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Abstract

A fundamental question in the electrochemical CO: reduction reaction (CO2RR) is how to
rationally control the catalytic selectivity. For instance, adding a CO-producing metal like Ag
to Cu shifts the latter’s CO2RR selectivity towards C» products, but the underlying cause of the
change is unclear. Herein, we show that CuAg boundaries facilitate the coupling of carbon-
containing species to give ethanol, through an otherwise closed pathway. Oxide-derived Cu
nanowires mixed with 20 nm Ag particles (Cu:Ag mole ratio of 1:20) reduce CO> to ethanol
with a current density of -4.1 mA/cm? at -1.1 V vs. RHE and ethanol/ethylene Faradaic
efficiency ratio of 1.1. These figures of merit are respectively 5 and 3 times higher than those
for pure oxide-derived Cu nanowires. CO2RR using different Ag:Cu ratios and Ag particle
sizes reveals that ethanol production scales with CO production on the Ag sites and the
abundance of CuAg boundaries, and, very interestingly, without significant modifications to
ethylene formation. Computational modelling shows selective ethanol evolution via Langmuir-
Hinshelwood *CO + *CHx (x = 1, 2) coupling at CuAg boundaries, and that the formation of

energy-intensive CO dimers is circumvented.
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1 Introduction

The electrochemical reduction of carbon dioxide (CO2RR), when driven by renewable
electricity, provides a carbon-neutral route to generate fuels and chemical feedstock.! Metallic
copper foils can catalyse the electroreduction of CO» to hydrocarbons, such as methane and
ethylene, and oxygenates such as ethanol.? Regrettably, they are not particularly selective
towards C2 molecules.® Oxidizing the Cu electrodes prior to their use as catalysts enhances Ca
product selectivity, with ethylene more prevalently formed over ethanol.*® This raises the
question of how to strategically steer the conversion of CO; towards ethanol, which is both a
widely-used commodity chemical and a fuel with one of the highest gravimetric energy
densities.” Techno-economic analyses also highlight the importance of good ethanol selectivity
in order to increase the technology readiness level (TRL) of CO»-to-ethanol electrolysers.”® In
this context, elucidating the reaction intermediates and pathways of CO2RR to ethanol is a key

requisite.

For the production of C, molecules on Cu surfaces, *CO dimerisation has been
identified as the key step in the reaction pathway.’!® Theoretical simulations on Cu(100)
further suggested that in the late stages of the pathway, there is a selectivity-determining
intermediate, namely *CH,CHO.!' The hydrogenation of this intermediate leads to either
ethylene or acetaldehyde,!! which is readily electroreduced to ethanol.”> '*!* The idea of a
shared ethanol/ethylene pathway is supported by the Faradaic efficiencies (FE) of the two

products being modified similarly in presence of alkaline cations.'*

An alternative pathway for the reduction of CO: to ethanol involving the coupling of
CO and CHy intermediates to give acetaldehyde, which again reduces to ethanol, has also been

proposed.'® This pathway has been postulated to occur when there is an excess of CO on the

t.lé

working catalyst.'® Previously, zinc, a selective CO-producing metal, was added as a co-

catalyst to copper. The Zn sites would produce CO molecules in-situ, which would combine
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with *CHx moieties on the Cu sites to produce Ca species.'® By increasing the amount of Zn in
the bimetallic catalysts, it was found that the selectivity of ethanol versus ethylene production,
defined by the ratio of their Faradaic efficiencies (FEethanol/FEethylene), could increase by a factor
of up to ~12.5. Ethanol formation was maximized on CusZn at —1.05 V vs. RHE, with a
Faradaic efficiency and current density of 29.1% and -8.2 mA/cm?, respectively. Lee et al
further studied oxide-derived CuAg catalysts and reported a maximum FEetanot of 34.8%
at -1.2V vs RHE.!” At the same potential, ethylene was produced with a FE of 9.5%.
Maximising the number of biphasic CuAg boundaries was hypothesized to facilitate migration

of CO produced on Ag sites to the Cu sites where ethanol could be eventually formed.

Recently, various copper-silver catalysts have been reported to exhibit enhanced

CO2RR selectivity and activity towards multi-carbon products. The enhancement has been

18-19

attributed to the suppression of the competing hydrogen evolution reaction, optimised

binding of reaction intermediates such as *CO,?*! and increased surface population of *CO
intermediates on the catalysts.?** Propositions to improve multi-carbon product selectivity

include optimising copper-silver interfaces to boost CO migration from silver to copper sites,!”

2324 and mixing copper and silver phases to suppress hydrocarbon production and promote the

formation of oxygenated products.'®1°

While it i1s clear that adding silver influences the CO2RR product distribution of

copper, the experimental observations on the CuAg systems were often conflicting: whereas

1’25

some enhanced the Faradaic efficiencies of both ethylene and ethano some showed

enhancement only for ethylene,?**

while others improved the ethanol selectivity while
suppressing ethylene.!” 2! Furthermore, despite commendable efforts in demonstrating the

CO-spillover phenomenon from Ag to Cu, there still remains a gap in understanding how the

CO that spilled over or migrated from the Ag sites may lead to the observed selectivity.?¢?7 All

Page 4 of 30



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

&9

90

91

this suggests that the atomic-scale configuration of CuAg catalysts strongly determines their

CO2RR product distribution, and calls for detailed mechanistic studies.

Herein, we probe the CO2RR catalytic activity of a series of composite catalysts
consisting of Ag particles and oxide-derived Cu nanowires (OD-Cu NW). We assessed the
impact of increasing the amount of CO in the system on ethanol and ethylene production during
CO2RR, and supplemented our analysis with density functional theory (DFT) calculations. Our
results indicate that at CuAg boundaries, an alternative pathway that allows the selective
production of ethanol is open. Interestingly, the pathway remains locked when CO is not
profusely evolved, indicating that CO availability is a key parameter to modulate the selectivity

of copper catalysts.

2 Results and discussion

2.1 Materials Characterisation

We synthesised CuxO nanowires using a published procedure.”® Scanning electron
microscopy (SEM) revealed that these had diameters of 50-100 nm, and lengths of tens of
micrometers (Figure 1a). SEM and transmission electron microscopy (TEM) analyses of the

Ag powder (used as purchased) showed ~20 nm-sized particles (Figure 1b).

The Cu20 nanowires and 20 nm Ag powders were physically mixed as a catalyst ink
and drop-casted onto graphite substrates (see the Supporting Information, SI, Section S1). We
labelled the composite catalyst as Cu(Ag-D)m, where D is the diameter (in nanometers) of the
Ag particles and M is the nominal molar ratio of Ag/Cu. The SEM image of as-prepared
Cu(Ag-20)20 shows that the CuO nanowires and Ag particles were well mixed (Figure 1c¢),
confirmed by elemental mapping from energy-dispersive X-ray spectroscopy (EDX; Figure 1d,
e). The morphologies of all these materials did not change significantly after they were used

as catalysts for one hour CO2RR in 0.1 M KHCO:;s electrolyte at a representative potential
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of -1.1 V vs RHE (reversible hydrogen electrode; all potentials hereafter are referenced to the

RHE; Figure 1f to j). EDX analysis indicates that after electrolysis, the Ag/Cu ratio of

Cu(Ag-20)20 increased from 18 £ 2 to 22 &+ 2 (SI Section S2.1). This suggests that some Cu

dissolution might have occurred.

Before CO,RR

After CO,RR

(k) Before CO,RR
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Figure 1. SEM images of as-prepared (a) Cu,O nanowires (b) Ag-20, (¢) Cu(Ag-20),,
composite catalysts. (d) and (e) are respectively the Cu and Ag EDX maps of Cu(Ag-20),,.
(f)-(j) are the SEM images and EDX maps of the catalysts after one hour of CO, reduction

at-1.1 Vvs RHE. TEM images of Ag-20 are shown in the inserts of (b) and (g). XRD patterns
of Cu,O (blue lines), Ag-20 (grey lines) and Cu(Ag-20),, (green lines) (k) before and (1) after

one hour of CO, reduction at -1.1 V vs RHE. The peaks are assigned using standard XRD
patterns JCPDS 01-071-3645(Cu,0), JCPDS 01-070-3038 (Cu) and 03-065-8428 (Ag). We
note that Cu (111) and Ag (200) peaks overlap. Peaks from the graphite substrate are indicated
with *. (m) TEM image of OD-Cu NW after CO, reduction at -1.1V vs RHE. (n) HRTEM
analysis of OD-Cu NW after electrolysis. The analysis region is indicated in blue on Figure 1m.
(0) Ag 3d XPS spectra of Ag-20 and Cu(Ag-20),, after CO, reduction at -1.1V vs RHE.
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The identities of the as-prepared catalysts were confirmed by X-ray diffraction (XRD)
(Figure 1k). Ag peaks dominated the diffraction pattern of Cu(Ag-20)20, due to its high Ag
content. After electrolysis, both metallic Cu (with Cu(111) as the strongest peak) and CuxO
signals were observed on OD-Cu NW (Figure 11). TEM analysis of the OD-Cu NW (Figure
Im, n) after electrolysis confirms that its surface was reduced to metallic Cu. This observation
is consistent with previous works which showed that the surface of copper oxides was reduced
to metallic Cu under CO; reduction conditions.” 23 Both Cu and Cu,0 signals were also
observed in the XRD pattern of Cu(Ag-20),0 after one hour of CO> electrolysis (Figure 11).
TEM analysis of post-reduced Cu(Ag-20)20 confirms that, similar to OD-Cu NW, the surface

of the Cu,0 nanowires in the composite catalyst was reduced to metallic Cu (Figure S1b).

It is noteworthy that Cu(Ag-20)20, both before and after electrolysis, did not exhibit
XRD peaks that could be assigned to CuAg alloys. This observation is consistent with Cu and
Ag being immiscible in the solid state.’! Furthermore, TEM analysis of Cu(Ag-20).0 after
electrolysis revealed that the Ag particles were not strongly adhered to the OD-Cu NW, and
that the OD-Cu NW surface consisted of only metallic Cu and was not incorporated with Ag
(Section S2.2). X-ray photoelectron spectroscopy was also performed on Cu(Ag-20)20 and
Ag-20, after they were used for CO2RR. The Agsq peaks of both catalysts exhibited the same
binding energies at 368.3 and 374.3 eV, which can be assigned to metallic Ag® (Figure 10).>?
This observation is consistent with the metallic Ag peaks observed in the XRD of both catalysts
(Figure 11) and the pure Ag phase (no Cu incorporated) observed in the TEM analysis of post-
electrolysed Cu(Ag-20)20 (Figure S1d). Collectively, these evidences demonstrate that the Cu
and Ag phases in Cu(Ag-20)20 are segregated, and they do not modify each other electronically.

This important piece of information will be used later to devise the DFT calculations.
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2.2 CO2RR activity of OD-Cu NW, Ag-20 particles and Cu(Ag-20)20 composites

The CO2RR activities of oxide-derived Cu nanowires (OD-Cu NW), Ag-20 particles,
Cu(Ag-20)20 catalysts were evaluated using chronoamperometry from -0.9 to -1.2 V vs RHE
in 0.1 M KHCO:s electrolytes (SI Section S3). The CO2RR product distributions are presented

in Figure 2a-c and Section S3 of the SI.

On OD-Cu NW, the optimal FEs of ethanol and ethylene were 7.3% and 20.1%
respectively at -1.1 V (FEethanol/FEethylene = 0.4; Figure 2a and Table S4). Methane became the
dominant CO2RR product (FE = 20.1% at -1.2 V) as more negative potentials were applied.
Ag-20 reduced CO; to CO with FE of 80-90 % from -0.9 to -1.1 V (Figure 2b and Table S5).
At -1.2 V, FEco decreased significantly to 68.1%, while FEn» increased to 14.7% (Table S5),
indicating that CO2 mass transport limitations to the working electrode had occurred. We also
detected minute amounts of methane (FE < 0.3%) and ethanol (FE < 0.4%) on Ag-20. This
finding is consistent with earlier experimental and theoretical CO; electroreduction studies on

Ag foils. 3334

On Cu(Ag-20)20, CO2RR to ethanol and ethylene peaked at -1.1 V, with FEs of 16.5
and 14.9 % respectively (FEcthanol/FEethylene = 1.1; Figure 2¢ and Table S6). The increase in
FEethanol/FEethylene from 0.4 to 1.1 indicates that the addition of Ag to OD-Cu NW enhances the
selectivity of the composite catalyst towards ethanol. Note that control CO; electrolyses on
pristine graphite substrates produced mainly H> (71 to 79% FE), some HCOOH (FE < 17%)

and CO (FE <4.1%) (Table S7). Neither hydrocarbons nor alcohols were detected.
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Figure 2. Faradaic efficiencies of CO; electrolysis products on (a) OD-Cu NW, (b) Ag-20 and
(c) Cu(Ag-20)2. (d) Difference in partial current densities (Aj = jcuag-20120 — ob-cu Nw + jag-
20) of major CO2RR products formed on Cu(Ag-20)20 and on OD-Cu + Ag-20. The other
oxygenates include acetaldehyde, n-propanol, propionaldehyde, methanol and allyl alcohol.
The inserts show the partial current densities of (i) ethanol and (ii)) CO on Cu(Ag-20)20
compared to the partial current densities from OD-Cu NW + Ag-20.

We also evaluate the difference in the geometric partial current densities (Aj = jcuAg-
2020 — (Jop-cu Nw + jag20) of major CO2RR products formed on Cu(Ag-20)20 and its two
components (Figure 2d). Methane, ethylene, ethanol and other oxygenates (excluding formic
acid) showed a positive Aj, with ethanol exhibiting the greatest value of Aj. Specifically, at -
1.1 V, the jethanot on OD-Cu NW + Ag-20 and Cu(Ag-20)20 were -0.87 and -4.14 mA/cm?

respectively, representing a nearly five-fold change (Figure 2d insert (i), SI Section S3). In
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contrast, jetylene and jmethane increased by less than a factor of 1.6 from -2.35 to -3.76 mA/cm?,
and -1.73 to -2.39 mA/cm? respectively (SI Section S3). CO had a negative Aj, with the largest
change also observed at -1.1 V (Figure 2d and insert (i1)). These observations suggest that on
the Cu(Ag-20)20 catalyst, CO produced at Ag sites could have been consumed at other sites to

yield more reduced products, especially ethanol.

The stability of Cu(Ag-20)20 was evaluated over five hours (SI Section S4). We observed
that the FEs of ethanol and ethylene decreased slightly from 16.4 to 12.2% and 13.4 to 11.0%,
respectively, while the FEco increased from 27.5% to 41.4%. Inductively coupled plasma-
optical emission spectrometry (ICP-OES) analysis detected only 0.1 ppm Cu (and no Ag) in
the used electrolyte, indicating Cu dissolution. EDX analysis of Cu(Ag-20)2 after the
electrolysis showed that the Ag/Cu ratio had increased to 26+5 (Table S8). EDX mapping
reveals that some of the dissolved Cu had re-deposited as nanoparticles onto the catalyst surface
(Figure S3), which is consistent with structural changes expected from the dissolution-
redeposition processes on Cu.* These findings indicate that the Cu catalysts partially dissolved
during COz electrolysis, which resulted in less Cu catalytic sites for the conversion of CO to
C> molecules. Consequently, ethylene and ethanol formation concurrently decreased, while
more CO (produced on Ag) was detected. Interestingly, FEcthanol/FEethyiene remained stable at
about 1.1-1.2 across the five-hour duration of the experiment (Figure S2). This observation
suggests that, rather than the catalyst structure, the presence of CO is the main factor

lnﬂuenclng the FEethanol/FEethylene.

To sum up, we observe that more C; molecules were produced from the Cu(Ag-20)20
composite than on OD-Cu, due to the utilization of CO molecules produced from the Ag sites.

Ethanol was the most enhanced product from this CO utilisation process.
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186 2.3 Effect of Increased CO Production and Abundance of CuAg Boundaries
187 The analysis in the preceding section indicates that among the CO2RR products, ethanol
188  benefits the most from the CO produced at Ag sites. Thus, we systematically studied how its

189  production might be impacted by the amount of CO introduced into the catalytic system.
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190  Figure 3. Dependence of ethanol and ethylene enhancement during CO> reduction at -1.1 V vs
191 RHE on (a) Ag/Cu ratio and (b) total Ag surface area (dashed lines are included as a guide to
192 the eye).

193

194 During CO2RR, the amount of CO produced can be modulated by the loading of Ag
195  particles in the catalyst. Composites with Ag/Cu mole ratios of 5, 9 and 15 were prepared
196  (Figures S4 and S5, Table S9). The loading of Cu in all composites was kept constant, so that
197  the Ag/Cu ratios increased because of the progressive addition of Ag. CO2RR was performed
198 at -1.1 V and ethanol enhancement was evaluated by normalising jethanoi from the CuAg

199  composites by jethanot from OD-Cu NW (Table S10-S12). Ethylene enhancement was
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determined analogously. We found that ethanol enhancement strongly correlates with Ag/Cu,
reaching a value of ~5 when Ag/Cu = 20 (i.e. the most Ag-rich sample; Figure 3a). In contrast,
the enhancement of ethylene was smaller, having a maximum value of 1.6. The slope of ethanol
enhancement against Ag/Cu was ~8 times larger than the slope for ethylene enhancement,
which suggests that ethanol production is appreciably more sensitive to the presence of CO, as

compared to ethylene production.

Recent theoretical and experimental works on CuAg catalysts have suggested that CO
produced on Ag sites can diffuse to Cu sites and be further reduced to C;-C3 products.?® 3> We
hypothesized that this migration can be facilitated by increasing the amount of adjacent CuAg
sites. To test this, we performed CO2RR at-1.1 V on Cu(Ag-100)20 and Cu(Ag-1000)20. These
two composites were prepared by mixing CuO nanowires with either 100 nm or 1000 nm
diameter Ag particles (SI Section S6). With a constant Ag loading, the use of larger Ag particles
decreases the total Ag surface area in the CuAg composites. This, in turn, decreases the
abundance of adjacent Cu-Ag sites. Although the Ag particles studied have different sizes (20
to 1000 nm), they reduced CO to CO with similar partial current densities between -9.5 to -
13.2 mA/cm? at -1.1V (Tables S5, 16 and 17). The ethanol and ethylene enhancement plotted
against the total surface area of Ag particles shows that ethanol production significantly
increases with Ag surface area. When the latter was increased by a factor of 50, the ethanol
enhancement increased from 2 to 5 (Figure 3b). In contrast, ethylene production did not show
a sizable increase. Thus, increasing the size of CuAg boundaries favours the production of

ethanol, but not ethylene.

We have also prepared a Cu(Ag-20)20-S sample, which contained the same Cu and Ag
loading as Cu(Ag-20)20, but had the Cu20 and Ag components coated sequentially onto the
working electrode (SI Section S7). SEM analysis of this poorly-mixed catalyst clearly reveals

a lowering of the density of Cu-Ag boundaries. CO2RR on this sample yielded ~30% higher
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Jjco, but less than 50% jethanol than that observed on Cu(Ag-20)20 (Figure S7, Table S18). This
shows that when the CuAg contact area is decreased, CO migrates less efficiently to the Cu
sites for further reaction to form ethanol. Further control experiments performed on Ag
nanoclusters galvanically deposited onto electropolished Cu foils also show that the
enhancement of ethanol was affected more significantly than ethylene by the length of CuAg

boundaries (Section S8).

Some studies suggest that oxide-derived copper differs from metallic copper catalysts
due to the presence of residual oxides, which improve *CO binding, and facilitate C-C
coupling.’®*7 However, others maintain that metallic copper is the active catalyst in oxide-
derived copper because residual oxides are unstable and inactive for catalysis under CO2RR
conditions.>® 33 In view of this contention, we prepared a Cu(Ag-20)20-M composite, which
consisted of metallic Cu nanowires (Cu NW) well-mixed with Ag-20 (SI Section S9). CO2RR
at-1.1 V on Cu(Ag-20)20-M revealed that, compared to Cu NW, jethanot had increased 20 times,
while jethylene increased 4 times. This shows that the ethanol-selective enhancement due to the
presence of CO is not unique to oxide-derived Cu surfaces, but also applies to metallic Cu

surfaces.

Since our results hint towards the importance of CO in enhancing ethanol production,
we electroreduced CO directly on OD-Cu NW and Cu(Ag-20)20 at -0.75, -0.80 and -0.90V (SI
Section S10). Unexpectedly, in this potential range, FEethylene was higher than FEethanol on both
OD-Cu NW and Cu(Ag-20)20. We hypothesized that this apparent discrepancy could be due to
the lack of CO reactants at the electrode, when it is operating at high current densities. To
assess this hypothesis, we estimate using Fick’s law that the flux of CO reaching the electrode
during electrolysis is ~2.0 nmol cm™ s! (SI Section S10.1). This value is about one order of
magnitude smaller than the 68 nmol cm™ s of CO generated in-situ by Ag sites in the

composite during CO2RR at -1.1 V, i.e. the potential where we observed the largest
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enhancement of ethanol on Cu(Ag-20)20 (SI Section S10.2). Our calculations show that under
CO reduction conditions at -0.75 to -0.9 V, there is insufficient CO to enable selective ethanol
production. During CO2RR, therefore, a CO-selective co-catalyst in tandem with Cu is crucial

to provide a large enough flux of CO for further reduction to ethanol.

Unlike several previously-reported CuAg catalysts, the formation of hydrocarbons on
the present CuAg composites was not suppressed in favour of enhanced ethanol production.!”
19 We attribute this to the clear phase separation between copper and silver sites in our
composites (Figure 1). This differs from the catalysts studied in earlier works, which showed
miscibility between those two metals.!” ! These catalysts were prepared by targeted
procedures such as the use of complexing agents!” and electron-beam physical vapour

deposition, '

so as to preserve the metastable CuAg miscibility. Mixed-phase catalysts have
been suggested to be less oxophilic and thus exhibit a higher propensity for suppressing
hydrocarbon production.'®!? Furthermore, recent isotope-labelling studies of CO2RR on oxide-
derived copper suggested the presence of distinctively different catalytic sites for ethanol and
ethylene production.** This is in line with our experimental observation regarding ethanol

enhancement and the idea that the selective electroreduction of CO; to ethanol can occur on

active sites different from those for *CO dimerisation, which mainly produces ethylene.

2.4 Computational modelling of CO2RR at CuAg boundaries

To understand in greater detail the working principle of the CuAg catalysts, we
performed Density Functional Theory (DFT) calculations on model systems. First, to decide
on the characteristics of the model system, we calculated the thermodynamic stability of bulk
Cu-Ag alloys for different Cu/Ag proportions. Bulk Cu-Au alloys, which have been extensively
studied,*!** were also analysed as a control system. For the latter, we find that the alloy
formation energy is negative for all the studied proportions, in line with experimental results

from the literature.*'**> Conversely, for the CuAg system, the alloy formation energies were
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positive in all cases, indicating that it is not thermodynamically favourable to alloy Cu and Ag
in any of the studied proportions (Figure S11). This leads us to conclude that Ag and Cu likely
exist as two separated phases in our catalyst, which is also supported by the characterisation

results of our CuAg composite catalyst.

In view of the current controversy regarding the presence of oxygen on oxide-derived Cu

electrodes,’’-3°

we performed calculations featuring surface and subsurface oxygen on both
Cu(111) and Ag(111) (Table S30). We observe that while subsurface oxygen is metastable on
both metals, surface oxygen is more stable by 1.5 and 0.7 eV, respectively. In view of its low
stability and negligible effect on the adsorption energies of *CO, we did not include subsurface
*O in our model. Neither did we include the effects of surface *O in our calculations as
previous works have shown that it is unlikely for surface *O to be present on Cu and Ag

surfaces when they are subjected to the negative potentials needed for electrochemical

CO,RR.¥#

After outlining the model systems, we performed a mechanistic study. For clarity, we
divided the entire CO2RR to ethanol, which requires twelve proton-electron transfers (2CO» +
12(H" + ¢) — CH3CH,OH + 3H,0), into three separate yet interconnected parts. First, we
consider the reduction of two CO> molecules to 2*CO, where four protons and electrons are
transferred. This is followed by the reduction of 2*CO to *CHCO, which takes three proton-
electron transfers and a C-C coupling. Finally, we close the analysis with *CHCO reduction to

ethanol, where five protons and electrons are transferred.

CO2RR to CO via *COOH was studied on Cu(111) (copper’s closest-packed surface), a
Ag cluster on top of Cu(111) (hereon referred to as Ag@Cu, see the insert of Figure 4a), and
Cu(211), which is composed of (111) terraces separated by (100) steps. Cu(211) is chosen

because models based on its step edge sites reproduce well the experimental features of COoRR
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to C; and C; products.**¢ On Cu(111) and Cu(211), the desorption of *CO to CO(g is not
favourable (Figure 4a). Hence, *CO will further reduce to CHx species at negative enough
potentials, eventually leading to CH4.* In contrast, Ag@Cu sites reduce CO2 to *CO, which is
so weakly adsorbed on Ag that it cannot undergo further reduction. Thus, these *CO will either
diffuse into the solution or migrate to neighbouring Cu sites. The vertical differences in Figure
4a indicate that *CO is stabilized by 0.11 eV upon desorption from Ag to the solution, whereas
it is stabilized by 0.39 eV when it migrates to the Cu(111) surface. The kinetic barrier for *CO
diffusion from the Ag cluster to Cu(111) is only 0.17 eV (Table S29), which is easily
surmountable at room temperature (surmountable barriers are typically below 0.75 eV).’
Because of their strong adsorption energies, the Cu(211) step-edge sites are probably covered
by reaction intermediates irrespective of *CO abundance. In contrast, the coverage of reaction
intermediates at weakly-adsorbing Cu(111) sites remains relatively low when there is no excess
*CO. Thus, we postulate that ethanol evolves from Cu(111) sites near Ag nanoparticles. This
implies that CuAg boundaries are dual active sites, in that COg) formed at Ag particles diffuses

to unoccupied Cu(111) sites, where it is then further reduced.
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Figure 4. a) Free energy diagram of COx(g) electroreduction to CO(g) on Cu(111) (blue), Cu(211)
(cyan), and Ag@Cu (grey), which is a Ag cluster on top of a Cu(111) slab. All energies are
referenced to CO» and proton-electron pairs. Insert: CO adsorbed on the Ag@Cu cluster; Cu,
Ag, C, and O atoms are shown in blue, grey, brown and red, respectively. b) Free energy
diagram on Cu(111) featuring two different C-C coupling pathways to *CHCO from 2*CO. In
red, the *CO dimerisation pathway. In orange, the energetics of the *CH + *CO pathway. All
energies are referenced to 2*CO adsorbed on Cu(111) and proton-electron pairs, see section
S15.

As shown in Figure 4b, the reduction of 2*CO to C» species can proceed in two ways,
namely through the conventional CO dimerisation pathway, or via the coupling of *CO and
CHx species. To ascertain the actual species which are likely to couple with CO to produce
ethanol, we calculated several coupling barriers on Cu(111). A summary of all values obtained
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for the different coupling reactions can be found in Section S15 of the SI. For *CH + *CO (x
=1), *CHz + *CO (x = 2), and *CHj3 + *CO (x = 3) through a Langmuir-Hinshelwood (L-H)
mechanism on Cu(111), we obtained barriers of 0.70, 0.71, and 1.20 eV, respectively, which
are commensurate with those in the literature.*® Earlier studies have also suggested an Eley-
Rideal (E-R) mechanism for the coupling of CO and CHx.">"'7-# To assess this possibility, we
calculated the energy barriers of the *CH + CO(g) and *CH; + CO(g) couplings via an E-R
mechanism. The respectively obtained values are 1.40 and 1.49 eV, which are appreciably
higher than the L-H values on Cu(111). Judging by all of the calculated barrier heights, the
reaction may proceed through L-H routes coupling *CH and *CO, or *CH: and *CO, but not
between *CHj3 and *CO. Note that while we calculated coupling and diffusion barriers, we did
not perform calculations of proton-electron transfer barriers, since, as noted recently by
Rossmeisl et al,’® there is ‘not (yet) a method to obtain electrochemical barriers between
realistic states at constant electrochemical conditions’. We further note that other authors have
extensively studied the Brensted-Evans-Polanyi (BEP) relations for reactions where C, H and
O-containing species are involved, and have shown that thermodynamics and kinetics are

generally well correlated for such reactions on transition metal surfaces.’!>

Figure 4b shows that, in terms of the potential-limiting step (i.e. *CO hydrogenation), the
*CH + *CO coupling pathway is more favourable than that of CO dimerisation on Cu(111) by
~0.37 eV. This means that *CO is likely reduced to *COH on Cu(111), and not to its
hydrogenated dimer *C>O,H. On Cu(111) without any vicinal Ag nanoparticles, this preference
has two justifications: (1) the low coverage makes it statistically difficult for *CO to couple,
and (2) the thermodynamics and kinetics of CO dimerisation are energetically prohibitive. If
and when *CO is abundant on Cu(111), (1) is solved but (2) is not, so that the coupling likely
takes place between *CH and *CO, or *CH> and *CO. In agreement with experiments, Figure
4b indicates that opening the *CH + *CO pathway requires potentials of at least -0.99 V vs
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352 RHE (we explain how to calculate limiting potentials from free energies in Section 4:
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355  Figure 5. Reduction of CHxCO to ethanol on Cu sites. a) Free energy diagram of the
356  electroreduction of *CHCO and *CH2CO on Cu(111). The preferred pathway is shown in green,
357  whereas less stable intermediates are shown in red. Note that ethylene production is
358  considerably less favourable than that of ethanol. All energies are referenced to *CHCO and
359  proton-electron pairs, see Section S15. b) Atomic structures of the species in the *CHCO
360  preferred electroreduction pathway. Cu, C, O, and H atoms are shown in blue, brown, red, and
361  white.

362 Finally, we studied the fate of the *CHCO moieties upon further reduction (Figure 5). The

363  most favourable reduction pathway to ethanol is coloured in green in Figure 5a, whereas less
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favourable species are displayed in red at each stage of the reaction. For convenience, the
atomic structures of the most favourable reduction path are depicted in Figure 5b. A more
extended analysis, including the further reduction of *CH>CO and *CH3CO species is depicted
in Figure S10. It is striking that regardless of whether *CHCO or *CH>CO is the result of the
coupling step, the pathway always inclines towards ethanol, instead of ethylene. The same
holds for *CH3CO. This leads to a simple conclusion: once *CO + *CHx coupling takes place
on CuAg catalysts, ethanol is selectively produced. This is consistent with our experimental
findings (Figure 3), wherein enhanced CO availability increases ethanol production. This is
also supported by our results from using Cu(Ag-20)20 for the electroreduction of acetaldehyde
(Section S11), an isolable intermediate in our proposed mechanism. Ethanol was the major
reduction product, while ethylene was not detected. Besides, several previous theoretical and
experimental studies have shown that acetaldehyde is a precursor of ethanol.” 1% 1333 This result
also helped us to exclude a previously proposed pathway implicating solvent water as the
oxygen source for ethanol.’* In that mechanism, ethanol production did not proceed via

acetaldehyde, and the pathway with the lowest energy barrier leads to ethylene formation.

In summary, bare Cu(111) terraces are relatively inactive for the production of C»
molecules, in view of the low *CO coverage and the comparatively easier formation of C;
adsorbed species.’>>® However, the calculations in Figures 4 and 5 show that abundant *CO
facilitates the formation of C-C bonds at Cu(111) terraces and the selective formation of

ethanol, without the energy-intensive formation of CO dimers.!! 3%’

3  Conclusion

A series of CuAg composites shows enhanced selective CO> reduction towards ethanol. A
fivefold improvement in jetmanol Was observed on an optimised Cu(Ag-20)20 sample (-4.1
mA/cm?; compared to -0.85mA/cm? on OD-Cu NW). In contrast, jetylene only increased slightly

by a factor of ~1.6. These observations indicate the opening of a second pathway to reduce
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CO» selectively to ethanol, which is likely activated in excess of *CO. Unlike ethylene
production, which is usually thought to proceed via *CO dimerisation, the alternative pathway
proceeds via *CO + *CHy (x = 1, 2) coupling at CuAg boundaries, and the formed *CHxCO

species are in all cases shown to preferably reduce to ethanol.

In a broader context, our work hints towards the fact that certain sites at catalytic surfaces
are usually inactive because of their inability to stabilize particular adsorbate(s). If and when a
workaround is found, catalytic activity and selectivity can be sizably enhanced. This is the case
of Cu(111) sites, on which it is typically hard to produce C> molecules but, in excess of *CO,
are able to reduce CO; selectively to ethanol. We hope this rationale opens up new possibilities

in designing electrocatalysts with enhanced product selectivities for CO; reduction.

4 Methods

Synthesis of CuyO nanowires. 120 pL of o-anisidine (Aldrich) were added to 60 mL of

deionised water containing 0.3 g of copper (II) acetate monohydrate (Sigma-Aldrich). The
solution was stirred for 5 min until its colour turned olive green. It was then transferred into a
stainless steel autoclave and heated at 200 °C for 14 hours to yield Cu2O nanowires. The

product was decanted, washed with ethanol and dried in the oven at 60 °C overnight.*3

Preparation of Cu(Ag-D)m composite catalysts. Ag powders with diameters of 20 nm (US

Research Nanomaterials), 100 nm (American Elements) and 1000 nm (Goodfellow) were
purchased and used as received. The Cu-to-Ag ratios of the composite catalysts were controlled
by using different mass ratios of the Cu,O nanowires and Ag powders, with the loading of
Cu,0 fixed at 1 mg (Table S1). The powders were dispersed in 1 mL of solvent (75% water,
15% ethanol, 10% Nafion) and sonicated until a homogenous ink was obtained. 25 pL of the

ink was drop-casted onto polished graphite discs (15 mm diameter, Ted Pella) and dried in air.
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Physical characterisation of catalysts. Scanning electron microscopy and energy dispersive

X-ray spectroscopy were performed using a JEOL JSM-6701F SEM. Transmission electron
microscopy was performed using a JEOL 3010 TEM. The catalysts were removed from the
graphite substrates and dispersed in ~1mL methanol by sonication. 20uL of the dispersion was
drop-casted onto 300 mesh nickel grid coated with lacey carbon (LC325-Ni, Electron
Microscopy Sciences) for TEM analysis. Powder X-ray diffraction was made using a Siemens
5005 (CuKa radiation with graphite monochromator), in locked 0-20 scan mode from 15 to
100° 26 with 0.1° resolution step and 1 second acquisition time per step. X-ray photoelectron
spectroscopy analysis was performed using a Theta Probe (Thermo Scientific) XPS instrument
with a monochromatic Al Ka (1486.6 eV) X-ray source. The binding energies were calibrated

based on the Cis peak at 285 eV.

Electrochemical CO; reduction experiments. Electrolyses (1 hr) were performed in 0.1 M

KHCOs3 (Merck, 99.7%), using a two compartment Teflon cell separated by an anion-exchange
membrane (Selemion AMV, AGC Asahi Glass). The cathode compartment contained 12 mL
of electrolyte and housed the working electrode (exposed geometric surface area: 0.785 cm?)
and the reference electrode (Ag/AgCl saturated KCl, Pine), while the anode compartment
contained 8 mL of electrolyte and a graphite rod (Ted Pella) as counter-electrode. The
electrolyte was purged with CO2 gas (99.999%, Linde Gas) at 20 cm?/min. The pH of the
electrolyte was 6.8. The electrochemical measurements were performed using a Gamry
Reference 600 potentiostat/galvanostat. The current interrupt method was used to compensate
for the iR drop. The headspace of the cathode compartment was continuously flowed into a gas
chromatograph (GC, Agilent 7890A) for online detection of gas products. Liquid products were
analyzed after the electrolysis experiments. Aldehydes, ketones and alcohols were detected

using headspace GC (HSGC, Agilent, 7890B and 7697A). Formate and acetate were detected
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using high performance liquid chromatography (Agilent 1260 Infinity) using an Aminex HPX-

87H column, variable wavelength detector, and 0.5 mM H>SO4 mobile phase.

Computational details. The DFT simulations were made with the VASP*® code using the PBE

exchange-correlation functional®® and the projector augmented-wave method.®® Cu(111) was
modelled with a 3x3 supercell, and Cu(211) with a 3x1 one. All Cu slab models contained four
metal layers and were modelled with a lattice constant of 3.64 A, typical of PBE. The topmost
two layers and the adsorbates were relaxed in all directions, while the bottommost layers were
fixed at the bulk equilibrium distances. CuAg boundaries were modelled with a 7-atom Ag
cluster (made of a layer of five atoms in contact with Cu and two Ag atoms on top of it) situated
in adjacent fcc hollows of a 4x4 supercell Cu(111) slab. Such slab size avoids lateral
interactions between Ag clusters. We used a plane-wave cutoff of 450 eV, kgT = 0.2 eV
(extrapolating total energies to 0 K), and the conjugate-gradient optimization scheme until the
maximal force on any atom was below 0.05 eV Al. Monkhorst-Pack meshes®' of 4x4x1,
4x5x1, and 3x3x1 for Cu(111), Cu(211), and CuAg boundaries ensured convergence of the
adsorption energies within 0.05 eV. The distance between repeated images in the vertical
direction was larger than 16 A and dipole corrections were applied. Isolated molecules were

calculated in boxes of 9 A x 10 A x 11 A using ksT = 0.001 eV and the gamma point.

The reaction free energies were approximated as AG =~ AEppr + AZPE — TAS +
AEg 1vation » Where AEppr is the DFT-calculated reaction energy, AZPE is the zero-point
energy change and TAS is the entropy change at 298.15 K. AS includes only the vibrational
entropy for the adsorbates and all the contributions for free molecules. The computational
hydrogen electrode was used to model proton-electron pairs. Solvation was modelled as an
external correction depending on the chemical nature of the adsorbates (specific values are

given in Table S25).!"> 2 Transition state geometries were found using the climbing image
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nudged elastic band method,®® ensuring that at the saddle point only one imaginary frequency
along the reaction coordinate was observed. In this case, the limiting potentials U, were
calculated based on the largest positive free energies of reaction: U;, = —AG,,,4 /€, Where €

is the magnitude of the charge of an electron.

Detailed information on gas-phase, liquid-phase, and solvation corrections; specific
values of adsorption free energies and kinetic energy barriers; and the optimized geometries
coordinates of all the calculations featured in this work can be found in the SI, Sections S12 to

S16.
Supporting Information Available

Catalyst loadings, physical characterisations and electrolysis data of all catalysts tested,
including electrolysis of intermediates. Gas-phase and liquid-phase corrections, solvent
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used in DFT calculations. This information is available free of charge on the ACS Publications

website.
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