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ABSTRACT

The use of physical vapor deposition methods in the fabrication of catalyst layers holds
promise for enhancing the efficiency of future carbon capture and utilization (CCU) processes
such as the CO; reduction reaction (CO2RR). Following that line of research, we report in this
work the application of a sputter gas aggregation source (SGAS, multiple ion cluster source
(MICS) type) apparatus, for the controlled synthesis of CuOx nanoparticles (NP) atop gas
diffusion electrodes. By varying the mass loading, we achieve control over the balance between
methanation and multicarbon formation in a gas-fed CO> electrolyzer, and obtain peak CHy
partial current densities of -143 mA cm™ (mass activity 7.2 kA/g) with a Faradaic efficiency
(FE) of 48%, and multicarbon partial current densities of -231 mA cm? at 76% FE (FEcoms =
56%). Using Atomic force microscopy, electron microscopy and quasi in-situ X-ray
photoelectron spectroscopy, we trace back the divergence in hydrocarbon selectivity to
differences in NP film morphology, and rule out the influence of both NP size (3-15 nm, > 20
ug cm?) and in-situ oxidation state. We show that the combination of O, flow rate to the
aggregation zone during NP growth and deposition time, which affect the NP production rate
and mass loading, respectively, give rise to the formation of either densely packed CuOx NPs
or rough three-dimensional networks made from CuOx NP building blocks, that in turn affect
the governing CO2RR mechanism. This study highlights the potential held by SGAS-generated
NP films for future CO2RR catalyst layer optimization and upscaling, where the NPs’ tunable
properties, homogeneity and the complete absence of organic capping agents may prove

invaluable.



INTRODUCTION

The CO; Reduction Reaction (CO2RR) - powered by electricity from renewable energy —
could offer a route for generating value-added chemicals from residual CO; emissions, and
would potentially bring us a step forward towards closing the anthropogenic carbon cycle.!
Myriad studies have demonstrated that copper has the unique ability to reduce carbon dioxide
to hydrocarbons and alcohols, with recent endeavors using evaporated copper films reporting

high methane and ethylene selectivities with promising energy efficiency and longevity.*’

In the cases where catalyst layers were made up of copper (oxide) nanoparticle (NP)
assemblies, the NP size, faceting,”!? surface roughness'? and interparticle distance!*!> have
been shown to impact the CO2RR performance and the balance between ethylene and methane
formation. Several studies demonstrated that by minimizing the distance between adjacent Cu
nanoparticles, it is possible to improve CO re-adsorption on neighboring Cu sites, thereby
increasing the CO coverage and thus C-C coupling efficiency towards Ca. products.” 1516 A
recent study also highlighted the importance of catalyst layer thickness at the triple-phase-
boundary, as thicker layers result in decreasing local CO: and increasing local CO partial
pressures relative to the gas flow field, both being beneficial for C-C coupling.!” Moreover, in
the particular case of either thermally or electrochemically grown copper oxide films, the role
of surface morphology/roughness, subsurface oxygen and processing conditions have also been

cited as important factors that govern CHs versus CoHs production.'®%!

Those studies have shown the importance of having proper control over NP generation and
catalyst layer properties as even small modifications can result in drastic changes in CO2RR
performance. For this reason, an alternative synthesis method is investigated in this work,

which allows to deposit CuOx nanoparticles directly onto gas diffusion electrodes (GDEs)



while providing control over their initial oxidation state and mass loading. Building on the
advantages of conventional physical vapor deposition methods already used in the CO2RR
literature,”*?* this physical deposition method includes a state-of-the-art sputter gas
aggregation source (SGAS, multiple ion cluster source (MICS) type) and a specifically tailored
aggregation zone. Moreover, this technique offers a fast, reproducible and tunable approach to
deliver nanoparticles of various metals and oxidation states.”>*>” An important advantage of this
technique®® over wet chemical synthesis methods is that neither organic ligands nor ion-
exchange polymers are present during the synthesis of those nanoparticles or during catalyst
ink preparation, which could otherwise influence what we perceive as the intrinsic catalytic

activity of the particles.

Here, we used the capabilities of the MICS to fabricate CuOx nanoparticle films with
varying mass loadings and primary particle size below 15 nm, and investigated their CO,RR
performance under various processing conditions. We started by examining the visual and
microscopic properties of the NP films, as well as their oxidation state after preparation, storage
and polarization at various potentials. After presenting our findings, we report on how those
properties dictate the electrodes’ surface area and electrochemical activity, both in an H-type
cell as in a flow cell configuration. By employing the latter, we show that Cu.O NP-
functionalized (NPF) electrodes fabricated by means of a MICS are capable of producing in
IM KHCOs either methane or Ca+ products with high mass-based activities and selectivities.
Finally, the prospects of SGAS fabrication for the optimization of CO2RR catalyst layers are

briefly put forward.



METHODS

Nanoparticle synthesis and deposition

CuOx (x = 0-1) nanoparticles were produced in the STARDUST machine®® (see Figure S1) under
ultra-high vacuum conditions (base pressure 5 x 10'° mbar) using a Multiple Ton Cluster Source

(MICS3, Oxford Applied Research Ltd., UK), details of which are given elsewhere.?”- %

For the electrocatalysts synthesized and utilized in this work, we used one of the three magnetrons
sources available, which was loaded with a copper target (99.99% pure, 4 mm thick and 2” diameter,
Testbourne Ltd., UK). To control the oxidation state of the nanoparticles during formation, oxygen
injection in the aggregation zone was adjusted from 0 sccm to 0.8 sccm to 21.3 sccm, to predominantly
produce Cu, Cu;0O and CuO nanoparticles, respectively. Once produced at the source, CuOy
nanoparticles were collected on Si(100) wafers for AFM measurements and Sigracet 39 BC (SGL
Carbon) gas diffusion electrodes (GDEs) for electrochemical analysis. The deposition rate was
determined with a quartz microbalance and the coverage was controlled by modifying the deposition
time. NP-functionalized (NPF) Electrodes are referred to in the main text as Cunpr, Cu2Onpr and
CuOnpr, after their predominant oxidation state as prepared. Where needed, the mass loading
(expressed in ug cm™) is given in parentheses, as in Cu2Onpr(20). All the samples are listed and indexed

according to their appearance in the text in Table S1.

Characterization
X-ray Photoelectron Spectroscopy

Initial and after reaction ex situ XPS measurements were performed in the analysis module of the
STARDUST machine? utilizing a PHOIBOS 100 1D electron/ion analyzer with a monochromatic Al
Ka anode (1486.6 eV) and a 1D delay line detector. CuOx nanoparticles were deposited onto the GDE,

which was inserted in the analysis chamber and analyzed with XPS. The Cu 2p, O 1s core levels and
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Curmm Auger lines were recorded and the binding energies were corrected with respect to the C 1s core

level peak (284.5 eV).

In addition, quasi in situ XPS measurements were conducted in a different UHV system with a
commercial PHOIBOS 100 analyzer (SPECS GmbH, E,.s = 15 eV) and a XR50 X-ray source (SPECS
GmbH) using an Al Ka anode (1486.6 ¢V) anode. The accompanying electrochemical measurements
were performed with a potentiostat (Autolab PGSTAT 302N) in an air-tight single compartment cell
with a leak free Ag/AgCl reference electrode (eDaq 1mm, 3.4M KCI) and a platinum gauze electrode
(MaTecK, 360 mesh cm™) as counter electrode under constant CO» bubbling in purified 0.1M KHCO:.
The electrochemical cell is directly attached to the UHV analysis system. After the electrochemical
treatment, the samples were washed with Ar-saturated water (>18 MQ) and then transferred within a

controlled N» atmosphere into the UHV system without air exposure.
Atomic Force Microscopy

In order to determine the NP morphology ex-situ, Atomic Force Microscopy (AFM) images were
recorded on flat Si(100) wafers instead of on the GDEs. The GDEs have a very high surface roughness
and therefore do not allow correct characterization of the height (and thus diameter’®) of the
nanoparticles. AFM measurements were performed using a Cervantes AFM System equipped with the
Dulcinea electronics from Nanotec Electronica S.L. and a Nanoscope Illa system (Veeco) and Agilent

5500 PicoPlus (Agilent). All images were analyzed using WSxM software.>!
Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were taken using a ThermoFisher Scientific Quanta
FEG 250 microscope, equipped with ETD and Quad BSED detectors, and operated at an acceleration

voltage of 15 kV.

Inductively Coupled Plasma Mass Spectrometry
The Cu mass loadings of the films were quantified using an Agilent 7500 Series Inductively

Coupled Plasma Mass Spectrometer (ICP-MS). Disks of coated GDEs taken from fresh and aged



electrodes were subjected to digestion in nitric acid at 70°C overnight. The solutions were then diluted
to the appropriate concentration range (100-300 ppb) prior to analysis.
Contact angle measurements

Sessile drop measurements were carried out using a Drop Shape Analyzer (DSA) 10-Mk2 device
(Kriiss GmbH) by drop-casting 2 pL of ultrapure water at a rate of 24.79 uL min™' onto the coated side
of the GDE surface at room temperature. The surfaces were imaged at a rate of 1 Hz for 1 min and
analyzed with the DSA software. The average values of the contact angle measurements are reported.
Electrochemistry

Chronopotentiometry/Flow Cell Experiments

Chronopotentiometry was conducted using an Autolab M204 potentiostat/galvanostat in a flow by
gas-fed recycle electrolyzer configuration, in which the catholyte (either 0.1 M or 1 M KHCO3) was
continuously recycled throughout the experiment (total volume 4-5 cm3). The working electrode
consisted of a CuOx-sputtered gas diffusion electrode (Sigracet 39 BC) with an active area of 0.785 cm?.
A leak-tight 1 mm Ag/AgCl was used to monitor the working electrode potential (3M KCI, +0.210 V
vs. SHE, Harvard Apparatus), which was corrected for ohmic drop (IR,) and electrolyte pH according

to (Eq. 1):

E (V vs. RHE) = E (V vs. Ag/AgCl) — I*Ry + 0.059%pH + 0.21 V (1)
,with R, determined by means of current interrupt (0.1 M KHCO3) and electrochemical impedance
spectroscopy (1 M KHCOs, frequency range: 20 kHz - 5 kHz, 20 mV perturbation amplitude)
experiments. Carbon cloth was used as counter electrode adjacent to a Selemion® DSVN anion-
exchange membrane (AGC Chemicals Europe, Ltd.), separating the catholyte and anolyte
compartments. The inlet and exiting gas streams were continuously controlled (5-7.5 sccm COa»,
99.995%) and measured, respectively, using mass flow controllers (GF-080, Brooks Instruments). The
outlet gas stream was sampled in-line at 15 min intervals by means of a gas chromatograph (GC, Trace
1300, Thermo Fischer Scientific). Products were separated using a ShinCarbon micropacked column
(ST 100/120, 1 mm ID, 2 m, Restek) and detected by a thermal conductivity detector (TCD). Helium

was used as the carrier gas. Liquid products (glyoxal, formic acid, ethanol, acetic acid, n-propanol and



allyl alcohol) were sampled from both, catholyte and anolyte (to a lesser extent) and quantified by GC
equipped with a flame ionization detector (FID) detector and high-performance liquid chromatography
(HPLC, Alliance 2695, Waters). The Faradaic efficiency (FE) of the different products was calculated

using following equation (Eq. 2):

FE; (%) = Qexp.i/ Qrotal = ziFni/It 2
, where Qeyp, is the amount of charge consumed for the production of product i, Qo is the total
accumulated charge, F the Faraday constant (F, 96485 C mol™), z; the number of exchanged electrons
for each specific product and n; the number of moles of product (n;). Qwtar is the product of applied

current (I) and experiment duration (t).

Chronoamperometry/H-type cell Experiments

Chronoamperometry experiments were performed with a potentiostat (Autolab PGSTAT 302N) in
an H-type cell equipped with an anion exchange membrane (Selemion® AMYV) which separates the
cathodic from the anodic compartment. The anodic compartment was equipped with a platinum gauze
electrode (MaTecK, 360 mesh cm™), while a leak-free Ag/AgCl reference electrode (eDaq 2mm, 3.4M
KClI) was placed close to the GDE working electrode in the cathodic compartment. 0.1 M KHCOs (Alfa
Aesar, 99.7 — 100.5%) was purified with a cation-exchange resin (Chelex 100 Resin, Bio-Rad),
saturated with CO; (99.995%) and used as electrolyte. Prior to the 70 min chronoamperometric
measurement, a linear sweep from open circuit potential to the desired potential was conducted. Every
15 min, the gas products were quantified by online gas-chromatography(GC;s-(Agilent 7890B), which
is provided with a flame ionization detector (FID) and a TCD. At the end of the electrochemical
measurement, the liquid products were probed in a liquid GC (L-GC, Shimadzu 2010plus) with a fused
silica capillary column and an FID detector, and in an HPLC (Shimadzu Prominence), provided with a
refractive index detector (RID) and a NUCLEOGEL SUGAR 810 column. Double layer capacitance
(Cpr) was measured via cyclic voltammetry between -0.25V and -0.4V vs. Ag/AgCl, with scan rates
between 20 and 160 mV s!'. Each sample was also measured upon CO,RR conditioning at three

different potentials.



RESULTS AND DISCUSSION

Characterization of the As-prepared Film Morphology and Oxidation States

Figure 1 gives an overview of the appearance, morphology and oxidation state of CuOx
NPs that were deposited atop the microporous layer of gas diffusion electrodes using the
Stardust machine (Figure 1a). Above a mass loading threshold of about 20 pg cm™, the films
are visually characterized by an iridescent pattern radiating outward from the center of the GDE
substrate, as shown in Figure 1bl. That feature arises from the Gaussian particle beam shape
and its divergence at the exit of the MICS module of the apparatus, which induces a radial
variation in NP film thickness/areal density and catalyst layer composition as one moves away
from the beam center (see Figure S2). Electrodes with mass loadings < 10 pgc, cm2, however,
appear as featureless black GDE substrates to the naked eye and the NP films can only be
distinguished from the microporous layer background by electron microscopy. For example,
Figure 1b2 shows densely packed CuOx particle clusters atop a GDE at a mass loading of 5 ug
cm2. At higher mass loadings, Figure 1b3-4 show that either porous (~10 pgcy, cm™) or dense
(>20 pgcu cm™) three-dimensional film structures can be obtained from CuOx NP building
blocks. With the deposition time kept fixed, the electrodes’ Cu mass loading naturally depends
on the production rate of CuOx NPs (typically 0.03-0.15 ug cm™ s'), which increases
substantially with the O flow rate to the aggregation zone. As a direct consequence, mass
loadings in the following discussion were systematically lower for CuOx NP films that were
prepared in the absence of O (< 8 ug cm™) when compared to CuOx NP films where the O

flow was set to 0.8 sccm and 21.3 sccm (>20 pug cm™).

In Figure 1c, representative high-resolution Cu 2p spectra are shown that were taken inside
the analysis section of the apparatus, that is, without exposing the NPs to air. At 21.3 sccm O,
the spectrum can be partially attributed to a +II oxidation state, both from the Cu 2p peak

position (932.8 eV) and the pronounced Cu 2p shake-up satellites emerging at 940.6, 943.0



and 961.7 eV. The intensity of those Cu 2p shake-up satellite peaks is lower for the NP film
prepared with 0.8 sccm Oz, and the Cu 2ps3,2 peak is shifted to ~931.5 eV. In the absence of an
O2 flow (0 sccm O2), the Cu 2p3.2 peak is located at 932.5 eV and no shake-up satellites are
observed. Differentiation between metallic Cu and Cu(I) for 0 and 0.8 sccm O3 is further

facilitated by analysis of the Auger Cu LMM spectra (Figure 1d).
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? Cu target i;
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chamber

(XPS)
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Figure 1 (a) Illustration of the Cu nanoparticle generator, MICS and analysis section. (bl) Photograph of a CuOx NP film
deposited onto a gas diffusion electrode (b2) Backscattered electron SEM image of CuOx NP clusters, film mass loading ~5
ug cm?, Oz2flow rate: 0 sccm. (b3) SEM image of CuOx NPs showing aggregates, film mass loading ~10 ug cm, Oz flow rate:
0.8 sccm. (b4) SEM image of a dense CuOx -NP film, film mass loading ~20ug cm?, Oz flow rate: 21.3 sccm. XPS analysis
inside the analysis section: (c) Cu 2p and (d) Auger Curmm spectra of NP-films prepared with varying O: flow rates: 0, 0.8
and 21.3 sccm Oz, respectively, yielding (e) Cunpr , Cu20npr and CuOnpr electrodes.

At 0 sccm O», the spectrum indicates that only metallic Cu is present. However, for 0.8
sccm and 21.3 scem Oo, linear combination fitting (LCF) indicates that the NPs consist of 63%
Cu(1)/37% Cu(Il) and 100% Cu(II), respectively. Hence, for simplicity, NP-functionalized

electrodes (NPF) prepared under similar O flow rate conditions with 0, 0.8 sccm and 21.3
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sccm O are denoted in this paper as Cuner, Cu20npr and CuONnrr, respectively, according to

the predominant Cu oxidation state (Figure 1e).

In addition, the presence of surface Cu(l) species in Cu2zOnpr electrodes was also probed
qualitatively using linear sweep voltammetry (LSV) in an aqueous, CO»-saturated 0.5 M
bicarbonate solution. Figure S3 shows that Cu20npr films with varying mass loadings exhibit
reduction peaks characteristic of Cu(I) at 0 V and -0.4 V vs. RHE?*33 that appear before the
onset of the hydrogen evolution reaction (HER) and CO2RR at more negative electrode

potentials.

Combined Spectroscopic-Electrochemical Investigation of the Film behavior during

COz2RR

Next, we evaluated whether the oxidation state of films fabricated under different O> flow
rates has a significant impact on the electrodes’ electrochemical performance towards CO2RR.
Therefore, CuOx NP-based electrodes (batches 1-3, Table S1) were probed before and directly

after CO2RR electrolysis in an H-type cell.

After prolonged storage in air and prior to electrolysis, Cuner and Cuz20npr electrodes
showed clear signs of oxidation in their Cu 2p spectra (Figure 2a), i.e. more pronounced Cu(II)
satellite features and a large fraction assigned to Cu(II) species. Deconvolution of the Cu LMM
spectral line-shapes by LCF further indicated that 60-80% of all surfaces were completely
oxidized to Cu(Il), while the remaining part was attributed almost exclusively to Cu(I) (see

Figure S4a and Table S2).

After 1 h of CO2RR in 0.1M KHCO3 (pH 6.8) at -0.85V vs. RHE (VruE), and by carefully
excluding re-oxidation due to air (quasi in situ XPS conditions, electrochemical cell directly
interfaced to the XPS UHV system), we observed that the Cu(Il) satellite features disappeared

completely from the Cu 2p spectra (Figure 2b). Auger Cu LMM spectra (Figure 2c¢) indicated,
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in all cases, that the surfaces were reduced almost entirely to Cu(0). Using LCF, the remaining
share of Cu(I) was estimated at a mere 10%. That share was further reduced to nearly zero at -
1.05 Vgrue (Figure S4b-c and Table S2), from which we establish that Cu(0) was the
predominant active phase for CO; reduction near and beyond that potential, corroborating

recent literature.>*

The CO2RR selectivity of Cuner, CuOnpr and Cu20npr electrodes at these potentials is
given in Figure 2d. For CuOnpr and Cuz20npr electrodes, the selectivity towards the major
CO; reduction products ethylene, methane and ethanol rose as a function of potential at the
expense of carbon monoxide, which in its adsorbed form *CQO, is an important intermediate in
their production. Namely, *CO can either undergo protonation to *CHO, yielding eventually
methane, or C-C coupling (dimerization-step) with an additional *CO adsorbate - leading
mainly to ethylene.®® At the same time, the selectivity towards formate and hydrogen, which
are in this case undesired by-products, decreased with electrode potential, also in general
agreement with the literature on metallic copper surfaces.’**" In contrast, the major products
observed over Cunpr up to -1.2Vrug were carbon monoxide (45-53%) and hydrogen (34-38%).
At potentials exceeding - 1.35Vrue the majority of carbon monoxide was converted to methane,
whose selectivity peaked at 50%. The corresponding CH4/C>Hy Faradaic Efficiency (FE) ratio

was 12.2, whereas it was only 0.4 and 0.76 over Cu20npr and CuOnpr.

As mentioned, the mass loading of Cunpr electrodes was systematically lower than that of
Cu20npr and CuOnpr because of the lower O flow rate to the aggregation zone during
synthesis (and thus NPs rate). That difference seemed to manifest itself in the electrodes’

electrochemical activity and the CO2RR reaction mechanism. Indeed, Wang et al'®

previously
showed that NP mass loading and the areal NP density were closely correlated to the CH4/C2H4
production rate and FE ratios. It was reasoned that CO() re-adsorption over surfaces with

higher mass loading, areal NP density and hence shorter mean interparticle distances'* favors

12



*CO dimerization and ethylene formation over methane. In addition, variation of the pH at the
electrode-electrolyte interface (local pH) may also originate from differences in electrode
morphology and roughness.”® In general, the OH ions produced during CO; reduction and
hydrogen evolution reactions lead to an increase in local pH relative to the bulk (well-mixed
region) of the electrolyte. The magnitude of the deviation depends largely on the reaction rate
(geometric current density) and bicarbonate concentration (buffer capacity).***! But, since both

the electrolyte concentration and the cell configuration were identical for the three catalysts,
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Figure 2 (a) Cu 2p spectra of Cuner, Cu20npr and CuOnpr electrodes taken after prolonged storage in air and before
electrolysis. (b) Quasi in situ Cu 2p spectra of the same Cunpr, Cu20npr and CuONpr taken after 1 hr of polarization at -
0.85Vrue in 0.1 M KHCO3, (c¢) corresponding Cu LMM spectra and (d) H-type cell selectivity of Cunpr, Cu20npr and CuOnNpF
electrodes as a function of the electrode potential in 0.1M KHCOs3.
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we reasoned that differences in local pH, if any, must stem from the electrode’s morphology

and its roughness.

To that end, and in order to estimate the differences in surface area between the NPF
electrodes before and during CO2RR, we performed cyclic voltammetry (CV) in a suitable
potential range and analyzed the double layer capacitance (Cpr, expressed in uF/cm?) of the
electrode (Figure S5a), which is a measure for its electrochemically active surface area
(ECSA). Unlike with flat solid electrodes, the CpL averages the capacitive contribution of both
the accessible NP surface area and the underlying microporous layer of the GDE. Nevertheless,
we defined a roughness factor (RF) by normalization of the Cpr value relative to a planar
electropolished Cu electrode (Cpr, = 26.5 uF/cm?).>* Figure S5b shows that the RF values after
polarization between -0.85 and -1.05 Vrug were in the range of 15-30, with Cunpr having the
highest RF. After polarization between -1.23 and -1.35 Vryg, however, the RF increased further
t0 95, 49 and 59 for Cuner, Cu20npr and CuOnpr, respectively. For CuOnpr, the RF was only
20% higher compared to Cu20n~pr. We therefore concluded that the general agreement between
the CO2RR selectivity trends and CH4/C2Hs ratio (< 1) over CuzOnper and CuOnpr electrodes
at high overpotentials was due to the convergence in their oxidation state and roughness after
polarization. When compared to both, the evolution of RF values in the case of Cunper followed
the same increasing trend but reached values about 60-90% higher, suggesting that the
electrode was rougher. Rougher electrodes have a higher real surface area; they therefore
deliver higher geometric current densities, which bring about a higher local pH.*’ Under such
alkaline conditions, ethylene formation is said to be favored compared to proton-electron
coupled reaction steps, since the rate-determining *CO coupling step does not involve a proton
transfer.*? The combination of high methane selectivity and the aforementioned RF values for
Cunrr thus seem to be in complete contradiction with the notion that higher roughness factors

translate to higher ethylene FE. However, in contrast to flat solid electrodes, that discrepancy
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may be attributed to an increased capacitive contribution from the underlying porous GDE,
rather than to an increase in the real surface area of Cu NP ensembles. Such an explanation
appears in line with the lower geometric current densities observed over Cunpr relative to
Cu20npr and CuOnpr. In terms of interparticle distance, the higher RF values thus point out
to greater separation between the NPs and the lower current densities suggest a decrease of
local pH relative to Cu20npr and CuOnpr, both known to favor methane formation over

ethylene, as we also observe.*?

Importantly, the H-cell results indicated that MICS-generated CuOx films could selectively
generate CHs at low mass loadings, and that selectivity control may be achieved by simply

varying the sputtering deposition time.
Flow-cell CO2RR performance

By supplying CO> from the gas phase in a flow cell,***> higher current densities were
achieved as compared to H-type cell experiments over analogous CuOx films (batches 1-3,
Table S1). Figure 3 and Table S4 display the FEs of our samples when a current density of 100
mA c¢cm?is applied. The major CO2RR products over CuzOnpr and CuOner electrodes were
CO, ethylene and ethanol. The total FE towards Cz+ products amounted to about 50% and 30%,
respectively. These trends in selectivity were in general agreement with H-type cell
measurements, yet with the important difference that both geometric ethylene partial current
densities and ethylene-to-methane ratios tripled and quadrupled, respectively. As discussed in
the previous section, the higher current density applied is expected to induce higher local pH
conditions that favor ethylene over methane. Despite that, Cunpr still produced more CHy
(24%) than ethylene (15%), although admittedly the ratio of methane over ethylene dropped to

just 1.6. This nevertheless strengthened the notion that the NP areal density and mass loading
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had a stronger impact on the fate of the rate-determining *CO reduction step than the

processing conditions (i.e. the manner in which CO» was fed to the solid-electrolyte interface).
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Figure 3 Selectivity of CuOx NP-functionalized electrodes in a gas-fed flow-cell in 0.IM KHCO;s at a current density of 100
mA cm’. Black squares represent the working electrode potentials. Conditions: 5 sccm COz, 2 mli/min 0.1M KHCO:3.

Therefore, we then proceeded to investigate the catalytic role of NP size and mass loading
in more detail. A series of Cu20npr electrodes with mass loadings exceeding 20 ug cm™
(batches 4-6, Tables S.1) was prepared by varying the deposition settings. For each deposition
setting, CuOx NPs were deposited both onto GDEs and for particle size determination although
at much lower coverages onto Si(100) wafers. It is important to mention that size distributions
representative of the NPs deposited onto GDEs could not be estimated because of the intrinsic
roughness of the microporous layer of the GDE itself and because of significant particle overlap
at the mass loadings studied (> 20 ug cm). While analysis of the AFM images indicated that
the nanoparticle height varied between 3 to 10 nm (Figure S6), chronopotentiometric CO>
reduction experiments at 100 mA cm™ in 0.1 M KHCOj3 evidenced no significant variation of

the selectivity with NP size in the inspected range (Figure S7). This can be explained by the
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fact that the NPs reconstruct upon polarization and operation at high current densities.*’ That,
in turn, may cancel out the effect of minor differences in particle size prior to polarization. As
a result, the catalytic response of the formed 3D NP film resembles that of rougher and thicker

46-49 rather than individual NPs or thin films in

oxide-derived or magnetron sputtered Cu films
the sub-10 nm size range.g’ 2 Indeed, all electrodes noted Ca. selectivities in excess of 50% and
CO2RR selectivities surpassing 85% under the employed conditions. Hence, we concluded

2

that Cu20npr electrodes with loadings > 20 pg cm™ mainly produce ethylene and ethanol over

a broad range of gas-phase synthesis parameters.

Next, to study the impact of mass loading, an additional series of Cu20npr electrodes with
low mass loadings in the range of 0.1-17.8 ug cm™ (batches 7-9, Table S1) was fabricated.
Notwithstanding the above, the electrodes produced methane rather than ethylene as major
product. Figure 4a shows LSV polarization curves, recorded in a 1M KHCOj3 electrolyte, of
three electrodes which are denoted as Cu20Onpr(0.1), Cu20npr (1.8) and Cu20npr (18). In
Figure 4b-d, partial current densities towards the major gas-phase products, namely hydrogen,
carbon monoxide, methane and ethylene, are given as a function of potential. In the case of
Cu20npr(18), it can be observed that the HER clearly dominates the product spectrum up to -
1.2 Vrug, and it is surpassed only by methane after that point. Compared to Cu20Onpr(1.8), the
maximal CHs current density of Cu20npr(18) was 21% higher (-113.7 mA cm™) and the
overpotential was lower by ~100 mV. However, the maximum methane-to-ethylene ratio over
Cu20npr(18) was 3.3 and 4.2-fold lower compared to Cu20npr(0.1) and Cu20npr(1.8),
respectively, correlating with the lower overpotentials and lower activity towards hydrogen of

the former. An overview of the obtained selectivities at each potential is given in Table S5.
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Figure 4 (a) Total current densities as a function of potential (IR-corrected) in 1 M KHCO:s for a series of Cuz20nrpr electrodes
with mass loading in the range of 0.1-17.8 ug cm’.? (b-d) Partial current densities towards hydrogen, carbon monoxide,
methane and ethylene over Cuz20npr(0.1), Cu20npr(1.8) and Cuz0npr(18) electrodes normalized by the geometric surface
area of the electrode. Conditions: 5-7.5 sccm COz, catholyte flow 0.2 ml/min, 25°C.

Comparison of CO:RR Performance under commercially relevant conditions

Consequently, we prepared CuzOnpr electrodes with relatively low (19.8 ug cm?,
Cu20npr(20)) and high mass loadings (180.1 pgcu cm?, Cuz0ner(180)) and performed
chronopotentiometry in 1 M KHCO3 (with electrolyte recycling) at current densities between
100-300 mA cm>. A CuOnpr(196) electrode (~196.2 ug cm?) was also included for

comparison. These electrodes appear as batches 10-12 of Table S1.

Figure 5a shows that at 300 mA cm™, Cu20npr(20) reached a maximum methane partial

current density of 143 mA cm™ and cathodic energy efficiency towards methane of 20%
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Unfortunately, that electrode performance was short-lived because of salt precipitation and Cu
dissolution (see Figure S9), in line with previous reports on methane-evolving electrodes.”®!
After applying a washing step with ultrapure water, the catalytic activity of the electrode
recovered partially, allowing the determination of its ECSA. Compared to Cu20npr(180) and

CuOnrr(196), Cu20nprr(20) had the highest Cpr. and RF (77.4) and accordingly, the lowest

degree of GDE coverage (see Figures S10-S11), as discussed before.

In contrast, the CuOnpr(196) and Cu20npr(180) electrodes suppressed methane evolution
almost entirely (< 0.5 and < 2 mA cm™ respectively) under the same conditions (Figure 5b-c).
C». selectivities and partial current densities peaked at 76.9% (of which 55% to ethylene) and
230.9 mA cm for Cuz0npr(180) at -1.15Vrug, with similar performance for CuONpr(196).
By one measure, CuOnpr(196) can be regarded as the superior electrode since it suppresses
the evolution of methane to negligible extents. Nevertheless, in terms of the cathodic energy
efficiency towards ethylene, both electrodes perform at 26.7 £ 0.5%. Judging by the obtained
cathodic energy efficiency and high partial current densities, these electrodes perform very well
compared with the literature on conventionally sputtered electrodes and other selected

materials in 1M KHCO3 electrolytes’ 40493254 (Table S6-S7).
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Figure 5 Selectivity and working electrode potentials of (a) Cuz0npr(20), (b) Cu20npr(180) and (c) CuOnpr(196) in 1 M
KHCO:s (Initial pH 8.1) at 100-300 mA cm™. Conditions: Charge passed: 283-353 C, CO:z flow rate 5-7 sccm, electrolyte flow
rate: 0.25 cm’ cm® min. Working electrode area 0.785 cm?. Ohmic resistance ~4 Q cm?. The catholyte (4-5 cm?) was recycled
throughout the measurement. Example CP graphs are provided in the supporting information, Figure S8.
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Prospects of SGAS-fabricated Catalyst Layers for CO2RR Upscaling

In view of these results, we highlight the fact that SGAS-fabricated CuOx NP films, unlike
conventionally sputtered films,> are composed initially of individual NPs irrespective of the
deposition time. SGAS-fabricated NPs soft-landed already formed onto the substrate,>
whereas conventional sputtering leads to the formation of a continuous film with increasing
deposition time. In other words, using SGAS results in nanoparticulate films that are
particularly suited for electrocatalytic applications, where high surface areas and mass-based
activity are desired. An example is the performance of CuzOnpr(18) and Cu20npr(20) that
registered maximum CHa current densities of 114 and 143 mA cm™ in 1 M KHCO3. Those
current densities correspond with short-term mass-normalized activities of 6.4 and 7.2 kA/gcu,
which is an improvement of 4-10-fold compared to the state-of-the-art.’*>? In those literature
cases, conventional GDEs are often replaced by dedicated reaction interfaces built around a
porous polytetrafluoroethylene (PTFE) membrane* %> 7 to improve hydrophobicity and
prolong operation. Here, we used commercially available GDEs, consisting of a ~300 um-thick
network of PTFE-treated carbon fibers, which are covered by a rough ~50 um-thick
hydrophobic microporous layer, the actual substrate for soft-landing. That microporous layer
has a high surface area that can accommodate many more NPs as compared to a fiber structure
of similar geometric planar dimensions. A related advantage of SGAS fabrication is that it
allows one to maintain the substrate’s roughness to a greater extent than with conventional
sputtering. In the case of the latter, re-sputtering of the ions in the asperities of the substrate
causes more ions to enter at angles non-perpendicular to the surface and, thus, lead to the loss
of substrate edges, which account for a large share of the substrate’s surface area.’® This, in
turn, can affect the wettability of the modified SGAS-fabricated electrodes. To study this effect,
water contact-angle measurements were carried out. Figure S12a shows that at low NP loadings

(<10 pg cm?) the surface is nearly super-hydrophobic (0 =144.4°), preserving the
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hydrophobicity of the underlying GDE (8 = 144°).° When sputtering time is increased and
more NPs soft-land on top of each other and agglomerate to form a three-dimensional film, the
surface becomes hydrophilic (8 = 46.1°, Figure S12b), primarily because of the change in
chemical properties of the surface (Cu NP film vs. Cu NP-decorated PTFE-treated carbon).
Increasing the loading results in an additional decrease in contact angle to values close to super-
hydrophilicity (0 = 12.7°, Figure S12¢). In comparison, gas diffusion electrodes that were
conventionally sputtered (CS) with Cu are, both in terms of visual appearance and contact

angle, more homogeneous (Figures S12d-f).

One could ostensibly explain the difference in contact angle between SGAS-fabricated
films and CS-films based on the large differences in their growth mechanism® and surface
morphology. Lower apparent contact angles for SGAS may be explained by the fact that the
ratio of solid-liquid interfacial area to the projected interfacial area increases. If the water
droplet is assumed to penetrate the roughness asperities of the SGAS-fabricated films,®' it
becomes plausible that a larger interfacial area brought about by the porosity of the NP film,

would lower the apparent contact angle.

Yet despite having a significantly lower contact angle, the highest loading SGAS electrode
outlasts its conventionally sputtered counterpart in terms of CO2RR stability and selectivity.
Figure 6a shows that the former maintains ethylene FEs of about 50% for 4 hours and total
hydrocarbon selectivity >45% for 6 hours under galvanostatic control at 250 mA cm?in a IM
KHCO:s electrolyte (pH 8.8). Moreover, Figure 6b shows that the ethylene-to-methane ratio of
the SGAS-fabricated electrode quintuples that of the CS electrode after 15 minutes of reaction,
after which it decays linearly for 3 hours before reaching the initial value of the benchmark.
After that point, the rate of decay is similar for both materials, indicating that the degradation
mechanism (Cu dissolution, salt precipitation, as discussed before) is similar for both. The
stability of both SGAS-fabricated and CS electrodes diminishes with loading (Figure 6c¢-e),
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proportional to the initial C2H4/CHj ratio depicted in Figure 6b. Thus, at high Cu loadings, that
ratio appears to be a better predictor of electrode longevity than the measured contact angle of
the pre-catalysts. Yet at very low loadings, the latter does show that the hydrophobic properties
of the substrate are better preserved with SGAS fabrication. This may prove relevant in future
CO2RR research and catalysis, if the catalytic activity or morphological properties of the

support would be of any importance (such as in tandem catalysis concepts).

In this paper, we explored the application of a well-known Cu catalytic system. MICS can

of course be applied to form more complex physical/catalytic systems such as alloyed or
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Figure 6 (a) Comparison of time-dependent selectivity between SGAS-fabricated (Cu20npr, source conditions; batches 7-9
Table S1) and conventionally sputtered (CS) benchmark film/GDEs with loadings of 60 and 98 ugc. cm?, respectively (b)
Time-dependent C2H4/CH ratios for SGAS-fabricated electrodes of increasing loading (4-60 ug cm?) and comparison with
CS-electrode (98 ug cm?). (c-e) time-dependent gas-phase selectivity of SGAS-fabricated electrodes with increasing loading.
Corresponding liquid phase selectivities are given in Figure S13. Tabulated values in Tables S8-S9. Experimental conditions:
jeeo = 250 mA cm?, A=0.785 cm?, Fcoziv = 7.5 sccm CO2, Fearn = 0.2 ml/min IM KHCO3 (single-pass).

core@shell bimetallic NPs.?> 263 Yet even in the apparently simple case of Cu NPs, SGAS-
fabricated NP films already show several advantages also when compared to wet chemical

methods, in particular with respect to material preparation (absence of
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ligands/binder/impurities), handling (absence of toxic byproducts) and deposition (loss of

valuable/expensive NPs upon, for example, airbrushing).

Combining all of the above, we therefore argue that SGAS-fabricated NP films could play
an important role in advancing future fundamental and applied CO2RR research aiming at: (a)
disentangling the nexus of NP catalytic performance - NP/electrode preparation —
processing/reactor conditions and (b) optimizing/upscaling electrolyzer stacks employing NP-
based catalyst layers, where a high degree of reproducibility, cleanliness and homogeneity are

required to achieve stable operation across multiple cells.
CONCLUSIONS

In this study, we explored the use of a gas aggregation source (MICS type) in producing
CuOx nanoparticle films as CO; reduction catalyst layers. It was shown that, depending on the
mass loading, CuOx films could take on different morphologies: (a) evenly dispersed NPs atop
a GDE, (b) porous, or (c) compact three-dimensional films made of CuOx building blocks. We
found, using quasi in situ XPS, that the films reduce almost entirely to metallic Cu at -0.85VRHE,
irrespective of their morphology or oxidation state. As a result, evenly dispersed NPs operate
at higher overpotentials and yield methane as major product while porous and rough CuOx NP
films yield ethylene and ethanol as major products, as observed from both H-type cell and gas-
fed flow-cell experiments. Under commercially relevant conditions, evenly dispersed NP films
with a loading of ~20 pug cm™ yield methane as major product (38-48%), while achieving
current densities of 113-143 mA c¢cm for short electrolysis periods (mass-based activity of up
to 7.2 kA/g). CuOx films with maximum mass loadings of ~200 ug cm produce ethylene as
major product (55-57%) and reach partial Co. current densities of 230.9 mA cm? (76%),
suppressing methane production almost completely. That versatility, along with the high

degree of control over mass loading, oxidation state and high purity composition made possible
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by MICS, could help future studies aiming at optimizing catalyst layers for CO» reduction and

a variety of other electrocatalytic reactions.
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