mass transport
of reactants to the catalyst, and not within the porous Cu shell.
To compare the results obtained with different reactors, it was
vital to perform the measurements with automatic iR compen-
sation to assure that the actual potential at the working
electrode was independent of the measured current. Hence, the
product distribution could be compared at the same applied
potential using different cell designs. When the CO, mass
transport limitations were removed using the GDE cell, a
significant decrease in H, formation followed by an increase in
CO,RR products formation was observed. The results reveal that
the CO,RR performance of the Ag core/porous Cu shell particles
improved at increased CO, mass transport conditions and
higher currents. A significant increase in the FE for C, and C;
products were observed when the catalyst particles were
measured in the GDE cell. The measurement results highlight
the distinct difference in the electrochemical environment in
terms of the local pH value between H-cell and GDE cell, with
alkalinisation being more pronounced in the case of the GDE
cell. Hence, the GDE cell configuration grants improved
conditions to evaluate the performance of the electrocatalyst
material for the CO,RR concomitantly making HER less favour-
able.
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