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Abstract

Electrochemical CO, reduction is a promising technigue for the production of desirable
hydrocarbons without the need to resort to fossil resources. However, high overpotentials and poor
selectivity remain a challenge for CO, electro-reduction, especially for deep reduction by more than
two electrons. One apparently attractive approach for breaking the scaling relations caused by
simultaneous CO, reduction pathways and for achieving deeper reduction is the use of multi-metallic
electrodes, where several promising metal catalysts are present in close proximity. Herein, noting
the activity shown by Ni, Cu and Ag for CO; electroreduction when used individually, we set out to
synthesise a tri-metallic “stack” catalyst, NiCuAg, and then to test this for electrochemical CO,
reduction. The stack architecture was successfully generated and the trimetallic NiCuAg system did
show improved Faradaic efficiency for the reduction of CO; to formic acid when compared to the
bare Ni and bimetallic NiCu controls under some select conditions. However, the two-layer NiCu
stack and bare Ni exhibited consistently higher Faradaic efficiencies than NiCuAg for deeper CO,

electroreduction to methanol and ethanol, indicating that the combination of three individually
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promising metals does not necessarily translate into superior catalytic performance for deep carbon

dioxide reduction.

Ni Plate

Keywords: carbon dioxide reduction; electrocatalysis; copper alloys; tandem catalysis; multi-metallic

catalyst

1. Introduction

Increased levels of carbon dioxide in the atmosphere compared to before the industrial revolution
have led to intensified research into more sustainable energy and feedstock sources, to prevent
further increases in emitted CO,.2™ This atmospheric CO, can provide a useful feedstock for the
storage of excess renewably-generated energy.*” The electroreduction of CO,, powered by
renewables, has been suggested as a means of closing the carbon gap® whilst producing desirable,
economically viable chemical feedstocks.® At least sixteen carbon products, including carbon
monoxide, formic acid, methane, ethylene, and ethanol are commonly formed by electrochemical
CO; reduction;® however, since the reaction is typically performed under aqueous and ambient
conditions, hydrogen evolution is always a competing process.*!2 This wide product range and

competitive hydrogen evolution leads to poor selectivity and low energy efficiency.

Metal electrocatalysts have been a significant focus since Hori’s seminal discovery that Cu can

reduce CO, by more than two electrons to produce hydrocarbons.® Since CO, reduction proceeds via



Journal Pre-proof

many simultaneous pathways!*'> (wherein the reaction intermediates are approximately linearly
related),'® these scaling relations must be broken to achieve a high selectivity for a given product at
a low overpotential. Thus, methods such as tethering, ligand stabilisation, mixed metal phases and
alloying have been employed.!” These are beneficial methods for directing morphology and
composition and, accordingly, geometric and electronic environments.'® Bimetallic catalysts,
particularly those containing Cu, have garnered significant interest as they potentially allow two
different metal sites to be in close proximity to a single reacting absorbate;'®-2° conversely, reported
examples of trimetallic electrocatalysts for CO; reduction are much rarer. The interaction of these
neighbouring active sites has been suggested to create what is termed a synergistic effect, whereby
the activity of the combination of metals is mutually reinforced and thus greater than the sum of the
activities of the separate components.?® The term synergistic effect appears to have first been used
in relation to CO, reduction by Watanabe et al.?” upon the discovery that Cu-Ni alloys produced
methanol as a CO; reduction product whilst the individual metals did not. Despite the development
of electroreduction and detection systems that have disproven the effect in this case, the term is still
employed.?’ Apparent synergies can often be explained by one of the following influences:?>% (a)
the promotion of desorption by dipole repulsion from the secondary metal,? (b) a bifunctional
mechanism3°32 whereby the secondary metal can stabilise an intermediate for reaction at the

33735 wherein the close proximity of the metal active sites allows an

primary metal, and (c) spillover
excess of one intermediate to be produced (for example CO), leading to an increase in local

concentration of that intermediate for further reduction on the other metal active sites.

In 2022 Zhu et al.3* developed a AuAgCu heterostructure using a multi-step seed-mediated growth
method to form a Au core encapsulated by Ag. Cu was selectively deposited on one side of the
nanorod to give an asymmetric nanostructure. CO; reduction tests resulted in a Faradaic efficiency
towards ethanol of 38% at -0.8 V vs. reversible hydrogen electrode (RHE). This enhanced activity

was attributed to the promotion of C-C coupling at Cu sites. The catalysts’ asymmetric design
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allowed for a CO spill-over process to occur, whereby weakly-bound CO was released from the Au

and Ag sites, increasing the local concentration at the Cu sites to allow for C-C coupling.

Chaitree et al.?® synthesised a Cu-Ni-Sn electrocatalyst on Pd-activated carbon fabric by electroless
deposition. Testing in an H-cell showed decreased activity towards H, production compared to the
other bi/monometallic catalysts that were tested; whilst a Faradaic efficiency of 12% towards

acetone was claimed at -1.6 V vs. Ag/AgCl. The total Faradaic efficiency for C,. products, including

ethylene glycol, acetate, ethanol, 1-butanol, and acetone, was 37%.

Zhang et al.3” assembled a Cu-Zn-Al layered double hydroxide electrocatalyst. CuZn alloys and CuZn
aluminate oxides were stacked in alternating layers. The intention was to create many active sites by
generating strong electronic interactions between the three metals in different oxidation states. The
layered system achieved a Faradaic efficiency of 89% towards C,. products in a flow-cell reactor at
-1.15 V vs. RHE. This included Faradaic efficiencies of over 30% respectively for both ethylene and

ethanol.

Herein we report an electrochemically synthesised trimetallic stack for CO reduction, NiCuAg. We
define “stack” here as being sequentially-coated metal layers. A multi-metal layered design was
chosen to attempt to break the typical linear scaling relations seen in single metal CO,
electroreduction catalysts. Previous studies have shown the combination of Cu and Ni to be
promising. Zhang et al. achieved a Faradaic efficiency of 62% for C,. products at -0.88 V vs. RHE with
a Ni-Cu nanowire catalyst.3®Similarly, Suzuki et al. developed a Cu-Ni nanoparticle catalyst that
achieved a 35% Faradaic efficiency for C; products at -1.2 V vs. RHE.3° Ag was added to our catalyst
as a final layer inspired by Choi et al., where it was found that the addition of Ag promoted CO

binding on Cu sites, allowing reduction to methane at a 72% Faradaic efficiency at -1.17 V vs. RHE.*®

It is generally accepted that single metals fall into several groups when used for the electrochemical
reduction of CO,.***2 Metals with a high H affinity (Fe, Ni, Pd, Pt) primarily produce hydrogen and are

not active towards CO; reduction. Metals which coordinate CO strongly to produce CO (Ag, Au, Zn)
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form another group, and those which produce formic acid (Cd, In, Sn) are another. Cu, which has
moderate (intermediate-strength) binding and thus can produce methane as well as products that
require C-C coupling, is often given its own category.* Ni, Cu and Ag were chosen for our catalyst
based on these groupings: Ni, for its high H affinity and good proton transfer ability; Cu, for its C-C
coupling and further reduction ability; and Ag for its CO coordination ability. Despite the fact that Ni

4344 it has been shown that nickel

is typically associated with increased hydrogen evolution activity,
based catalysts have the ability to promote C-C coupling.** Indeed a Ni-Al catalyst was one of the
first Cu-free electrocatalysts to be shown to produce C, and Cs products by CO; reduction.*® More
generally, it has been suggested that the combination of additional metals with Ni would help to
overcome the non-desirable features of pure Ni metal, such as CO poisoning and nanoparticle

sintering.*>4

Our hypothesis was therefore that a synergistic effect and improved selectivity for C,. products
would be observed at lower potentials by combining the metals Cu, Ni and Ag. This hypothesis was
based on the idea that CO, would firstly be reduced to CO on the Ag metal through well-studied

mechanisms*&->!

, and would then spill over onto Cu sites for further reduction to C,. products. The Ni
was incorporated both for its own C-C bond forming ability, and also for its high affinity for H atoms,

which we postulated might facilitate the hydrogenation of the C,. products formed on the adjacent

copper sites to give highly-reduced multi-carbon products.

We used a sequential synthesis approach to produce active sites in which all three metals would be
present at the surface and exposed to the electrolyte.3*%° However, our results suggest that there is
no evidence for significant beneficial synergism by combination of these metals, with a bimetallic
mixture of Ni and Cu displaying similar activity for methanol and ethanol production to an Ni
cathode, and both of these displaying significantly better performance than the trimetallic NiCuAg
material. Clearly then, not every combination of promising metals leads to improved selectivity for

deep CO; electroreduction activity.
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2. Experimental

2.1 Materials

Nickel foil (0.5 mm, [7440-02-0], annealed, 99.5 %), copper (ll) sulfate ([7758-98-7], anhydrous,
98%), and potassium hydrogen carbonate ([298-14-6], 99%) were obtained from Alfa Aesar. Silver
nitrate ([7761-88-8], ACS reagent, >99%) was obtained from Sigma Aldrich. Nafion-117 membranes
were obtained from Fuel Cell Store. Carbon Dioxide (99.8%, Industrial Grade) and Argon (99.9%)
were supplied by BOC Limited. All chemicals were used as received without further purification and

all solutions were produced using ultrapure water (15.8 MQ-cm).

2.2 Catalyst Preparation

Nickel foil was cut to a size of 2 x 1 cm and the backside covered using Sellotape. This was used as
the working electrode. The Ni surface was cleaned prior to any coating by sonication for 10 minutes
each in: acetone, followed by isopropyl alcohol and finally deionised water. Copper
electrodeposition (from a solution of 0.1 M CuSO4 at =200 mV vs. Ag/AgCl) was completed in an
open beaker for 10 minutes whilst stirring. For copper deposition, a standard three-electrode setup
was used: leak-free Ag/AgCl reference electrode (Innovative Instruments, Inc.), Ni foil working
electrode, and graphite rod (Alfa Aesar) counter electrode. Where appropriate, a silver layer was
added by galvanic replacement by placing the NiCu stack in a 0.01 M AgNOs3 solution for two
minutes, without stirring, to give NiCuAg. All catalysts were prepared at room temperature and

pressure.

2.3 Characterisation
The surface morphology of the prepared electrocatalyst plates was analysed in the Geoanalytical
Electron Microscopy and Spectroscopy (GEMS) facility at the School of Geographical and Earth

Sciences, University of Glasgow, using a Carl Zeiss Sigma variable pressure analytical Scanning
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Electron Microscope (SEM) with Oxford Microanalysis with a 15 kV accelerating voltage. A 20 nm
thick carbon layer was coated onto the samples prior to analysis. Cross-sectional Transmission
Electron Microscopy (TEM) was completed at the Kelvin Nanocharacterisation Centre. A cross-
sectional TEM lamella was extracted from the bulk sample and transferred onto a Cu TEM grid using
a FEI Nova NanolLab 200 dual beam SEMFIB. The TEM imaging and analysis was done on a JEOL
Atomic Resolution Microscope (JEM-ARM200cF) STEM, operating at 200 kV. This microscope is
equipped with a cold field emission gun and a CEOS (Corrected Electron Optical Systems GmbH)
probe corrector for STEM imaging and a Gatan GIF Quantum electron spectrometer for electron

energy-loss spectroscopy (EELS).

X-ray diffraction (XRD) was undertaken using a Rigaku MiniFlex benchtop diffractometer equipped
with Cu sealed tube X-ray source. The surface composition of the catalysts was analysed by X-ray
photoelectron spectroscopy (XPS) at the University of St Andrews using a Scienta 300 with a SPECS

monochromated X-Ray source. All data analyses and fittings were made using CasaXPS software.

2.4 Electrochemical Characterisation

Electrochemical studies were controlled by a Gamry interface 1010E potentiostat, at room
temperature and pressure. Linear sweep voltammograms and electrochemical CO; reduction
experiments‘were carried out in a custom-made air-tight two-compartment H-cell (Figure 1) under a
constant flow of Ar or CO,. A graphite rod and leak-free Ag/AgCl electrode were used as the counter
and reference electrodes respectively. A Nafion-117 membrane was added to separate the anolyte
and catholyte, alongside preventing the diffusion and re-oxidation of any reduction products. 0.1 M
KHCOs was used as the electrolyte; it was purged with CO; or Ar gas for at least 30 minutes prior to
testing. Linear sweep measurements were taken between +0.2 and -2.0 V vs. Ag/AgCl with a scan

rate of 25 mV/s.
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Figure 1. Custom air-tight H-cell set-up, as used for electrochemical CO2 reduction tests.

2.5 Product Analysis

2.5.1 Gas Product Analysis

Possible gas products (Hz, CO, CHs, C;Hs and C;H4) were flushed from the cell by the constant stream
of Ar or CO; and collected in a gas sampling bag, and analysed post-electrolysis by gas
chromatography (Agilent 8860) equipped with 2 Porapak Q columns and a MoleSieve 13X column. A
thermal conductivity detector was used. Gas products were tested after CO, reduction experiments
were completed. A gas chromatogram showing all possible peaks and the standard calibration

curves are shown in Supplementary Figures S1 and S2.

2.5.2  Liquid Product Analysis

Liquid phase products were quantified by 1D *H Nuclear Magnetic Resonance (NMR) spectroscopy
(400 MHz, Bruker). 400 uL of the post-electrolysis electrolyte solution was mixed with 70 uL D,O
([7789-20-0], 99.9% D, Goss Scientific) and 30 pL of internal standard solution for analysis. The
internal standard consisted of 10 mM dimethyl sulfoxide-D6 ([67-68-5], 99.9% D, Cambridge Isotope
Laboratories, Inc) and 50 mM phenol ([108-95-2] =99.0%, Sigma Aldrich) prepared in 100 mL 0.1 M
KHCOs. The water suppression method was used to record the H spectra. The relative peak area

was compared to the first phenol peak (7.32 ppm); the ratio of the area of a given peak was

compared with the standard curve to quantify the concentration produced. A typical sample *H NMR
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spectrum and the standard calibration curves are shown in Supplementary Figures S3 and S4 and

Table S1.

2.5.3 Faradaic Efficiency Calculations

Faradaic efficiency expresses the selectivity for a particular product from an electrochemical
reaction; it is calculated using Equation 1, where a is the number of transferred electrons according
to the relevant balanced chemical equation, n is the number of moles of a given product, F is

Faraday’s constant, and Quotal is the total charge passed.

i o axnXxF
Faradaic Efficiency = Q— x 100
total

(1)

3. Results and discussion

3.1 Catalyst Preparation and Characterization

We first synthesised a NiCu stack by electrodeposition of copper. The deposition potential of copper
was found by taking a cyclic voltammogram of CuSO, (Figure 2a). A reduction peak at —0.16 Vag/agci
and an oxidation peak at 0.15 Vag/agci Were seen. Thus, electrodeposition was carried out at

—0.2 Vag/agal for 600 seconds; a shiny red/brown Cu layer was seen on the Ni surface (Figure 2b and
2d). A silver layer was then added by galvanic replacement (Figure 2c and 2e); Cu acts as a sacrificial
template, it is oxidised by Ag* due to the favourable difference in reduction potentials between
copper and silver, 0.80 V Ag*/Ag compared to 0.34 V for Cu?*/Cu. Thus, some of the Cu layer is
spontaneously replaced by Ag, upon submersion of the NiCu plate in a AgNOjs solution for 2 minutes.
This immersion period was selected as it is insufficient for complete replacement of the Cu by Ag

(see Figures 3 and 4 for example).
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Figure 2. a) Cyclic voltammogram of 0.1 M CuSQz in a three-electrode set-up (Ni plate as the working
electrode, leak-free Ag/AgCl as the reference electrode, and graphite rod as the counter electrode), at a scan
rate of 25 mV s7%; blue drop lines represent the reduction (—0.16 Vag/agci) and oxidation (0.15 Vag/agct) peaks. b)
Bulk electrolysis to coat a Cu layer on Ni at —0.2 Vag/agcl. €) Schematic of the galvanic replacement of Cu by Ag.

d) Photo of an as-synthesised NiCu electrode. e) Photo of an as-synthesised NiCuAg electrode.

Following their synthesis, the NiCu and NiCuAg films, and also a bare Ni plate were characterised by
X-ray diffraction (XRD), scanning electron microscopy (SEM) with elemental mapping, and X-ray
photoelectron spectroscopy (XPS). The NiCu and NiCuAg electrodes were also analysed by cross-
sectional transmission electron spectroscopy (TEM) followed by electron energy-loss spectroscopy

(EELS).

SEM and elemental mapping were employed to investigate the surface of the catalysts. SEM
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images of NiCu and NiCuAg are shown in Figure 3. Bulbous florets of Cu nanoparticles can be seen on
the Ni surface for both catalysts. A groove in the Ni surface can be seen in the NiCu images (Figure
3a & 3b): this is an outcome of the Ni plate manufacturing process, and as a result essentially no Cu
is coated in that area. Figure 3e & 3f clearly show dendritic Ag particles that reach across the NiCuAg
surface. Elemental mapping by energy dispersive X-ray spectroscopy confirms the identity of each
metal and shows that they are distinctly stacked on top of one another in layers. Yet, there are areas
where Ni, and Cu are both exposed as well as the Ag. Thus, CO; (or its intermediate reduction
products) should be able to bind on all the metal sites and benefit from the binding abilities of all

three metals for various intermediates.

50 um N
L4

‘ 20 ym
¢

-
-~

Map Data’6

Figure 3. a) SEM image of NiCu. b) Backscattered electron image of NiCu. c) NiCu elemental mapping area. d)
NiCu energy-dispersive X-ray spectroscopy (EDX) elemental map. e) SEM image of NiCuAg. f) Backscattered
electron image of NiCuAg. g) NiCuAg elemental mapping area. h) NiCuAg EDX elemental map. For both

electrode elemental maps: teal corresponds to Ni, pink to Cu and yellow to Ag.

Figure 4 shows the cross-sectional TEM lamellae of the NiCu and NiCuAg electrodes. Figure 4a
clearly shows the nickel and copper layers of the NiCu electrode. Both layers are polycrystalline, with

Cu showing smaller grains than Ni. The deposited Cu layer was calculated to be between 1 and 1.5
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um thick. The boundary between the Ni and Cu layer is roughly outlined by the black dashed line.
The boundary between the electrodeposited Cu and the Pt, deposited as part of the imaging
process, is illustrated by a blue dashed line. Both boundaries are confirmed by electron energy-loss
spectroscopy (EELS) — see further details in the Supplementary Information (Figures S5 and S6). For
the NiCuAg plate, high-angle annular dark-field STEM imaging was used to create a suitable contrast
between layers (Figure 4b). The Ni and Cu layers are clearly defined with the boundary depicted by a
dashed line. The bright areas visible on the Cu surface are due to Ag. This further confirms the
uneven distribution of Ag seen in the SEM images above. Figure 4b suggests that in some areas the
Ag thickness could be up to 1 um whilst at other points there is no Ag present. It can also be seen
that the galvanic replacement of Ag produces an irregular surface, increasing the surface area for
reductions to occur. Elemental analysis/EELS of the NiCuAg plate can be found in the Supplementary

Information (Figures S7 and S8).

lon- beam
deposited
Pt

Figure 4. a) Bright field STEM image of the fabricated NiCu lamella. b) High-angle annular dark-field (HAADF)
STEM image of the fabricated NiCuAg lamella. In both cases, the black dashed lines indicate the Ni/Cu
boundary. The blue dashed line in panel a) indicates the Cu/Pt boundary. This is more difficult to pinpoint on

the NiCuAg sample, but Ag can be seen (ringed in orange).

Figure 5 compares the XRD patterns of the Ni plate and as-synthesised NiCu and NiCuAg; only peaks

related to the corresponding metals as defined by the PDF cards (Ni PDF no. 9009862, Cu PDF no.
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4105040 and Ag PDF no. 9013047) and NiO (PDF no. 9008693) are observed. For Ni, the key peaks
occur at 44.6°, 52.0° and 76.6°, which can clearly be seen in the spectrum. Standard Cu peaks appear
at 43.7°,51.0° and 74.9°. These peaks are present in the NiCu sample at low intensity, which is
consistent with the difference in layer thickness between the Cu layer and the Ni plate. For the
NiCuAg sample the Cu peaks present in the NiCu sample are diminished and new peaks
corresponding to the new top layer of Ag are present. The peaks at 37.8°, 44.0° and 76.7°
correspond to this added Ag layer. Although the peaks of pure Ni, Cu and Ag are in similar positions,

it is clear from the XRD that the additional layers have been coated and no major impurity peaks are

present, save for some NiO.

o Ni 1
v Cu
| *Ag A
s b J Ni/Cu/Ag J\
2
g v +
Q
€ R }d Ni/Cu N ‘l
+
A Ni only h
30 40 50 60 70 80

26 (°)
Figure 5. Stacked XRD patterns for Ni, NiCu and NiCuAg. Teal diamonds signify peaks relating to Ni (PDF

no. 9009862), orange spades signify NiO peaks (PDF no. 9008693), pink hearts represent Cu peaks (PDF no.

4105040), and black clubs signify Ag peaks (PDF no. 9013047).
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Figure 6. X-ray photoelectron spectroscopy survey spectra of a) each stage of the synthesised catalyst stack.
Deconvoluted high resolution XPS spectrum of the NiCuAg stack: b) Ni 2ps/2; c) Cu 2ps/2; d) Ag 3ds/.. Data
analysis and fittings were performed in CasaXPS software. Peak assignments were made using the NIST X-ray

Photoelectron Spectroscopy Database,®” and Perkin-Elmer Handbook of X-ray Photoelectron Spectroscopy.>3

The chemical states and surface electronic structure of the catalyst plates at each stage of synthesis
were investigated by X-ray photoelectron spectroscopy. This allowed the identification of surface
oxides which are present in low quantities and whose presence is hard to detect by bulk techniques
like XRD. Figure 6a shows that a survey spectrum of the bare Ni plate evinces the presence of C (285
eV, C1s),0 (531 eV, O 1s), and Ni (855 eV, Ni 2p). The NiCu spectrum shows additional peaks
resulting from Cu (934 eV for Cu 2p and 590 eV for Cu LMM) and the addition of the Ag layer gives
further peaks (610-590 eV for Ag 3p and 369 eV for Ag 3d) in the NiCuAg spectrum. Upon coating
with Cu, and further Ag, the Ni signal at 855 eV is significantly decreased. This suggests that the Cu

coating is sufficiently thick that the Ni plate below is no longer detected (at least on the areas
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analysed). However, the final Ag layer is sufficiently discontinuous for the underlying Cu to still be

detectable by XPS.

From the NiCuAg catalyst survey scan, the binding energy difference between Cu 2p1/; and Cu 2ps/2
was 19.9 eV: this is typical of metallic Cu with an oxidised layer containing CuO/Cu(OH), on the
surface.”® The binding energy difference between the Ag 3ds;; and Ag 3ds/; was 6.0 eV, characteristic
of metallic Ag.>

The deconvoluted high-resolution spectra for each of the metals within the NiCuAg stack (Fig.
5b-5d), reveal further detail about the coated species. Binding energies and peak assignments are
given in Table 1. The Ni spectrum, focused on the Ni 2ps/; region, shows the presence of multiple Ni-
containing species. The largest peak, at 856.0 eV, is attributed to NiO, whilst the peak at 852.6 eV is
assigned to metallic Ni. Since measures to a depth of approximately 5 nm and there are coated
layers above the Ni plate, surface NiO is preferentially seen in the Ni XPS spectrum, Fig 6¢c. However,
when the bare Ni plate is analysed (Fig. $10) the peak assigned to metallic Ni appears to be more
pronounced and the adsorbed surface NiO makes less of a contribution. This further confirms the
presence of oxygen at the interface between the metals as seen by TEM. The high-resolution Cu
spectrum shows the Cu 2ps;; region. The three peaks reveal that the Cu layer consists mostly of
metallic Cu species with some Cu?* oxides. These have been assigned as CuO and Cu(OH)y; these Cu

5738 or via oxidation of the coated metallic Cu

oxides may have formed during electrodeposition
during drying. The Ag 3ds/, spectrum is deconvoluted to reveal two peaks, the largest at 368.2 eV is
attributed to metallic silver. The secondary peak at 369.3 eV results from the agglomeration of Ag
particles to form clusters on the surface.> Thus, although there are no oxide species in the top Ag
layer, both the Cu and Ni layers of the catalyst displayed peaks characteristic of their oxides. High
resolution spectra for the NiCu and Ni catalyst plates, and the corresponding binding energies and

peak assignments can be found in the Supplementary Information (Figures S9 and S10, and Tables S2

and S3).
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Table 1: XPS binding energies for the NiCuAg catalyst stack. Binding energies calculated
relative to C 1s = 285.0 eV.

Element Binding energy/ eV Assignment References
Ni2psz | 852.6 Ni® 60
853.8 Ni* - NiOads 61
856.0 Ni* - NiO 62
860.4 Ni* - satellites 60
Cu 2ps/2 932.2 Cu® 63
933.9 Cu?* - CuO 64
935.3 Cu?* - Cu(OH); 65
Ag 3ds)2 368.2 Ag° 66,67
369.3 AgP clusters 2

3.2 Electrochemical tests

3.2.1 Linear Sweep Voltammetry

Linear sweep voltammetry was undertaken to measure and compare the activities of the bare Ni
plate, NiCu, and NiCuAg in CO-saturated KHCO; and Ar-saturated KHCOs, across a range of
potentials (Figure 7). Little to no current flow was seen in both the CO,-purged electrolyte (solid
lines) or the argon-purged electrolyte (dashed lines) until a potential of around -0.4 Vgxe was
reached, at which point appreciable current began to flow. Since this happens regardless of whether
CO, is present or not, this current can be attributed to the onset of the background hydrogen
evolution reaction.

In the Cu-containing materials, a shoulder manifests at around —0.5 Vrye in argon; this feature is well
documented.*1>®8 This has been ascribed to the reduction of CO or related species (manifesting
from the carbonate electrolyte) adsorbed on the surface of the electrode.®®® In support of this
assertion, this shoulder becomes more pronounced in the presence of CO; (e.g. black solid line),

suggesting that this wave is indeed due to reduction of CO or related species. In order to determine
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the products of any CO; reduction occurring via the process underlying this wave, we conducted bulk

electrolysis across a range of potentials, starting from -0.29 Vgye.
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Figure 7. Linear Sweep Voltammetry at a sweep rate of 25 mV s-%, of pure Ni (teal), NiCu (pink) and NiCuAg

(black) in CO2-saturated 0.1 M KHCO:3 (solid lines) and Ar-saturated 0.1 M KHCOs (dashed lines).

3.2.2 Bulk electrolysis

The electrochemical CO; reduction activity and selectivity of the catalyst stacks and bare Ni plate
were tested in a custom air-tight H-cell (Figure 1). COz-saturated 0.1 M KHCOs solution (pH = 6.8)
was used as the electrolyte. Testing was performed at fixed potentials between —0.29 Vgye and -1.09
Vrue at 0.20 V intervals. CO, was continually flowed through the set-up to flush the gas products into
the gas collection bag; therefore, experiments were carried out until the attached gas collection bag
had reached its capacity (2 L). Consequently, experiment length ranged but typically lasted around

40 minutes.

Figure 8a shows bulk electrolysis using the NiCuAg catalyst at a variety of potentials. At all potentials
tested, there is a decrease in current density at the experiment outset. After this initial decrease, the

current density appears to become more stable; however, in all cases it continues to decrease,
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though at a slower rate. The average current density measured over the electrolysis for each

potential can be found in the Supplementary Information (Table S4).
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Figure 8. Chronoamperometry of a) NiCuAg at various potentials, and b) a comparison of the performance of
NiCuAg with NiCu and Ni at -1.09 Vrxe, for the electrochemical reduction of CO2in 0.1 M KHCOs in a custom-

made H-cell. Current densities were calculated using the geometric plate area of 2 cm?.

Faradaic efficiencies (FE) of all products observed are shown in Figure 9. For the 3-layered stack,
NiCuAg (Figure 9a), the main products are H, and formic acid; the Faradaic efficiency for formic acid
ranges from 5% to 16% over the potential range from -0.49 to -1.09 V vs. RHE. At potentials of
-0.89 and -1.09 V vs. RHE, methanol is detected at Faradaic efficiencies of 2 +0.2% and 1 + 0.3%
respectively. At —=1.09 V vs. RHE, ethanol is also seen with a Faradaic efficiency of 2 + 0.3%. An
extended-duration stability test with this electrode was performed at -1.09 V vs. RHE (see
Supporting Information, Figure S11), showing that the catalyst maintains significant activity for up to

an hour.

Faradaic efficiencies were also measured, at a range of potentials, with the other structures. Figure
9b shows the comparison of the CO, reduction products at each stage of the stack synthesis at a
potential of —-1.09 V vs. RHE. It is clear from this graph that the addition of each layer increased the

Faradaic efficiency towards formic acid. The bare Ni plate achieved an FE of 1 £ 0.3%, predominantly
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favouring the hydrogen evolution reaction over the reduction of CO,. The addition of the
electrodeposited Cu layer (NiCu) increased the FE for formic acid to 9 + 1.3%. Meanwhile, the three-

layer catalyst, NiCuAg exhibited a Faradaic efficiency of 13 + 5.1% at the same potential.

Despite this, the highest Faradaic efficiency for formic acid was seen with the two-layer NiCu
catalyst, 24 + 8.5% at -0.89 V vs. RHE. Thus, the addition of the Ag layer may not always be
conducive to improved CO; reduction. Indeed, Table S5 in the Supporting Information shows that Ni
and NiCu in fact give better Faradaic yields for CO, reduction to methanol and ethanol than does
NiCuAg. On this basis, it seems that there is little evidence to suggest that there is a beneficial
synergism for carbon dioxide electroreduction from having Ni, Cu and Ag all in close proximity on the

electrode surface.
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Figure 9. Stacked Faradaic efficiency graphs comparing a) NiCuAg across various potentials, and b) a
comparison of the performance of NiCuAg with NiCu and Ni at -1.09 Vrxe, for the electrochemical reduction of

CO2in 0.1 M KHCOs in a custom-made H-cell.

4. Conclusion
In summary, we have successfully synthesised, characterised, and tested a 3-layer NiCuAg stack as a

catalyst for the electrochemical reduction of CO,. The additional metal layers of copper and silver
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were added by electrodeposition and galvanic replacement respectively. The corresponding 2-layer
NiCu stack, as well as bare Ni, were also characterised and tested. Analysis of the results of carbon
dioxide reduction experiments with these different materials showed that bimetallic NiCu and bare
Ni both gave higher Faradaic efficiencies for CO; electroreduction to methanol and ethanol than the
synthesised trimetallic NiCuAg stacks. There is, therefore, no evidence to support the hypothesis
that the combination of Ni, Cu and Ag is conducive to deeper reduction of CO; than can be achieved
by NiCu or Ni alone. This work has ramifications for the development of multi-metallic catalysts for a
range of electrochemical processes, showing that the combination of three individually promising

materials does not necessarily lead to improved performance in the resulting ensemble.
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