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Nanoparticle modified electrodes constitute an attractive way to tailor-make efficient carbon dioxide
(CO,) reduction catalysts. However, the restructuring and sintering processes of nanoparticles under
electrochemical reaction conditions not only impedes the widespread application of nanoparticle cata-
lysts, but also misleads the interpretation of the selectivity of the nanocatalysts. Here, we colloidally syn-
thesized metallic copper (Cu) and silver (Ag) nanoparticles with a narrow size distribution (<10%) and uti-
lized them in electrochemical CO, reduction reactions. Monometallic Cu and Ag nanoparticle electrodes
showed severe nanoparticle sintering already at low overpotential of —0.8 V vs. RHE, as evidenced by
ex situ SEM investigations, and potential-dependent variations in product selectivity that resemble bulk Cu
(14% for ethylene at —1.3 V vs. RHE) and Ag (69% for carbon monoxide at —1.0 V vs. RHE). However, by
co-deposition of Cu and Ag nanoparticles, a nanoparticle stabilization effect was observed between Cu
and Ag, and the sintering process was greatly suppressed at CO, reducing potentials (-0.8 V vs. RHE).
Furthermore, by varying the Cu/Ag nanoparticle ratio, the CO, reduction reaction (CO,RR) selectivity
towards methane (maximum of 20.6% for dense Cu,s—Ag; electrodes) and C, products (maximum of
15.7% for dense Cu;—Ag; electrodes) can be tuned, which is attributed to a synergistic effect between
neighbouring Ag and Cu nanoparticles. We attribute the stabilization of the nanoparticles to the positive
enthalpies of Cu—Ag solid solutions, which prevents the dissolution-redeposition induced particle growth
under CO,RR conditions. The observed nanoparticle stabilization effect enables the design and fabrica-
tion of active CO, reduction nanocatalysts with high durability.

provides an alternative route to store intermittent renewable
energy, such as solar and wind energy.' Ever since the pio-

Converting carbon dioxide (CO,) into value-added chemicals neering work of electrochemical CO, reduction (CO,RR) on
or fuels with electricity has attracted extensive attention as it metal surfaces by Hori et al,” tremendous efforts have

been devoted to optimizing CO,RR electrocatalysts with
high selectivity, activity and stability.> Among the various
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catalysts for specific products can be tuned by a variety of
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induce synergistic effects, among others.** Although sig-
nificant progress has been made, the challenge of finding
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remains.***’
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Colloidally synthesized nanoparticles (NPs) act as ideal
material platform to study the effect of size, shape (or exposed
facet) and composition on the activity and selectivity towards
electrochemical CO,RR.'® For instance, Strasser et al. studied
the size effect of colloidal Cu NPs (diameter: 2 to 15 nm)
during CO,RR."” A dramatic increase of activity and selectivity
towards H, and CO with decreasing Cu particle size
was observed at an applied potential of —1.1 V vs. RHE.
Furthermore, tailor-made colloidal nanomaterials with
exposed facets allow studying the facet-dependent structural
selectivity of Cu NPs.>®'® Buonsanti et al. synthesized Cu
nano-octahedra (with predominantly Cu(111) facets exposed)
and nanocubes (with prevalent Cu(100) facets), which
showed high selectivity to CH, and C, products (ethylene),
respectively.'®*° It was also suggested that the stability of the
colloidal Cu nanocubes and nano-octahedra was due to the
large nanocrystal size (stable nanocrystals for diameter
>40 nm), whereas smaller nanoparticles displayed severe nano-
particle sintering.">?° In a later study, the colloidal spherical,
cuboidal and octahedral Cu NPs were deposited on gas-
diffusion electrodes (GDE) and tested at industrially viable
current densities (100-300 mA cm~?).® Cu octahedra and nano-
cubes were reported to reach a selectivity of up to 51%
methane and 57% ethylene, respectively, which highlights the
applicability of colloidal NPs in industrial-scale CO, electroly-
zers.® However, the lifetime of the catalysts was only improved
to several hours by changing the electrochemical H-cell to a
flow cell, associated with the aforementioned stability issues
of colloidal nanocatalysts, and many challenges remain to
stabilize nanoparticles <25 nm under CO,RR conditions.®

Although colloidal chemistry enables selectivity and activity
tuning of catalysts at the nanoscale, investigating and solving
the stability issue is of the utmost importance for large-scale
application of nanostructured catalysts. The degradation
phenomenon of nanostructured electrocatalysts (size <25 nm)
has been widely reported, and it is found that larger NPs
appear during reaction, which is often attributed to sintering
of the initial smaller nanoparticles, or to a dissolution-redepo-
sition mechanism.*"** For example, under electrochemical
CO,RR conditions, NPs with an initial diameter of ~7 nm have
been reported to evolve into sizes above 20 nm within 10 min,
and the authors ascribe such a morphology change to nano-
particle coalescence and a dissolution-redeposition mecha-
nism.”* By following the morphology evolution of Cu nano-
cubes during CO,RR with ex situ TEM, it was found that the
potential driven nanoclustering at —1.1 V vs. RHE is the predo-
minant degradation pathway.>* In addition, densely packed
Cu NP ensembles were reported to undergo structural trans-
formation to electrocatalytically active nanocubes during
CO,RR, which are selective for multicarbon products (ethylene,
ethanol and n-propanol).>®*® Therefore, the active sites of NPs
might be misinterpreted without correlating the selectivity to
the dynamic structure of nanostructured electrocatalysts. This
points to the importance of stabilizing NPs during catalysis,
which not only facilitates deeper understanding of the catalyst
active sites but also ensures long-term tests under industrially
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relevant operating conditions. Compared to the vast majority
of efforts devoted in optimizing the catalyst’s activity and
selectivity, fewer attention has been paid to mitigation strat-
egies towards enhanced durability.**

Here, we report the stabilization of colloidal binary Cu and
Ag NP electrodes under CO,RR conditions (—0.8 V vs. RHE),
which allows us to assess the selectivity of the nanostructured
electrocatalysts at this overpotential. We developed synthesis
protocols that result in colloidal Cu (9.4 + 0.7 nm) and Ag
(6.5 + 0.6 nm) NPs with a narrow size distribution.
Furthermore, structural analysis revealed that the nano-
particles are polyhedral Cu and Ag nanoparticles, with predo-
minant fce(111) facets. When the monometallic electrodes
were used in CO,RR, severe restructuring was observed by
ex situ SEM, even at moderate overpotential of —0.8 V vs. RHE.
However, when Cu and Ag nanoparticles are evenly distributed
on the glassy carbon substrates through electrophoresis or
drop-casting of pre-mixed solutions, we find that the neigh-
bouring Cu and Ag NPs retain their initial size and shape after
CO,RR. We attribute the increased stability of the Cu and Ag
NPs to the immiscibility of Cu and Ag that inhibits the dis-
solution-redeposition process of NPs.””*° In other words, the
Cu-Ag solid solutions have positive enthalpies and do not
tend to form alloys under moderate CO,RR conditions.””*° At
higher overpotentials, alloyed clusters are observed in ex situ
TEM measurements. We correlate the nanoparticle mor-
phology evolution with the CO,RR selectivity, and find that the
binary colloidal Cu and Ag nanoparticle electrodes have a
maximum selectivity of 15.7% C, products and 20.6%
methane at moderate overpotential (—0.8 V vs. RHE).
Furthermore, the selectivity can be easily tuned by the Cu/Ag
nanoparticle ratio, which is attributed to a synergistic effect
between the Ag and Cu NPs. The observed stabilization effect
between binary colloidal Cu and Ag NPs provides an alterna-
tive way to improve the stability of CO,RR electrocatalysts.

Results and discussion

Cu NPs capped with tetradecylphosphonic acid (TDPA) and
oleic acid were synthesized via a colloidal method adopted
from a previous report.”® As shown in Fig. 1a, the NPs have a
uniform size distribution of 9.4 + 0.7 nm (see ESI Fig. S1} for
the size histogram). The colloidal Cu NPs were dropcasted on
ITO substrates inside a N, filled glovebox, loaded into a dome
to avoid oxidation of the NPs, and were further characterized
by X-ray diffraction (XRD). The XRD pattern (Fig. S2t) indicates
that the NPs have an fcc Cu lattice. Electron tomography series
were acquired from a number of Cu NPs using high-angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM), in order to investigate their morphology.
From the reconstructed volume, shown in Fig. S3,T it was
revealed that the shape of the particles is close to spherical,
although some faceting appears to be present.

In order to investigate the faceting of the nanoparticles in
more detail, High-Angle Annular Dark Field Scanning

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) Transmission electron microscopy (TEM) image of colloidal
Cu NPs. (b) Visualization of the 3D atomic resolution reconstructions of
four Cu NPs. (c) Atomic resolution HAADF-STEM image of four Cu NPs,
showing the pentatwinned domains, indicated by white arrows. A
magnified image of a region with a pentatwinned domain, indicated by
the white rectangle, is shown as inset. (d) Fourier transform (FT) pattern
(inset) obtained from the Cu NPs shown in (c) and its radially integrated
1D powder electron diffraction (PED) pattern.

Transmission Electron Microscopy (HAADF-STEM) measure-
ments were performed. From these high resolution
HAADF-STEM images (Fig. S37), it is clear that the NPs have
several crystalline domains, of which the majority is pentat-
winned in projection. These pentatwinned crystalline domains
suggest a polyhedral shape with a dominant presence of Cu
(111) surface facets. In order to verify this observation, atomic
resolution electron tomography was performed for four Cu
NPs.>"*? Visualization of the 3D reconstructions are shown in
Fig. 1b and c respectively, and an animated version is pre-
sented in ESI Movie 1.} From these results it is clear that pen-
tatwinned domains (inset of Fig. 1c) are indeed present in all
the investigated single NPs, confirming that the (111) facets
are dominant. The radially-integrated Fourier transform (FT)
pattern (Fig. 1d) is in close agreement with the XRD
pattern (Fig. S2}), confirming the Cu fcc lattice. From the
HAADF-STEM images obtained for Cu nanoparticles loaded in
a TEM holder inside a N, filled glovebox, no (surface) copper
oxide shell is observed, which is confirmed by energy disper-
sive X-rays spectroscopy (EDXS) mapping (Fig. S31). However,
HAADF-STEM images of Cu NPs after air exposure for 3 hours
show severe oxidation on the surface (Fig. S47), indicating that
the NPs are prone to structural changes due to oxidation.

The colloidal Ag NPs were prepared in a similar way, ensur-
ing that the decomposition of silver nitrate was performed at
much lower temperature (120 °C for Ag compared to 180 °C for
Cu, see ESI Fig. S51). The as-synthesized colloidal Ag NPs had

This journal is © The Royal Society of Chemistry 2021
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a narrow size distribution with an average size of 6.5 + 0.6 nm
(Fig. 2a, see ESI Fig. S61 for the size histogram). The Ag NP-
glassy carbon electrodes were characterized by surface sensi-
tive Grazing Incidence Diffraction (GID, angle of incidence
0.5°), which revealed an fcc Ag lattice and exposed Ag (111),
(200) and (220) facets (Fig. S71). The polycrystalline fec lattice
was confirmed by HAADF-STEM imaging (Fig. 2¢ and Fig. S87)
and the corresponding FT pattern (Fig. 2d), which revealed
that the Ag NPs are less prone to surface oxidation compared
to Cu NPs, since no crystalline surface oxide species are
observed even after air exposure during sample transfer. This
is further corroborated by EDXS mapping (Fig. S8t), where no
oxide is observed. Furthermore, the Ag NPs also have several
crystalline domains, with most of them being pentatwinned in
projection as revealed by the high resolution HAADF-STEM
images (Fig. 2c). However, in this case the acquisition of
atomic resolution HAADF-STEM series at high magnification
was not possible due to the sensitivity of the Ag NPs under pro-
longed electron beam irradiation.

The colloidal NPs were deposited on glassy carbon sub-
strates via a versatile electrophoresis deposition method
(EPD).*>* Due to the ligands (TPDA and oleic acid) on the
surface of the NPs, the suspended colloidal NPs have an elec-
tric surface charge. As shown in Fig. 3a, by applying an electric
field, the negatively charged NPs (due to the negatively
charged ligands) could be easily deposited on the anode and
positively charged NPs (due to partial ligand removal) on the
cathode. Densely packed NP films on glassy carbon electrodes

o

Ag(111)

Intensity (a.u.)

Ag(220
o )Ag(311)

20 30 40 50 60 70 80
q(nm)

Fig. 2 (a) TEM image of colloidal Ag NPs. (b) 3D visualization of the
reconstructed volume of a number of Ag NPs. (c) High resolution
HAADF-STEM image of Ag NPs, showing the polycrystallinity of the NPs
and the presence of pentatwinned domains. A magnified image of a
region with a pentatwinned domain is shown as inset. (d) Fourier trans-
form (FT) pattern (inset) of Ag NPs and the radially integrated 1D Powder
Electron Diffraction (PED) pattern.
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Fig. 3 (a) Schematic illustration of the film preparation via electrophor-

esis. The arrows indicate the moving direction of NPs under applied
potential. (b and c) SEM images of the anode Cu (b) and Cu;s5—Ag; (c)
NPs film prepared at 100 V for 60 min. (d and e) Cu 2p (d) and Ag 3d (e)
XPS spectra of a Cu,5—Ag; NPs film prepared by electrophoresis at 100
V for 60 min.

with varying composition and film thickness were obtained by
EPD through optimization of the NP concentration, applied
voltage, deposition time, and solvent.**

A typical anode Cu NP film prepared by EPD is shown in
the SEM images in Fig. 3b and Fig. S9, which indicate that
the NPs were uniformly distributed on the substrate. X-ray
photoelectron spectroscopy (XPS) was performed on both the
anode and cathode Cu NP films after EPD (Fig. S107). We find
that the NPs deposited on the cathode had a much higher
oxide composition (Fig. S10t). This is explained by the partial
removal of the negatively charged surface ligands at the
cathode, which made the NPs more susceptible to surface oxi-
dation. Therefore, the anode films were used for electro-
chemical CO,RR in the remainder of this work. In a similar
approach, mixed Cu-Ag NP films were also prepared with the
EPD method. Fig. 3c-e display the SEM image (Fig. 3c) and
XPS spectra (Fig. 3d and e) of the binary Cu-Ag electrode, pre-
pared by mixing Cu and Ag colloidal solutions in a 1 to 1
volume ratio. The XPS spectra indicate the presence of some
copper oxide (13.6 at% oxygen) on the surface of Cu NPs, while
only Ag® is observed for the Ag NPs, consistent with the FT pat-
terns above (Fig. 2d). Based on the ICP-OES analysis of the NP
solutions (ESIL,{ Experimental details), the concentration of Cu
and Ag NPs in the stock solution is determined to be 0.064
and 0.026 mol L™, respectively. Therefore, the Cu to Ag atomic
ratio of the mixed colloidal solution is 2.5. Finally, SEM-EDX
analysis (Fig. S111) indicates that the Cu and Ag NPs are well

4838 | Nanoscale, 2021, 13, 4835-4844
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distributed across the film, and no phase separation is
observed.

The EPD nanoparticle films served as working electrodes in
a three-electrode system using Ag/AgCl and Pt foil as reference
and counter electrodes (Fig. S12t), respectively.’> CO,RR
selectivity measurements of pure Cu and mixed Cu-Ag films
were performed at —0.8 V vs. RHE in CO,-saturated 0.1 M
KHCO; (pH = 6.8) aqueous electrolyte solution. Two monome-
tallic Cu nanoparticle films were prepared by EPD at two
different applied potentials (100 V and 200 V), hereafter
denoted as Cu-thin (100 V, Fig. 4c) and Cu-thick (200 V,
Fig. 4e), and one Cu-Ag NP electrode (Cu : Ag ratio 2.5, 100V,
see Fig. 4g). As shown in Fig. 4a, the current density of the
films over the course of an hour gradually decays, which is due
to possible particle detachment or dissolution from the
substrate.’®*” The initial drop in current density in the first
100 seconds after cathodic bias onset (Fig. S137) is attributed
to surface oxide removal.*®*° The FE reported in Fig. 4b
suggests a clear difference among the tested films. All films
display a large FE contribution of H, (70-78%, Fig. S147),
which could be explained by the small NP size that is typically
more favourable for H, plroduction.17 We find that for mono-
metallic Cu NP films, methane FE is increased from 0 to 7.5%
by increasing the EPD deposition potential, and hence the
film thickness, while CO production is almost constant (~6%).
In addition, the production of formic acid is also suppressed
from 12.5% to 8.7% for increasing film thickness. Both CO
and formic acid are 2e” reduction products, but they follow
distinct and separate reaction pathways.’> Unlike CO, formic
acid is not typically involved in subsequent reduction reac-
tions, which means that formic acid is the dead end for this
particular CO, reduction pathway.> In other words, if the
reduction pathway towards formic acid is suppressed, path-
ways towards CO and methane are increased, as observed
here.’***! Upon addition of Ag NPs, methane and CO pro-
duction are further enhanced to 10.3 and 8.8% at —0.8 V vs.
RHE, respectively, while FE of formic acid was further sup-
pressed to 5.2%. We note that the overall FE for CO,RR pro-
ducts is increased from 19.2% (for Cu-thin) to 24.3% (for Cu-
Ag). To gain insights into the FE selectivity of EPD films and
its relation to possible restructuring and sintering of the nano-
particle electrodes, ex situ SEM measurements of the EPD
films were performed prior to and after CO,RR. As indicated
by red circles in Fig. 4d and f, a substantial part of the Cu NPs
on the electrode surface have merged and grown into larger
NPs due to sintering after CO,RR at —0.8 V vs. RHE was per-
formed. Compared to the Cu-thin sample, Cu-thick has a
much denser NP loading and the sintering process is
enhanced after CO,RR (Fig. 4f). This suggests that NP sinter-
ing is more notable for NP electrodes with a higher density of
nanoparticles.”> The severe sintering process in thick Cu NP
electrodes might explain the FE increase of methane compared
to Cu-thin, since the increase of Cu NP size was found to
promote methane production."”” However, SEM images of the
Cu-Ag NP electrode before and after CO,RR (Fig. 4h) displayed
no apparent NP sintering, which indicates that the addition of

This journal is © The Royal Society of Chemistry 2021
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(@) Chronoamperometry curves of Cu NP and Cu,s—Ag; NP films recorded at —0.8 V vs. RHE in CO; saturated 0.1 M KHCO3 aqueous electro-

lyte solution. (b) Faradaic efficiency of Cu NP films for CO,RR at —0.8 V vs. RHE in CO, saturated 0.1 M KHCOs. (c—h) SEM images of Cu-thin (c and
d), Cu-thick (e and f) and Cu,s—Ag; (g and h) before (c, e and g) and after (d, f and h) CO,RR at —0.8 V vs. RHE for 1 h. Red circles highlight the sin-

tered nanoparticles after CO;RR.

Ag NPs mitigated the sintering process of Cu NPs. This is also
confirmed by high resolution SEM and EDXS mapping
measurements (Fig. S15 and S167), which indicated that only a
minor fraction of the nanoparticles in the binary electrodes
increased in diameter, whereas a substantial part of the nano-
particles in the monometallic electrode displayed a drastic
increase in size. The increase in CO FE of the Cu, s-Ag; elec-
trode (8.8%) compared to the monometallic Cu electrode
(5.2%) is attributed to the presence of stable Ag NPs, since Ag
is known to be very selective toward CO production.** At the
same time, the FE for methane increased to 10.3%, which we
attribute to the synergistic effect between Cu and Ag NPs,
where CO, is converted to CO over the Ag NPs, and sub-
sequently further reduced to methane over the Cu NPs.**~*®
The overall FE of carbon-containing products for CO,RR on
Cu-thin, Cu-thick and Cu, s-Ag; electrodes are 19.2, 21.4 and
24.3%, respectively. We suggest that the Ag NPs facilitated
tandem catalysis at neighbouring Cu NPs (CO spillover or
sequential adsorption on Ag and subsequent CO conversion to
methane on Cu), which results in higher methane selectivity
for the binary Cu-Ag electrodes compared to the monometallic
electrodes.>'**>%% Furthermore, it has been demonstrated
that copper-silver binary systems exhibit positive enthalpy of
mixing in both solid and liquid states, which means that
copper and silver are immiscible with each other in the
absence of external stimuli.>” Cu-Ag alloyed phases, either in
the form of bulk films or nanoparticles, are experimentally
found to show phase separation during the preparation
procedure,”®° suggesting that fcc Cu and Ag are indeed
immiscible phases and do not form solid solutions. Based on
the CO,RR activity and ex situ SEM measurements of the
different EPD films, we suggest that there is a stabilization
effect between Cu and Ag NPs that mitigates the sintering
process of small monometallic NPs (diameter <10 nm) during

This journal is © The Royal Society of Chemistry 2021

electrocatalytic reduction reactions. Moreover, by tuning the
NP composition of the binary electrodes, the CO,RR selectivity
can be adjusted accordingly.

To further explore the synergistic and stabilization effect
between Cu and Ag NPs towards CO,RR, we have prepared a
series of dense Cu-Ag NP films with varying Cu/Ag ratio by
electrophoresis at 200 V for 60 min, namely Cu, s-Ag;_thick,
Cu;-Ag;_thick and Cu;-Ag, s_thick. As shown in Fig. 5a, the
methane production is improved to ~20% for the dense Cu, 5—
Ag,_thick sample. However, the methane FE decreases to ~9%
with higher Ag content (Cu;-Ag, s_thick). In addition, the FE
for C, products for the Cu;-Ag;_thick sample (15.7% FE) is
slightly higher than for both the Cu, s-Ag;_thick (13.3% FE)
and Cu;-Ag,s_thick (12.0% FE) sample. These results show
that the selectivity of the binary nanoparticle electrodes can be
easily tuned, and that methane production is favoured with
higher Cu/Ag ratios, while a Cu/Ag ratio of 1 results in
enhanced C, products formation. Furthermore, the stabiliz-
ation effect is well pronounced for the NP electrodes with
different Cu/Ag ratios, although there is more notable sinter-
ing in Cu,s-Ag;_thick compared to other samples (Fig. 5¢c-h
and Fig. S177). The slight increase in sintering for the Cu, 5—
Ag;_thick electrode compared to the binary electrode displayed
in Fig. 3h can be ascribed to the NP density, since dense NP
films are more prone to sintering (compare Cu_thin to
Cu_thick, Fig. 3d and f).

As discussed above, the EPD film preparation method pro-
vides a versatile approach to prepare homogeneous NP electro-
des with varying thickness, nanoparticle density and compo-
sition, resulting in stable binary Cu-Ag NP electrodes at —0.8 V
vs. RHE. Furthermore, we have shown that the immiscibility of
Cu and Ag results in stable NP electrodes, which suggests that
Cu and Ag need to be homogeneously mixed in order to utilize
the stabilization effect.

Nanoscale, 2021,13, 4835-4844 | 4839
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(a and b) Faradaic efficiency of dense Cu—Ag NP films with varying Cu/Ag ratios prepared by electrophoresis deposition. CO,RR experiments

were performed at —0.8 V vs. RHE in CO, saturated 0.1 M KHCOs electrolyte solution (pH = 6.8). (c—h) SEM images of Cu,s—Ag;_thick (c and d),
Cu;—Ag;_thick (e and f) and Cu;—Ag, s_thick (g and h) before (c, e and g) and after (d, f and h) CO,RR at —0.8 V vs. RHE for 1 h. Red circles highlight

the sintered nanoparticles after CO,RR.

To study the stabilization of binary Cu-Ag electrodes
further, we prepared mixed electrodes via another deposition
method (drop-casting) and performed CO,RR. Drop-casting
typically results in less homogeneous films, which allows us to
verify whether indeed neighbouring Cu and Ag NPs are prone
to sintering, whereas homogeneous mixing of Cu and Ag NPs
results in stable NP electrodes. Fig. 6a presents the FE of drop-
casted Cu NP films tested at various potentials. At relatively
low overpotentials (0.8, —1.0 V vs. RHE), the majority (>90%)
product is H, and the FE of CO is around 1-2%. Ex situ SEM
images reveal a clear NP coalescence phenomenon at low over-
potentials of —0.8 and —1.0 V vs. RHE (Fig. 6¢ and d), confirm-
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Fig. 6

ing the instability of monometallic Cu NPs under CO,RR con-
ditions as observed for the EPD samples. The production of
hydrocarbons (C,H,4, C,Hs) on monometallic Cu NP electrodes
has an onset potential of —1.1 V vs. RHE, and the FE of ethyl-
ene reaches a maximum of 14% at —1.3 V vs. RHE, similar to
bulk Cu foil.>>*' By comparing the morphology of a pristine
Cu NP film (Fig. 6¢) and that tested at —1.2 V vs. RHE
(Fig. S18t), we observed severe particle migration, aggregation/
sintering and detachment from the substrate, in line with the
dissolution-redeposition mechanism.>” Therefore, we attribute
the production of hydrocarbons at high overpotentials to the
coalescence of Cu NPs, which thus not reflects the selectivity

(a and b) Faradaic efficiency of drop-casted Cu (a) and Cuj 0_Agso (b) NP electrodes for CO,RR at various potentials for 1 h in CO, saturated

0.1 M KHCO:3. (c and d) SEM images of drop-casted Cu NP films after CO,RR at —0.8 V (c) and —1.0 V (d) vs. RHE for 1 h. (e and f) SEM images of
drop-casted Ag NP films after CO,RR at —0.8 V (e) and —1.0 V (f) vs. RHE for 1 h. (g and h) SEM images of Cu; o_Ag; o films after CO,RR at —0.8 V (g)

and —1.0 V (h) vs. RHE for 1 h.
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of colloidal Cu NPs. As comparison, we also looked into the
selectivity (Fig. S191) and stability (Fig. S20 and S217) of Ag
NPs at different applied potentials. As shown in Fig. 6e and f,
Ag NPs evolved into dendritic structures®® already at applied
potentials of —0.8 V vs. RHE, with a CO FE of ~50%
(Fig. S19%). At higher applied potentials (—1.0 and —1.2 V vs.
RHE), the CO FE even increases to ~70%. In contrast, the sin-
tering of NPs is not observed for a binary Cu-Ag (molar ratio
Cu/Ag = 1) electrode at —0.8 V vs. RHE (Fig. 6g), and SEM-EDX
mapping displayed a relatively uniform distribution of Cu and
Ag (Fig. S227). The stabilization of binary Cu-Ag NP electrodes
and the sintering of monometallic Cu and Ag NP electrodes is
further corroborated by Electrochemical Surface Area (ECSA)
measurements, which revealed a much higher ECSA for stabil-
ized NP electrodes after CO,RR compared to the sintered NP
electrodes (Fig. $231).%° It should be noted that the ECSA of
the sample after CO,RR increased compared to the pristine
electrodes, which is ascribed to the fact that the hydrophobic
ligands on the nanoparticle surface electro-desorbed under
applied negative potentials (CO,RR conditions).**>* However,
phase segregation of Cu and Ag nanoparticles on the nano-
particle electrodes occurred at higher applied potential (—1.0 V
vs. RHE), and it was clearly visible that the Cu-rich region
underwent severe coalescence (Fig. S227). It could be possible
that the small amount of ethylene (1.3%) at —1.0 V vs. RHE
(Fig. 6b) originates from the sintered Cu-rich region on the
binary Cu-Ag electrodes.*® After further increasing the overpo-
tential to —1.2 V vs. RHE, coalescence happens across the
entire binary Cu, (Ag;, film (Fig. S22t). From these experi-
ments we conclude that drop-casted Cu-Ag binary electrodes
still result in Cu-rich and Ag-rich regions, resulting in dis-
solution-redeposition and growth of larger nanostructures
under CO,RR conditions. Therefore, the stabilization and
synergistic effect between Cu and Ag NPs are more pronounced
in samples prepared by EPD, which resulted in a homo-
geneous distribution of Cu and Ag NPs, thereby explaining the
observed selectivity difference among samples prepared by the
two methods.

To gain further insights into the nanostructures formed
under different CO,RR conditions, the drop-casted NP films
after CO,RR are scratched and deposited on ultrathin carbon
coated Au grids for ex situ TEM characterization. Fig. 7a—c
show the HAADF-STEM and EDXS maps of a binary
Cuy o _Ag o film after CO,RR at —0.8 V vs. RHE for 1 h, which
indicates a homogeneous distribution of Cu and Ag in the
mixture under this mild overpotential. HAADF-STEM images
of another region (Fig. S251) show that individual NPs could
be observed all over the grid, confirming the NP stabilization
effect for binary Cu-Ag nanoparticle electrodes. When the
cathodic bias is increased to — 1.0 V vs. RHE, a clear separation
of Cu- and Ag-rich regions can be observed (Fig. 7d-g). High
magnification HAADF-STEM images of individual particles
after CO,RR at —1.0 V vs. RHE for 1 h (Fig. 7h, i and Fig. S267)
show a thick surface oxidation layer on Cu NPs (Fig. 7h), while
Ag NPs are preserved in the metallic state (Fig. 7i). The resis-
tance of Ag toward surface oxidation after CO,RR can be

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 (a) HAADF-STEM image and the corresponding EDXS elemental
maps of (b) Cu and (c) Ag for Cu—Ag NP electrodes after CO,RR at —0.8
V vs. RHE for 1 h. (d) HAADF-STEM image and the corresponding EDXS
elemental maps of (e) Cu, (f) Ag and (g) Cu and Ag for Cu—Ag NP elec-
trodes after CO,RR at —1.0 V vs. RHE for 1 h. (h) High magnification
HAADF-STEM image of (h) individual Cu@copper oxide and (i) Ag par-
ticles of Cu—Ag NP electrodes after CO,RR at —1.0 V vs. RHE for 1 h.

explained by the Ag-H,O Pourbaix diagram, which shows that
metallic Ag is the dominant phase over a wide potential-pH
range.>® For the oxide layer on Cu NPs, it has been reported
that Cu NPs undergo a dissolution-redeposition process
during CO,RR and the first step of this process is the spon-
taneous oxidation of NP surface upon contact with the electro-
lyte.>> Such a dissolution-redeposition process leads to the
growth of Cu NPs during cell operation at sufficiently cathodic
bias.>®> However, we find that the growth of Cu NPs according
to this dissolution-redeposition mechanism is alleviated by
mixing with Ag NPs. A possible explanation is that under mild
CO,RR conditions, deposition of dissolved copper species on
Ag NPs is much more difficult than deposition on Cu NPs,
because of the immiscibility between Cu and Ag.”””%°7
Therefore, redeposition of dissolved species likely results in
similar Cu and Ag NP morphologies as in the pristine binary
Cu-Ag electrodes. We also characterized the Cu-Ag binary elec-
trode after CO,RR at high cathodic potential (—1.2 V vs. RHE,
Fig. S27%), and a clear phase separation of Cu- and Ag-rich
regions is observed in the ex situ STEM-EDX measurements.
Furthermore, the NPs have merged into larger clusters, in
which metallic Ag and oxidized Cu domains can be discerned.
The Ag-rich region has a similar dendritic structure to that of
monometallic Ag NP electrodes (Fig. 6e and f), which indicates
that the high cathodic potential drives the phase separation
and results in destabilization of the binary Cu-Ag system.

As evidenced by the selectivity and stability measurements
for the nanoparticle electrodes prepared by both electrophor-
esis and drop-casting, homogeneous co-deposition of Cu and
Ag NPs results in stabilization of nanoparticles under moder-
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Fig. 8 Schematic illustration of the structural evolution of (a) Cu, (b) Ag
and (c) Cu—Ag NP electrodes under electrochemical CO,RR conditions
(—0.8 V vs. RHE), and the observed stabilization effect in binary Cu-Ag
nanoparticle electrodes.

ate electrochemical CO,RR conditions. Fig. 8 presents a sche-
matic summary of the structural evolution of nanoparticle
electrodes under mild CO,RR conditions (—0.8 V vs. RHE).
First, monometallic Cu NPs undergo severe sintering and
result in larger nanoparticle sizes after CO,RR (Fig. 8a), favour-
ing ethylene production at larger overpotentials (<—1.0 V vs.
RHE). Second, we have found that dendritic assemblies of Ag
NPs are formed during electrocatalytic CO,RR at moderate
overpotential (—0.8 V vs. RHE). These dendritic electrodes are
selective for CO, as often observed for Ag electrodes in CO,RR.
Third, by homogeneously mixing Cu and Ag NPs through elec-
trophoresis, the NPs are stable under CO,RR conditions (up to
—0.8 V vs. RHE), resulting in a synergistic effect between Cu
and Ag NPs. We attribute the stabilization of the NPs to the
immiscibility of fcc Cu and Ag. Although they both have an fcc
structure, their lattice constants differ substantially (3.6 and
4.1 A for Cu and Ag, respectively), which would result in severe
strain for Cu-Ag solid solutions. Furthermore, both experi-
mental and theoretical studies have shown that copper-silver
mixtures have positive enthalpies and are therefore
immiscible.***® Additionally, by introducing Ag NPs into the
Cu NP electrodes prepared by electrophoresis, the CO,RR
selectivity towards methane and C, products can be adjusted,
which allowed us to evaluate the synergistic effect between Cu
and Ag NPs (maximum FE of 20.6% methane and 15.7% C,
products, respectively). The stabilization effect as well as the
tunable selectivity of Cu-Ag mixed nanoparticle electrodes pro-
vides an alternative way of preparing stable nanocatalysts
towards electrochemical production of valuable base
chemicals.>

Conclusions

In this work, synthesis protocols for colloidal Cu and Ag nano-
particles with narrow size distributions were developed, and
these nanoparticles were applied in electrochemical CO,
reduction reaction (CO,RR). HAADF-STEM characterization
revealed that the Cu and Ag nanoparticles have pentatwinned
domains, which shows that the nanoparticles are polyhedral,
and predominantly consist of fcc(111) facets. A versatile elec-
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trophoresis deposition (EPD) method was utilized to fabricate
homogeneous mono- and bimetallic nanoparticle films.
Monometallic Cu and Ag nanoparticle electrodes were found
to be very unstable, even at moderate overpotential of —0.8 V
vs. RHE, resulting in larger Cu and Ag structures with activities
similar to bulk Cu and Ag electrodes. When Cu and Ag nano-
particles were homogeneously mixed, a stabilization effect was
observed, and the Cu and Ag nanoparticles retained their
shape at —0.8 V vs. RHE applied potential. The stabilization of
the binary Cu and Ag NP electrodes under CO,RR conditions
allowed us to tune the CO,RR selectivity, resulting in a
maximum of 20% FE for methane and 15.7% FE for C, pro-
ducts at —0.8 V vs. RHE. The stabilization effect in binary Cu-
Ag nanoparticle electrodes was further confirmed for drop-
casted nanoparticle films. We attribute the stabilization effect
to the immiscibility of the Cu and Ag lattices, which hinders
the dissolution-redeposition nanoparticle growth process of
Cu during CO,RR. The observed stabilization effect between
the Cu and Ag nanoparticles provides an efficient approach to
prepare CO,RR catalysts with high durability and study the
synergistic effect of colloidal nanoparticles.
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