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Abstract 

Atmospheric pressure plasma jet (APPJ) is an emerging technique capable of synthesising ligand-free 
nanosized composites with controllable configuration ratio. Here, APPJ is used to synthesise and directly 
deposit CuOx-Ag for electrocatalytic CO2 reduction reaction (CO2RR). The morphology of CuOx-Ag 
composites evolves from Janus-type to core-shell with higher Cu:Ag precursor ratio. When applied in 
CO2RR catalysis, the nanoparticles configuration appears to matter more than the exact Cu:Ag 
composition. The core-shell arrangement is found to have higher C2+ production over Janus-type, posited 
due to its ability to retain more Cu-Ag interface during CO2RR. Thorough pre- and post- catalysis electron 
microscopy investigations revealed that Cu-Ag pairing likely resulted in selective oxidation of Cu, resulting 
in strained Cu2O-Ag epitaxial relationship that can be retained in the reduced Cu-Ag during CO2RR. On the 
use of electrochemical methods as convenient “probes” to rationalise CO2RR activity, we found ECSA and 
EIS measurements to be ineffective in predicting CO2RR product selectivity. Instead, surface charge 
estimated using modified pulse voltammetry technique is more suitable, where distinct behaviour 
between Ag and Cu-containing catalysts can be observed. Due to severe reconstruction during catalysis, 
having a core-shell configuration is found to be more beneficial to the catalysis performance than initial 
composition. Beyond Cu-Ag, we believe the findings are relevant to many other multi-component 
catalysts with immiscible constituents.

1. Introduction

Elevated global carbon dioxide (CO2) concentrations have reached critically alarming levels, contributing 
to annual emissions exceeding 32 billion tonnes per year 1, with the atmospheric CO2 burden recognised 
as the primary driver of contemporary climate change 2. Among the principal net-zero CO2 strategies, 
carbon capture and utilisation (CCU) is arguably the more compelling strategy that allows valorisation of 
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the captured CO2 into renewable feedstocks for the chemical industry 3. A key strategy for effective CCU 
lies in the design of advanced electrocatalysts that can efficiently and selectively convert CO2 into valuable 
carbonaceous products 4. Electrochemical CO2 reduction allows the integration of CO2 splitting and 
hydrogenation within a streamlined continuous process 5. Furthermore, its compatibility with on-demand 
renewable energy sources that are becoming cost-effective (as low as US$ 0.03/kWh for solar 6 and US$ 
0.02/kWh for wind 7), offers the potential for profitable, zero- or negative-emission industrial chemical 
production when deployed at scale 8, 9. 

Copper (Cu) is the most prominent single metal catalyst capable of reducing CO2 into a myriad of multi 
carbon products 10, 11. To enhance its CO2RR activity, researchers have proposed to combine Cu with 
different metals to form Cu-containing bi- or multimetallics (including alloys or composites) that may 
display synergistic effects. Amongst the different bimetallics, Cu-Ag stood out, with no less than 100 
published literatures demonstrating a significant boost in CO2RR activity in the past decade. By itself, Ag 
is one of the most active catalysts for CO2RR to CO 12, and heightened production of CO is commonly 
present in the majority of Cu-Ag bimetallics 13. However, there are other bodies of work that do not show 
increased CO production, especially those with smaller fractions (<10 at%) of well mixed Ag 14.

One of the most popular explanation to the enhanced CO2RR on Cu-Ag alloys or mixtures is the “CO 
spillover effect”, ascribed to the utilisation of produced CO (g) or transfer of adsorbed *CO intermediates 
from Ag sites to the neighbouring Cu sites that allows higher *CO coverage and enhanced C-C coupling 
activity 15, 16. Alternatively, Clark et al. proposed that compressive strain imposed on Cu atoms, especially 
on the surface of bulk Cu-Ag bimetallics, is the pertinent reasoning behind the enhanced C2+ selectivity 17. 
More recent study using In-situ nanofocused X-ray absorption spectroscopy revealed the dynamic nature 
of the atomic arrangement and strain within Cu-Ag Janus-type particles 18.

Several major complications of Cu-Ag for CO2RR are their immiscibility, very high mobility of both Cu and 
Ag atoms, and the galvanic corrosion. Recalling that Cu-Ag is a eutectic system with two terminal solid 
solutions 19, Cu-Ag bimetallic is not likely to exist in an alloyed form at room temperature, but rather as 
segregated solid phases, even near either end of the phase diagram 20, 21. To gain some control over the 
segregation behaviour in Cu-Ag bimetallics many have proposed engineered microstructures, such as 
core-shells 22, Janus 23 or extremely small (<2 nm) nanoparticles 24, which typically mandates the addition 
of polymeric surfactant or other ligands. Synthesising Cu-Ag bimetallics with good composition and size 
control without any surfactant or ligand is significantly more challenging. Even with some initial control 
during synthesis, we expect that surface reconstruction of Cu-Ag bimetallics under CO2RR will be more 
severe compared to bare Cu due to the combined dynamic effects of the galvanic corrosion 25, 26 and 
surface reactions facilitated by water/hydroxyls 27. This reconstruction process often result in irregular 
and much smaller particles compared to the initial form, especially those containing lower (<20%) Ag 
content 16. Conversely, Cu-Ag bimetallics with higher (>20%) Ag content tend to show a larger chunk of 
Ag-rich sections that are more resistant to reconstruction 28-30. 

Besides complex high vacuum deposition and ablation techniques that requires expensive high purity 
metal targets 16, 31, atmospheric pressure plasma jet (APPJ) is a powerful and versatile alternative 
technique. APPJ is capable of depositing ligand-free multi-component nanosized metals from aqueous 
metal salt without the need for any vacuum or extreme heating 32-35. Here, we found that APPJ can 
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consistently synthesise CuOx-Ag composite films consisting of conjoined (Janus) or core-shelled particles 
with Cu:Ag ratio matching the initial precursor ratio. Galvanic pairing effect inevitably converts Cu to CuOx, 
which serendipitously facilitates the epitaxial relationship between Cu and Ag. Films with higher Ag 
fractions (≥60%) were found to produce C2+ liquid products favourably. Extensive high resolution electron 
microscopy and elemental analyses, alongside electrochemical characterisation, provided a clue that the 
majority of Ag tends to aggregate together either as the inner core in core-shell arrangement or distinct 
section in Janus type particles. We found that core-shell arrangements are more favourable over Janus-
type arrangements as the former retains more Cu-Ag interface during CO2RR. 

2. Results and Discussion 
2.1.Cu-Ag composites with varying metal ratios as efficient electrocatalysts for CO2 reduction.  

The CO2RR product distribution from electrodes synthesised on APPJ grown CuOx-Ag composites with 
rising Cu content were investigated. Cu0Ag100 (pure Ag) was taken as a baseline, showing the expected CO 
as the main CO2RR product (Fig 1a). The addition of small amounts (5 at%) of Cu (Cu5Ag95) still yielded in 
CO as the main CO2RR product, but this time with extended H2 evolution suppression towards more 
cathodic potentials up to -1.6 V (Fig 1b). A striking observation is the appearance of liquid C2 oxygenate 
(ethanol, FEC2H5OH >3.7%) at -1 V that was accompanied with only trace amounts of the corresponding 
alkene (ethylene, FEC2H4 <0.27%), representing an ethanol/ethylene ratio of >14 (Fig 1g). Dominant 
ethanol production over ethylene was still observed with more cathodic potential on Cu5Ag95, albeit with 
reduced ethanol/ethylene ratio of ≈2 at -1.6 V. With increasing Cu content, the production of ethanol and 
n-propanol increases significantly; at -1.2 V, FEC2H5OH >12.7% and FEC3H7OH >3.0% were recorded for 
Cu20Ag80 (Fig 1c), while FEC2H5OH >13.6% and FEC3H7OH ≈3.9% for Cu40Ag60 (Fig 1d). The total FE for 2- and 3-
carbon liquids totalled to ≈20% for Cu20Ag80 and Cu40Ag60. Increasing Cu fraction of the CuOx-Ag 
composites was found to be counterproductive, with diminishing FEC2+ selectivity observed when the Cu 
fraction is >60% (Fig 1e-f), with the overall product distribution start to resemble pure bulk Cu (Fig S1b). 

Generally, our APPJ-grown films displayed higher ethanol/ethylene ratio compared to pure Cu (Fig 1g), 
with lower Cu fractions (5-40%) films displaying more than twice the typical 0.4 – 0.5 ratio reported on 
bulk Cu or oxide-derived Cu catalysts 11, 36. In the literature, CO2RR pathway towards ethanol on bare Cu 
has been shown to branch out from C2H4 at *CH-COH 37, 38, where ethanol formation is more endothermic 
by 0.43 eV. Strategies to steer CO2RR production to higher ethanol/ethylene ratio has been reported by 
using higher KOH electrolyte concentration 39, or by modifying the Cu surface with N-containing 40, 41 or S-
containing 42 organic ligands. Further, the majority of CO2RR on Cu-Ag bimetallics typically display 
FEC2H5OH/FEC2H4 ratio less than 1 13-18, 43, with the exception of reports from Wang et al. (ratio: 1.17) 44 and 
Gao et al. (ratio: 8) 45. A more comprehensive comparison with other Cu-Ag literature is presented in Table 
S7. As no organic ligands were added in our APPJ-grown films, we posit that the favourable ethanol 
production should be attributed to weaker *O binding energy and the more difficult O-C bond cleavage 
for *OCHCH2 on strained Cu-Ag compared to pure Cu 18, 46.  

Partial current densities for C2+ products (jC2+) are plotted in Fig 1h (C1 products and H2 in Fig S2a-b) to 
estimate CO2RR turnover. The optimum potential to produce C2+ products was at -1.4 V vs RHE for most 
catalyst except Cu40Ag60 that has slightly higher turnover at -1.2 V. APPJ grown CuOx-Ag composites 
generally outperforms pure Cu up to Cu60Ag40, but higher Cu:Ag ratio starts to follow the trend of pure Cu. 
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Overall, Cu40Ag60 appears to display the highest C2+ selectivity, followed by Cu20Ag80. Further 
characterisation will focus on these catalysts. 

Figure  1: Average of steady state CO2RR Faradaic efficiencies (FE) for gaseous and liquid products against the various applied 
potentials (V vs. RHE) during 1.5 hrs of electrolysis on (a) Cu0Ag100, (b) Cu5Ag95, (c) Cu20Ag80, (d) Cu40Ag60, (e) Cu60Ag80, and (f) 
Cu80Ag20. (g) FEC2H5OH/FEC2H4 ratio and (h) partial current density for multi carbon products (jC2+) on Cu5Ag95 to Cu100Ag0. Each 

point represents an average of three independent measurements, and the error bar represents the standard deviation.
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2.2.Characterisation of as synthesised Cu20Ag80 and Cu40Ag60

We focused our investigations on Cu20Ag80 and Cu40Ag60 that display the best steady state CO2RR Faradaic 
efficiencies (FE). SEM characterisation revealed that the higher Ag content Cu20Ag80 film consists of larger 
(ca. 100-200 nm) primary particles (Fig 2a-b), whereas Cu40Ag60 consists of larger aggregates (Fig 3a-b). 
High-angle annular dark-field (HAADF) imaging, scanning transmission electron microscope energy 
dispersive spectroscopy (STEM-EDS) mapping, and high-resolution TEM micrographs, however, tell a more 
interesting story. We discovered that the primary particles of the lower Cu content Cu20Ag80 is of Janus-
type particles, with distinct segregation between Cu-rich and Ag-rich regions (Fig 2d-g). On the other hand, 
Cu40Ag60 has a core-shell type primary particles, consisting of Ag-rich core and Cu-rich shell (Fig 3d-g). As 
there is no surface directing agent or linker used and identical APPJ procedure was adopted, we expect 
the factor determining the particle type is the molar ratio between Cu(NO3)2 and AgNO3 precursors. 

The plasma used in APPJ is considered non-equilibrium plasma, consisting of energetic electrons and 
“cold” neutral and ionic species 34, 47, 48. Therefore, the majority of solvent droplets carrying Cu-Ag 
precursors should not evaporate immediately, allowing energetic surface electron irradiation to drive 
diffusion, transport and reaction (e.g., metal reduction) 49. Transitions between core-shell to Janus has 
been observed for uncapped Cu-Ag bimetallic nanoparticles, driven only by temperature and increasing 
Ag composition 50. In our case, although the bimetallics formation is driven by energetic electrons within 
the plasma, we posit that similar effects can still occur within the tiny vapour droplets carrying well mixed 
Cu-Ag precursors without any surface directing agents, resulting in clear transition between Janus and 
core-shell when Cu:Ag fraction is tuned. Although N2 sheath gas was applied during APPJ synthesis, EDS 
distribution map for our samples still detected significant amounts of oxygen, especially around the Cu-
rich regions on both Cu20Ag80 and Cu40Ag60 that points to possible CuOx formation (Fig 2g, Fig 3g, and line 
EDS in Fig S4). Although the deposition of single component Cu and Ag in metallic form have been 
demonstrated previously 34, we believe the selective oxidation of Cu in the Cu-Ag bimetallic configuration 
may be inevitable due to the galvanic corrosion effect 51.

Closer scrutiny of the particle and the interface between Cu-rich and Ag-rich regions using HRTEM 
confirmed that the crystal structure of the Cu-rich region is consistent to Cu2O lattice. On the Cu-rich 
section of Cu20Ag80 sample (Fig 2h), the d-spacing perpendicular to the Cu2O-Ag interface (i.e., Cu2O d(1-11)) 
was found to be ≈0.240 nm, which is close to the relaxed Cu2O d(111) of 0.2464 nm 52. The Ag d(111) near the 
Cu-Ag boundary was found to be 0.230 nm, which is also close to the expected value for bare Ag (≈0.236 
nm) 53. However, electron diffraction analysis (calculated using fast Fourier transform (FFT) from the 
HRTEM micrographs, inset of Fig 2h) revealed closely matched Ag and Cu2O lattice in the [011] direction, 
which indicates significant strain to the Cu2O lattice. This supposition is also supported by the strain 
analysis based on the d-spacing variation (Fig S7).  
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Figure 2: Electron microscopy characterisation of APPJ synthesised Cu20Ag80 bimetallic. (a) Low and (b) high magnification FE-
SEM of Cu20Ag80 deposited on glassy carbon substrate. (c) Low magnification TEM, (d) high angle annular dark field TEM and 
electron dispersive spectroscopy mapping of (e) Ag, (f) Cu, and (g) O elements. Green arrows on sub-figure (f) indicate traces 
of Cu that are deposited around the Ag-rich part. (h) High resolution TEM of representative APPJ grown Cu20Ag80 alongside 

[21𝟏] zone axis, showing sharp Cu2O-Ag boundary. The inset of subfigure (h) shows simulated electron difraction of the 
particle generated by fast Fourier transform calculation, showing closely aligned Cu2O and Ag lattices, with compressed Cu2O 

lattice along [011] direction but relaxed along [111]. (c-h) is taken on samples directly grown on SiNx TEM grid.

On Cu40Ag60, the observed Cu2O d(111) of 0.242 and Ag d(111) of 0.230 nm (Fig 3h) are also close to the 
respective bulk values. Like the Cu20Ag80 samples, very close crystallographic relationship between Cu2O 
and Ag was also observed on Cu40Ag60. Due to the core-shell nature of the particle that causes overlapping 
crystal orientations, the electron diffraction pattern can only reveal closely aligned Cu2O(111) and Ag(111) 
planes perpendicular to the Ag-Cu2O interface (inset in Fig 3h), indicative of an epitaxial-like relationship. 
However, we believe similar strain observed alongside the Ag-Cu2O interface should operate in the core-
shelled particle.

In the literature, epitaxial relationship between metallic Cu-Ag is difficult to achieve due to the large lattice 
mismatch (12.6%) 52, 53. To our knowledge, true epitaxial growth of metallic Cu-Ag can only be achieved 
via surface limited redox replacement reaction of monolayer sacrificial metal (typically Pb)54 or by 
introducing large amounts of twin boundaries on either Cu or Ag seed crystals in presence of galvanic 
corrosion suppression agents 51. Serendipitously, oxidation of Cu-rich region in our samples makes stable 
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epitaxial relationship between oxidised Cu2O and Ag more facile. On the (111) plane especially, the lattice 
mismatch between Ag and Cu2O (4.3%) is significantly smaller than between Cu-Ag (>12%). It is notable 
that our APPJ synthetic approach can readily achieve Cu2O-Ag epitaxial-like relationship without adding 
any surface capping agents or other additives. As the lattice of both Ag and Cu2O are almost fully relaxed, 
we believe that the epitaxial-like relationship in APPJ grown Cu2O-Ag composites observed here can be 
maintained until it is ready for use as CO2RR catalyst. 

Figure 3: Electron microscopy characterisation of APPJ synthesised Cu40Ag60 composite. (a) Low and (b) high magnification of 
field emission electron scanning microscopy of Cu40Ag60 deposited on glassy carbon substrate. (c) Low magnification 

transmission electron microscopy (TEM), (d) high angle annular dark field TEM and electron dispersive spectroscopy mapping 
of (e) Ag, (f) Cu), and (g) O elements. (h) High resolution TEM of representative Cu40Ag60 showing less defined boundaries 

between Ag and Cu2O regions and existence of multiple crystal orientations. Inset in (h) shows FFT generated electron 
diffraction, showing closely aligned Cu2O [222] and Ag [222]. (c-h) is taken on samples directly grown on SiNx TEM grid.

Overall, the elemental analyses from TEM and SEM EDS demonstrates good control of Cu-Ag composition 
in the APPJ synthesised composites, where the actual Cu:Ag ratios are within 2% of the intended precursor 
values (Table 1, Table S2). Curiously, the surface composition probed by XPS indicated very high surface 
Cu:Ag ratio for both samples. Whilst high surface Cu is expected for Cu40Ag60 that has a core-shell 
structure, the observation of high surface Cu on Cu20Ag80 suggests that Cu deposition maybe spread more 
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widely than expected. Closer inspection of the TEM EDS mapping on Cu20Ag80 shows traces of smaller Cu 
particles that likely surround the Ag-rich regions (green arrows on Fig 2f). 

2.3.Characterisation of Cu20Ag80 and Cu40Ag60 post CO2RR

Changes on CuOx-Ag composites after CO2RR can be discombobulating due to compounding effects of 
cathodic potential, galvanic effect, surface reactions, and post-catalysis reoxidation that require 
comprehensive analysis using multiple analytical tools 25, 26. 

Starting with HAADF and STEM-EDS analyses, the most significant reconstruction is found on Cu20Ag80, 
where the Janus arrangements disappear after CO2RR. Instead, smaller particles with significantly more 
dispersed Cu are observed and lower oxygen signal than the as-prepared samples (Fig 4a-d, Fig S5a-c). A 
closer inspection of Cu20Ag80 lattice using HRTEM reveals practically unchanged Ag-rich region (Ag d(111) 
≈0.230 nm) but more spread-out Cu-rich region with difficult to discern lattice spacing (Fig 4e). Statistical 
TEM particle analysis (Fig S6a, Table S1) detected a slight reduction of mean particle size of Cu20Ag80 from 
28.4 nm to 24.3 nm after CO2RR, suggesting possible partial dissolution during catalysis.

While copper oxides are generally expected to be reduced during CO2RR, re-oxidation within 60 seconds 
of voltage removal to a mixture of Cu2O and other lesser defined Cu species has been observed 55. To 
explain the findings, post-CO2RR XPS is performed on the spent electrodes. Comparison of high-resolution 
Cu 2p spectra (Fig S16a, S16c) clearly shows suppression of the Cu satellite peaks after catalysis, 
suggesting at least partial surface reduction to a possible mixture of Cu(0) and Cu(I) mixture post CO2RR. Cu 
LMM Auger spectra shows the presence of mixed oxidation state after CO2RR (Fig S16e), with dominant 
Cu(I) 56. On the other hand, comparison of Ag 3d spectra (Fig S16b, S16d) detected complete disappearance 
of Ag (I) peaks after CO2RR, suggesting significant re-oxidation resistance of Ag. Taken together, these 
observations indicate more severe changes on Cu compared to Ag in the Cu20Ag80 Janus structure, possibly 
leading to Cu redistribution throughout the electrode. 

The reconstruction on the Cu40Ag60 sample looks rather different. Large sections (>100 nm) of Ag-rich 
particles are readily found post CO2RR (Fig 4f-g, Fig S5d-e). Most importantly, significant amounts of Cu 
are still observed to congregate around the Ag-rich core (Fig 4h, S4f), suggesting that the core-shell 
morphology is relatively preserved. In contrast with Cu20Ag80, statistical TEM particle analysis of Cu40Ag60 
(Fig S6b, Table S1) indicates growing mean particle size from 46.2 to 60.1 nm after CO2RR, suggesting 
possible agglomeration after catalysis. Although we could not discern the lattice spacings for Cu40Ag60 
HRTEM post CO2RR, the core-shell construction in the individual particles can still be observed, with the 
lighter contrast on the shell likely to be re-oxidised copper (Fig 4j). Post CO2RR XPS analysis of Cu 2p and 
Ag 3d shows similar behaviour like Cu20Ag80, where the Cu satellite peaks are significantly reduced post 
catalysis (Fig S14a, S14c), and the Ag(I) shoulder is completely removed (Fig S14b, S14d). A similar shift in 
Cu LMM peak kinetic energy is also observed (Fig S14e), suggesting formation of mixed Cu species after 
CO2RR with dominant Cu(I). 

The distinct modes of reconstruction on both samples are also corroborated using elemental analyses. 
The bulk Cu fraction of Cu20Ag80 (measured by TEM EDS), dropped from 18.9% to 8.3% post CO2RR, while 
much smaller reduction from 41.4% to 35.2% was observed on Cu40Ag60 (Table 1). On the contrary, a 
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pronounced increase in surface Cu fraction (measured by XPS), from ≈84% to >91% was detected on 
Cu40Ag60, compared to 82% to 87% on Cu20Ag80. 

While significant mobility of both Cu and Ag are expected during catalysis57, the different reconstruction 
modes observed on Cu20Ag80 and Cu40Ag60 suggests that the initial core-shell structure encourages better 
retention of Cu-Ag interface during CO2RR than in Janus-type particles. To support this position, ICP OES 
analysis of the spent catholytes were performed (Table S5, Fig S18a). Expectedly, higher leached Cu 
absolute concentration was detected due to higher absolute initial loading on samples with higher Cu 
fraction. However, when normalised to the Cu fraction, non-uniform U-like response was observed, 
suggesting lower normalised Cu leaching rate on Cu40Ag60 compared to Cu20Ag80. We also note generally 
more stable C2H4 turnover on the core shell Cu40Ag60 (≈3% reduction from t = 20 mins to t = 80 mins, Fig 
S3b) compared to Cu20Ag80 (≈30% reduction, Fig S3a)

Table 1: Elemental analyses of Cu20Ag80 and Cu40Ag60 tracking Cu and Ag before and after CO2 reduction reaction using TEM 
EDS (representing bulk composition) and XPS (representing surface composition).

TEM EDS (at%) XPS (at%)
Cu Ag Std Dev Cu Ag Std Dev

Cu20Ag80

as grown 18.89 81.12 2.27 82.12 17.88 1.00

Cu20Ag80

post CO2RR 8.26 91.75 2.40 86.99 13.01 0.78

Cu40Ag60

as grown 41.40 58.60 3.37 84.31 15.69 1.24

Cu40Ag60

post CO2RR 35.19 64.81 8.09 91.26 8.74 1.51
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Fig 4: Post CO2RR characterisation using HAADF, TEM-EDS mapping, and HRTEM for (a-e) Cu20Ag80 and (f-i) Cu40Ag60, 
performed on scraped Cu-Ag samples on glassy carbon substrates, resuspended in isopropanol, and deposited on holey 

carbon TEM grid. 

2.4.Electrochemical Characterisations

Electrochemical characterisations were also carried out to supplement physical characterisation data. 
First, electrochemically active surface area (ECSA) was estimated using multiple CV runs at 14 different 
scan rates and double layer capacitance (CDL) extracted from current density and scan rate relationship 
(Fig S4a-b). Overall, incorporation of Cu into Ag appears to increase the overall CDL from 0.5 mF displayed 
by Cu0Ag100 to about 0.8 mF for Cu60Ag40 (Fig S4c). However, as there are mixed elements in the composite, 
it is difficult to ascertain if the small increments in the CDL values are directly linked to larger surface area. 
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We then turned to EIS to probe the samples further. Near the open circuit potential (OCP), films with 
larger Cu:Ag fraction samples showed lower charge transfer resistance (R1) reflected roughly by the 
diameter of the semicircles (Fig S9a). However, EIS measurements at OCP could not be relevant to the 
catalytic process, as the catalyst surface and Helmholtz plane composition will be substantially altered 
upon external voltage application beyond catalytic onset 58. A more representative and quantitative 
metrics can be extracted from EIS data at or near CO2RR relevant potentials using numerical fitting 
procedure 40, 58. Numerical fitting results using the Armstrong-Henderson equivalent circuit that considers 
electrochemically adsorbed intermediates (Fig S9c) 59, 60 is displayed in Fig S10. The resistive components 
of R1 and R2 decreased exponentially with more cathodic applied voltage, while the capacitive elements 
(CPE1 and CPE2) showed different responses. CPE1 generally display a relatively flat response towards the 
applied voltage (Fig S10b), while exponential changes in CPE2 were observed (Fig S10d). Whist R1 may be 
the preferred metric to explain simpler electrocatalytic reaction like water splitting 58, we posit that the 
longer timescale CPE2 is more relevant to multi-stepped electrocatalytic process like CO2RR to C2+ that 
require intermediate accumulation and non-electrochemical C-C coupling step 61. Unfortunately, attempts 
to find a correlation between electrochemically measured metrics, through either ECSA and EIS, and FEC2+ 
did not reveal any strong correlation (Pearson’s |r| ≈ 0.02 to 0.28, Fig S11). Weak correlation between R1 
and FEC2+ also suggests that CO2RR to C2+ on Cu-Ag in our experiment may not operate in charge transfer 
limited region. 

Additional analyses were carried out modified pulse voltammetry (mPV) measurement, involving stepwise 
change from open circuit potential (OCP) to progressively more cathodic voltage (Fig S12). mPV has been 
shown to correlate well to CO2RR activity of organic-functionalised Cu 40. Here, we believe it may also be 
applicable to metal combinations and bimetallics. Specifically, the integrated anodic charge (Qan) 
measured during potential reversal from applied cathodic potentials to near OCP is proposed to be 
proportional to the electrochemically absorbed species on the catalyst surface (see SI Section 6 for further 
information). Tabulation of Qan values with respect to ΔV presented Fig 5a show distinct characteristics of 
catalysts with and without Cu addition. Samples without Cu (i.e., Cu0Ag100) display relatively flat Qan values 
with increasing ΔV, indicative of low accumulation of adsorbed species and consistent with Ag’s inherently 
weak interaction with *CO (a crucial intermediate for CO2RR to C2+) 62. When Cu is added in the bimetallic, 
we observed a significant “jump” in Qan when ΔV >0.8 V. This voltage range coincides with *CO 
accumulation event that preceded C2+ formation during CO2RR on Cu reported previously 11, 61. 
Additionally, a strong correlation between Qan and jC2+ at -1.4 V vs. RHE on Cu-Ag bimetallics at comparable 
applied voltage is observed (Pearson’s r = -0.85, Fig 5b). 
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Fig 5: (a) Integrated anodic charge (Qan) of APPJ-deposited CuAg bimetallics with increasing ΔV. The X axis “ΔV” represents 
voltage difference between the applied pulse and the OCP, which varies slightly on each material. Roughly, ΔV = 1.6, 1.8, 2.0 

and 2.2 correspond to catalytic potentials of -1.0, -1.2, -1.4 and -1.6 V vs. RHE. Data were obtained as the average of 3 
independent replicates. (b) Correlation plot between average jC2+ at -1.4 V vs. RHE and Qan at ΔV = 2.0 V for APPJ deposited 

CuAg bimetallics. Dotted line represents York linear fitting (Pearson’s r = -0.85) that considers both X and Y errors, while grey 
shading marks the 95% confidence interval bands.

Discussion

There are two popular explanations in the literature for the enhanced CO2RR to C2+ on Cu-Ag bimetallics. 
Early works appear to favour the “CO spillover” explanation, where the enhanced C2+ products on Cu-Ag 
are always accompanied by a concomitant increase in CO(g) production 15, 16. The premise of this 
hypothesis is that some of the adsorbed *CO or the CO(g) produced in Ag sites can be transferred to the 
neighbouring Cu sites, enabling better *CO accumulation. Other researchers had different ideas, as the 
CO(g) production appears to be proportional to surface Ag content post CO2RR, and the enhanced C2+ 
production should instead be linked to the compressive strain to the Cu lattice 17. Albeit with a smaller 
dataset, a relatively more linear jCO relationship with varying Cu:Ag fraction is also found in this work, but 
much less so for jC2+ (Fig S13). As such, we are inclined to concur that the enhanced C2+ production should 
be ascribed to a much more fundamental change in the active catalyst structure rather than a simple *CO 
spillover effect. 

Extensive TEM experiments in this work unveiled that the Cu rich region in our APPJ grown Cu-Ag is readily 
oxidised to Cu2O structure, even though individual metallic Cu and Ag growth using the same technique 
has been demonstrated previously 34. We believe this is due to the Galvanic effect and should be universal 
to pairings between Cu and more noble metals without any surface capping agent or linkers. Fortuitously, 
oxidised Cu2O still has a matching (𝐹𝑚3𝑚) space group with Ag, with significantly smaller lattice mismatch 
than metallic Cu-Ag pair, allowing stable Cu2O-Ag epitaxial-like relationship. Additionally, Cu2O should also 
experience roughening phenomenon during the initial reduction phase and bring about the oxide-derived 
Cu benefit 55. 

After CO2RR, significant reconstruction of the catalysts was observed that more severely affecting Cu20Ag80 
catalyst. On this sample, Janus arrangements can no longer be found, accompanied by significant Cu 
redistribution away from Ag. On the other hand, the core-shell configuration on Cu40Ag60 can still be 
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readily found, with a significant majority of Cu is still surrounding the Ag-rich core. HRTEM investigation 
revealed post catalytic conversion of Cu species to less well defined oxidised structure. XPS analyses shows 
that both samples are generally more reduced after CO2RR to Cu(I) dominated mixture, accompanied by 
suppression of the satellite peaks consistent with Cu(II). 

Between Cu20Ag80 and Cu40Ag60, we believe that the morphology of the initial Cu-Ag bimetallics may be 
more dominant in determining CO2RR activity than the absolute Cu:Ag ratio. As our CuOx-Ag composites 
are not functionalised by any ligand, the morphology change is entirely driven by Cu:Ag ratio and 
thermodynamics 50. While we expect that the in-situ epitaxial relationship between Cu2O and Ag to be 
morphology agnostic, the core-shell microstructure may have a competitive edge due to its ability to 
retain more Cu in direct contact with Ag core during CO2RR. The closer proximity of CuOx shell to Ag core 
can also reduce Cu redistribution significantly during the initial phase of reduction. With a matching  𝐹𝑚3
𝑚 space group, Ag is still a preferred Cu (re)nucleation site compared to random surfaces like glassy 
carbon due to lower activation free energy for nucleation63. This advantage is also reflected in a more 
stable C2H4 turnover on Cu40Ag60 (only about 3% degradation after 80 mins) compared to Cu20Ag80 that 
shows >30% decrease over the same period (Fig S3). As the Cu2O is expected to reduce to metallic Cu 
during CO2RR, we believe the reduced Cu will be forced to keep its tensilely strained state conforming to 
the Ag lattice under applied cathodic bias. Such voltage-dependent strain behaviour has been reported 
on Cu-Ag particles using nano-focused X-ray 18, where the larger tensile strain on Cu side of the Janus can 
be retained under cathodic bias. Additionally, tensile strain in Cu lattice has been shown using DFT to 
increase *CO binding strength and, more importantly, reduces ΔGformation for C2+ intermediates on Cu 64. 

We also acknowledge the possibility that true Cu-Ag alloying contributes to the enhanced CO2RR activity. 
Although we cannot conclusively demonstrate existence of Cu-Ag alloying in very small particles (<10 nm) 
after CO2RR, there are at least two papers, 24, 65 where α-phase (Ag rich) can exist up to 28% Cu:Ag ratio in 
very small (5 nm) nanoparticles. However, due to severe reconstruction of the catalysts under reaction 
conditions, we posit that the precise initial composition of alloys, especially in immiscible metal pairings 
like Cu-Ag, may not matter too much as the metal pairs tend to segregate during reaction. Instead, having 
an initial core-shell configuration, with a thin layer of the active species shell facing the reactant, is more 
critical as the active species will remain anchored to the stable core, whilst allowing strain effect to kick 
in.

On the use of electrochemical methods as convenient “probes” to rationalise CO2RR activity, we found 
ECSA, and charge transfer resistance parameters extracted from numerical fittings of EIS measurements 
to be ineffective in predicting C2+ activity amongst CuOx-Ag composites (Fig S11). This is consistent with 
literatures as CO2RR to C2+ involves non-electrochemical coupling step that is limited to the surface *CO 
coverage 61, 66 instead of charge transfer kinetics. We found that a more suitable metric is the surface 
charge estimated using mPV, where distinct behaviour between Ag and Cu-containing catalysts are 
observed (Fig 5). Potentially, we believe that surface charge estimation using mPV can be applied to multi-
metal catalysts, in addition to organic functionalised Cu demonstrated earlier 40. 

3. Conclusion

Page 13 of 22 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 1
1:

56
:3

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6TA02615J

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta02615j


This research provides critical information in the quest to understand multi-stepped CO2RR on bimetallics 
structure. Based on comprehensive electron microscopy study that tracks the evolution of ligand-free 
CuOx-Ag composite from its growth using APPJ to its reconstruction after CO2RR, we believe the enhanced 
C2+ production on Cu-Ag should be ascribed to a much more fundamental change in the active catalyst 
structure rather than *CO spillover. One of such change is the tensile strain on Cu lattice that can be 
brought about by applied cathodic potential that can force reduced Cu to conform to Ag lattice. Epitaxial 
relationship between Cu2O and Ag is observed on APPJ grown films, accommodated by the initial oxidation 
of Cu due to galvanic corrosion upon pairing with the more noble Ag. Although this configuration 
inevitably evolved during CO2RR, we believe the applied cathodic potential can provide the necessary 
driving force to keep the Cu-Ag epitaxial relationship in the re-nucleated Cu. Evidence of smaller Cu nuclei 
surrounding larger Ag-rich regions that retains some epitaxial Cu-Ag relationship supports previous 
literature on dynamic structure-strain relationship on Cu-Ag. Further, we believe that the morphology of 
the initial CuOx-Ag composite may be more important in enhancing the CO2RR activity than the absolute 
Cu:Ag ratio. In our APPJ grown films, a moderate Cu:Ag around 40:60 allows formation of Ag@Cu2O core-
shell arrangement is beneficial as it exposes and better retains the more active species (strained Cu-Ag 
interface) during CO2RR. In addition to advancing green electrocatalyst development, this work 
underscores the potential of APPJ in developing catalyst materials with controllable compositions and 
morphology for scalable, sustainable carbon capture and utilisation (CCU) technologies.

4. Methodology  
4.1.Atmospheric pressure plasma jet (APPJ) deposition of Cu-Ag alloy thin films under various ratios

Synthesis and deposition of Cu-Ag bimetallics using APPJ was performed according to our previous work 
with 20 W effective power 35. In brief, 96% He gas mixed with 4% H2 (NOX Singapore) was used as the 
plasma working gas, ensuring complete reduction of the samples. In brief, Cu-Ag thin films were prepared 
by nebulising aqueous precursor solutions containing only deionised (DI, 18.2 MΩ.m) water and varying 
molar ratios of Cu (NO3)2 and AgNO3.  Sample nomenclature Cu20Ag80 denotes Cu:Ag precursor 
composition of 20% (0.1 mM) Cu2+ and 80% (0.4 mM) Ag+. Unless stated otherwise, the total concentration 
of metal ions in the aqueous solutions was maintained at 0.5 mM for all samples, such that [Cu2+] + [Ag+] 
= 0.5 mM.  All samples were deposited on glassy carbon disks (⌀15 × 1 mm thickness, Goodfellow 
Cambridge Ltd). 

4.2.Electrochemical Methods 

Glassy carbon disks were mechanically polished using 5 μm diamond slurry (Struers AG), followed by fine 
polishing to a mirror finish with a 0.3 μm alumina slurry (Buehler MicroPolish). The substrates were 
subsequently sonicated in concentrated KOH solution for 10 minutes to remove possible embedded 
alumina. Post-deposition, the samples were rinsed with deionised water, dried under a N2 stream, and 
stored overnight in a dry chamber for 16–18 hours prior to electrochemical experiments. 99.999% purity 
Cu disks (⌀15 mm × 1 mm thickness, Goodfellow Cambridge Ltd.) were polished with 3 μm polycrystalline 
diamond slurry followed by sonication in DI water for 1 min. The Cu disks were dried using inert N2 gas. 

4.3.Electrolyte preparation
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EMSURE ACS grade KHCO3 (99.7 to 100.5% assay, Supelco) was used for the electrolyte. To minimise 
dissolved metals in the electrolyte, pre-electrolysis electrolyte cleaning was performed by applying -1 mA 
for at least 30 mins in a 2-electrode set-up with 2 graphite rods (TedPella, Spec-pure, ⌀1/8” × 20 cm) whilst 
being purged with CO2. The KHCO3 0.1 M electrolyte was initially bubbled and saturated at 20 sccm for 20 
mins with CO2 gas (Linde Gas, 99.999%) using 2 mass flow controllers (MFC, Alicat Scientific MC series). 

4.4.  Electrochemical CO2 Reduction Reaction (CO2RR)

All electrocatalytic experiments were performed in a custom H-Cell made of PEEK and PTFE reported 
previously 40. Both anodic and cathodic compartments were filled with 8 ml of CO2 saturated 0.1M KHCO3.  
These compartments were separated via an anion exchange membrane AMVN (SELEMIONTM, ACG 
Engineering, Japan). All electrochemical experiments were conducted using a calibrated Gamry 
potentiostat (Gamry 600+ or Gamry 3000). A 3-electrode system was used in all electrochemical 
experiments, consisting of glassy carbon disks (Goodfellow, ⌀15 mm x 1 mm thick) as the working 
electrode. A leakless Ag/AgCl electrode (eDAQ) was used as the reference, while a graphite rod (TedPella, 
Spec-pure, ⌀1/8” × 20 cm long) was used as the counter electrode.

Electrocatalysis was conducted under a constant CO2 flow rate controlled via an MFC at 20 sccm in both 
the anodic and cathodic compartments. The electrolyte resistance was measured three times prior to 
each chronoamperometry run using high-frequency electrochemical impedance spectroscopy, and the 
average value was used for iR compensation via positive feedback correction (85%). Chronoamperometry 
was carried out for 100 min. All potentials reported in this thesis are with respect to the RHE, unless stated 
otherwise. 

The CO2 reduction catalytic performance was assessed across various Cu-Ag ratios to identify the optimal 
composition under four different potential ranges: -1.0, -1.2, -1.4, and -1.6 V vs. RHE. All experiments were 
conducted in triplicate, and the results are presented as average values with corresponding error bars in 
all figures, along with standard deviations for the recorded values. The catalytic performance of the glassy 
carbon disks was also evaluated (Fig S1a), with predominant hydrogen selectivity. High-purity metallic Cu 
disks (99.999%) were assessed for their catalytic performance towards CO2 in a custom-made 
electrocatalytic cell (Fig S1b), and the results closely matched those reported in the literature 11. 
Additional CO2RR product evaluation methods are described in Supporting Information Section 1.

4.5.Electrochemical Characterisation: Electrochemically Active Surface Area (ECSA), Electrochemical 
Impedance Spectroscopy (EIS) and Modified Pulse Voltammetry (mPV)

All the electrochemical characterisations were carried out in an open PTFE cell. A pre-reduction step was 
performed at -1.2 V vs. RHE for 10 mins before electrochemical characterisation methods to reflect CO2RR 
condition. 

Cyclic voltammetry (CV) measurements were conducted in 1 M KHCO3 to improve the signals. CV scans 
were performed around the non-faradaic region near open circuit potential (OCP) between -0.6 V and -
0.7 V vs. Ag/AgCl (equivalent to 0.0 to +0.1 V vs. RHE, Fig S5a).  CV scans were performed at 14 different 
scan rates within the capacitive regions, ranging from 20 mV s⁻¹ to 150 mV s⁻¹, with each subsequent scan 
rate increasing by 10 mV s⁻¹. Each scan rate was repeated three times, with only the 3rd scan used for data 
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analysis. The exposed geometric area of the working electrode is 1.327 cm2 and was calculated by 
subtracting the geometric surface area of the glassy carbon disk from that of the O-ring. The ECSA of each 
catalyst was determined based on their respective surface roughness factors, which correlate directly with 
the slope obtained from the linear relationship between current density and scan rates (Fig S5b), based 
on previous literature 67.

EIS measurements were performed in 1 M KHCO3 to improve the signals. Prior to the experiment, all 
samples were pre-reduced via chronoamperometry at 1.8 V vs Ag/AgCl (-1.2 V vs RHE) to reflect CO2RR 
condition. EIS measurements were conducted across a wide range of cathode potentials under CO₂RR 
conditions. EIS spectra were collected across 40 different potentials, ranging from -0.59 to -2.59 V vs. 
Ag/AgCl, in 0.05 V increments, with an oscillation applied to the AC voltage of ±10 mV rms. The spectra 
were collected from 0.2 Hz to 100,000 Hz at 10 points per decade (Fig S6a-b). Gamry Echem Analyst 
(v7.9.0) was used to fit all Nyquist plots using the modified Armstrong-Henderson circuit model (Fig S6c).

mPV experiments is performed in 0.1 M KHCO3, the same condition as CO2RR without significant signal 
disturbance. mPV was tested with square wave potential step, consisting of a fixed upper bound of 0 V vs. 
Ag/AgCl (near OCP) for 18 s, and increasingly cathodic lower bound voltages ranging from -0.5 V to -2.4 V 
vs. Ag/AgCl, incrementally decreased by 0.1 V at 18 s holding time, for a total of 41 steps, with a total 
duration of 738 s. The current response is recorded every 3 ms interval. The area under the anodic decay 
current response is integrated using scipy.intergrate.simps and fitted using scipy.optimize.curve_fit from 
t = 0 s to t = 2 s. The integrated current response is then plotted against ΔV, which is the difference 
between Vanodic and Vcathodic. An example plot of applied voltage and the corresponding current response 
is shown in Fig S12a. More details are available in the Supporting Information Section 6.

Unless stated otherwise, all potentials were converted into V vs RHE for data analysis, as described 
previously. All experiments were performed in triplicate, and the results are presented as averages with 
their standard errors.

4.6.Additional Characterisation Techniques 

X-ray photoelectron spectroscopy (XPS) spectra were measured using a Kratos AXIS Supra+ spectrometer 
equipped with an Al Kα x-ray excitation source (hν = 1486.7 eV). The spot size was determined to be 700 
x 300 μm (slot mode). 50 scans were taken for Cu and Ag, while all other elements (O, N, C) were averaged 
over 20 scans without Ar sputtering. Data were collected at 160 eV pass energy with a step size of 1 eV 
for survey scans, and at 40 eV pass energy with a step size of 0.1 eV for narrow scans. Charge 
compensation was achieved using low-energy neutralisation electrons. Casa XPS version 2.3.24PR1.0 was 
used to analyse the valence states from the XPS spectra and to calculate the elemental composition from 
the peak area, Thermo Avantage v5.9928 software was used. XPS data and detailed XPS fitting analyses 
are described in Supporting Information Section 8.

Transmission Electron Microscopy (TEM) analysis was conducted on a Thermo Science Talos F200X G2 
(S)TEM (Thermo Fisher Scientific), operating at an accelerating voltage of 200 kV. As-grown samples were 
directly deposited onto a 16-window Si grid (16 x 0.1 mm) coated with 30 nm SiNx (silicon nitride) 
membrane. Post CO2RR samples were obtained by mechanically transferring the films from glassy carbon 
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disks, resuspended in isopropanol, and then dripped onto holey carbon film on nickel 200 mesh (50 μm) 
TEM grids. Gatan DigitalMicrograph software was used for image and data analysis. Elemental 
composition and distribution mapping were obtained using TEM-integrated EDS. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was performed on catholyte before 
and after CO2RR using Avio 200 (PerkinElmer). Neat samples were analysed, with spectroscopy grade 0.1 
M HNO3 washing solution. More details and results are presented in Supporting Information Section 9.
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In addition to the main text, additional supporting data has been provided as part of 
the Supplementary information: CO2RR product evaluation methods, CO2 reduction 
performance of baseline on Cu and blank glassy carbon, Additional electron 
microscopy analyses. Electrochemical active surface area (ECSA) estimation, 
Electrochemical impedance spectroscopy (EIS) measurements and fitting, Modified 
pulse voltammetry (mPV) measurements, Surface Cu fraction post CO2RR 
correlation to C2+ selectivity, XPS data and analysis
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