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ABSTRACT 

Copper nanocatalysts are among the most promising candidates to drive the 

electrochemical CO2 reduction reaction (CO2RR). However, the stability of such catalysts 

during operation remains sub-optimal, and improving this aspect of catalyst behavior remains 

a challenge. Here, we synthesize well-defined and tunable CuGa nanoparticles (NPs) and 

demonstrate that alloying Cu with Ga considerably improves the stability of the nanocatalysts. 

In particular, we discover that CuGa NPs containing 17 at. % of Ga preserve most of their 

CO2RR activity for at least 20 hours while Cu NPs of the same size reconstruct and lose their 

CO2RR activity within 2 hours. Various characterization techniques, including X-Ray 

photoelectron spectroscopy and operando X-Ray absorption spectroscopy, suggest that the 

addition of Ga suppresses Cu oxidation at open circuit potential (ocp), and induces significant 

electronic interactions between Ga and Cu. Thus, we explain the observed stabilization of the 

Cu by Ga as a result of the higher oxophilicity and lower electronegativity of Ga, which reduce 

the propensity of Cu to oxidize at ocp and enhance bond strength in the alloyed nanocatalysts. 

In addition to addressing one of the major challenges in CO2RR, this study proposes a strategy 

to generate nanoparticles which are stable under a reducing reaction environment.  

 

INTRODUCTION 



The electrochemical CO2 reduction reaction (CO2RR) is a promising route towards closing 

the carbon cycle by converting CO2 into key chemicals and fuels while storing renewable 

energy.1 Cu-based materials are the most utilized catalysts for this reaction when the goal is 

the production of beyond-CO compounds, including hydrocarbons and alcohols.1 While 

polycrystalline Cu foil produces more than sixteen different products, tuning the morphology 

and the size of Cu nanoparticles (NPs) enhances selectivity and activity towards one reaction 

product, for example methane, ethylene or ethanol.1–3 Unfortunately, the operational stability 

of Cu NPs is limited, as these materials undergo reconstruction during CO2RR.4–8 In particular, 

the reconstruction of Cu NPs  is associated with Cu dissolution and reprecipitation which 

results in the formation of small clusters and agglomeration.4–7 Surface oxidation at open circuit 

potential (ocp) accounts for the initial dissolution which continues during operation mediated 

by soluble Cu intermediate species, whose chemical nature has not yet been identified.8 

In the current literature, strategies to mitigate the reconstruction of Cu NPs during CO2RR 

are scarce. Carbon shells might provide a physical barrier against dissolution; however the NPs 

must be stable under the often harsh conditions used for the synthesis of these coatings (e.g. 

high temperature required for the carbonization of organic layers).9–11 Studies in oxygen 

electrocatalysis have proved that the alloying of Pt, Pd and Ir NPs with guest elements 

dramatically improves the stability of these NPs against dissolution during catalysis by virtue 

of effects which span from the increase in the metal oxidation potential to sacrificial dissolution 

of the less noble metals.12–18 For example, Zhang et al. report that Au clusters deposited on the 

surface of Pt NPs enhance the stability of Pt as an oxygen reduction reaction catalyst because 

the d-band interactions between Au and Pt increase the oxidation potential of Pt.12 In another 

study, a Pd overlayer on the surface of Au NPs was demonstrated to be more resiliant to 

dissolution than pure Pd NPs because of the Au – Pd bond being stronger compared to the Pd 

– Pd bond.13 Cu-based alloyed NPs are currently investigated as CO2RR catalysts; however, 

these studies mostly focus on tuning the selectivity rather than aiming at developing guidelines 

towards increasing the performance stability of the Cu NPs.2,19–23 Based on the current 

knowledge regarding the reconstruction of Cu in CO2RR, and inspired by the studies on oxygen 

electrocatalysis, we hypothesize that the combination of Cu with an element M which possesses 

a higher oxophilicity and lower electronegativity than Cu should reduce the tendency of Cu to 

oxidize at ocp and form heteroatomic Cu – M bonds with higher dissociation energies than 

Cu – Cu, which should further hamper Cu dissolution and thus improve the performance 

stability of Cu NPs during CO2RR. 



In this work, we synthesize CuGa alloy NPs with tunable composition and characterize 

them as CO2RR electrocatalysts with the aim of testing this hypothesis. Among various guest 

elements, calculations have proposed Ga to enhance the CO2RR activity of Cu.24,25 Furtermore, 

Ga does match the criteria listed above, namely that Ga is more oxophilic than Cu, and the 

Cu – Ga bond energy is greater than either Cu – Cu or Ga – Ga.26,27 We use colloidal synthesis 

to prepare CuGa NPs with a narrow size distribution and three different compositions  (4 at. %, 

17 at. % and 37 at. % of Ga content). We show that alloying Cu with Ga greatly improves the 

stability of the catalyst. Specifically, we find an interesting non-monotonic dependence in the 

stability trend with the sample containing 17 at. % of Ga being the most stable among the tested 

compositions. We use a combination of electrochemistry, electron microscopy, density 

functional theory calculations and X-Ray spectroscopy, including operando X-Ray absorption, 

to explain the increased stability of the CuGa NPs which we correlate to the suppresed Cu 

oxidation at ocp, charge redistribution between Ga and Cu, and the metallic bond strengthening 

in the lattice. 

 

EXPERIMENTAL SECTION 

Chemicals 

Tris(dimethylamido)gallium (III) dimer (Ga2(NMe2)6, 99.9 %) was purchased from 

ABCR. Copper (I) bromide (99 %), trioctylphosphine oxide (C24H51PO or TOPO, 99 %), 

oleylamine (C18H35NH2 or OLAM, 70 %), 1-octadecene (C18H36 or ODE, 90 %), toluene 

(anhydrous, 99.8 %) and ethanol (anhydrous, 99.5 %) were purchased from Sigma-Aldrich. 

Hexane (anhydrous, >96 %) was bought from TCI Chemicals. Potassium carbonate (K2CO3, 

99+ %, ACS reagent) was obtained from Acros organics. ODE was degassed under vacuum at 

110 °C for 4 h, cooled to room temperature, and then transferred in an airtight manner to the 

glove box. All syntheses were carried out under an inert atmosphere using anhydrous solvents 

and standard glovebox and Schlenk-line techniques. NPs washing, handling, and storage were 

also carried out under inert atmosphere. 

NP Synthesis 

Cu NPs. Cu NPs were synthesised by modifying the procedure reported by Loiudice et 

al.28 0.7 g of TOPO was added to 11.5 ml of OLAM in a three-necked round bottom flask and 

degassed for at least 30 minutes under strong magnetic stirring, during which time the TOPO 

dissolves in the OLAM and the solution turns colorless. The Cu precursor solution was 

prepared by dissolving 50 mg of CuBr in the 5 ml of degassed TOPO and OLAM. This solution 

was heated for 15 min at 80˚C in the glovebox to dissolve TOPO and CuBr. Then, the Cu 



precursor solution was transferred to the three-necked flask with a syringe to avoid oxidation. 

After that, the reaction mixture was brought to the temperature of 260˚C under N2-flow and 

left at this temperature for 60 min. As a result, reddish-brown solution is formed. The heating 

was then removed and the flask was allowed to cool to 90˚C. The solution was transferred to 

the glovebox and washed once with anhydrous hexane (1 : 1 hexane to reaction mixture ratio) 

by centrifuging at 6000 rpm for 10 minutes. The supernatant was disposed of, and the 

precipitate recovered in degassed OLAM for further use as seeds, or in anhydrous toluene for 

the further use as electrocatalyst (with the final concentration of ca. 5 mg/mL). 

CuGa NPs. CuGa NPs were synthesized according to a modified procedure based on 

Clarysse et al.29 15 mg of Cu NPs in oleylamine were added to the three-necked round bottom 

flask with 11.5 ml of degassed oleylamine. The solution was heated to 280˚C under flowing 

N2. This step was followed by the hot-injection of a Ga-precursor, prepared by dissolving 17, 

35 or 70 mg of Ga2(NMe2)6 in 3 ml of degassed ODE to obtain CuGa4, CuGa17 and CuGa37 

samples, respectively. After the hot injection, the reaction solution was kept at a temperature 

of 280˚C for 1 hour, and allowed to cool to room temperature. The solution was transferred to 

the glovebox and washed once with anhydrous hexane (1 : 1 hexane to reaction mixture ratio) 

by centrifuging at 6000 rpm for 10 minutes. After that, the supernatant was disposed of, and 

the precipitate recovered in hexane. Ethanol was then added in 1 : 1 ratio, followed by 

centrifugation for 5 min at 6000 rpm. Finally, the supernatant was disposed of, and the CuGa 

nanoparticles were dispersed in 5 ml of toluene (with the final concentration of ca. 1 mg/mL). 

Materials characterization 

Powder X-Ray diffraction (XRD) patterns were acquired on a Bruker D8 Advance 

diffractometer with a Cu Kα source equipped with a Lynxeye one-dimensional detector. The 

diffractometer operated at 40 kV and 40 mA with a Cu Kα source with wavelength of 1.54 Å. 

Bright-field transmission electron microscopy (TEM) images of Cu and CuGa NPs were 

acquired on a Thermo-Fisher Tecnai-Spirit at 120 kV. 10 µL of as-synthesized NPs were drop-

casted on a carbon coated copper TEM grid (Ted Pella, Inc.) to prepare the sample for imaging. 

Particle size distribution was evaluated with the use of ImageJ software from datasets of 300 

particles from three different images each. 

High-angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) coupled with energy-dispersive X-ray spectroscopy (EDXS) was performed using a 

FEI Tecnai Osiris TEM in STEM mode with an accelerating voltage of 200 kV. The TEM was 

equipped with a high brightness XFEG gun and four windowless Super-X silicon drift detectors 

for EDS. Bruker Esprit was used for data analysis. To analyze the samples after CO2RR, gold 



TEM grid (Ted Pella, Inc.) was placed on the electrode inside the glovebox, 10 µl of ethanol 

were placed on the area coated with the catalyst, and the catalyst film was gently scratched 

with the grid. 

X-Ray photoelectron spectroscopy (XPS) and Auger spectroscopy analyses were 

performed by using an Axis Supra (Kratos Analyical) instrument using the monochromated 

Kα X-ray line of an Al anode. The pass energy was set to 40 eV with a step size of 0.15 eV. 

The samples were electrically insulated from the sample holder, and charges were 

compensated. Cu and CuGa NP samples were prepared by drop-casting films onto clean glassy 

carbon substrates. The same substrates were used in electrochemical experiments. XPS fitting 

was performed in CasaXPS software. All data were referenced to the principal C 1s peak at 

284.8 eV after fitting. In the Ga 2p region, only the Ga 2p3/2 peaks were used for fitting and 

quantification. In the Ga 3d region, both Ga-metal and Ga-oxide peaks were fitted with 

contributions from spin–orbit coupling; the Ga 3d3/2 and Ga 3d5/2 peak separations were fixed 

at 0.46 eV, and the relative intensities were fixed at 0.633.  In the Cu 2p region the area under 

the peak at around 932.5 eV was used for the quantification. In general, all peaks from a 

particular region were first fitted with equal line widths, and then this constraint was relaxed 

to refine the fit. 

The NPs solution concentration was determined by Inductively Coupled Plasma Optical 

Emission Spectrometry (ICP-OES) performed on an Agilent 5100 device with a VistaChip II 

CCD detector. Each sample aliquot (20 µl) was first dried, then digested overnight in 142.5 µL 

of 70 % HNO3 ICP grade solution (Sigma-Aldrich) before being finally diluted with Milli-Q 

water to obtain the 2 wt. % acid content needed for the analysis. ICP grade Cu and Ga standard 

solutions (1000 ppm in 2 wt. % HNO3) were diluted with 2 wt. % HNO3 to get fresh standards 

before each analysis and to create the calibration plot employed to determine the concentration 

of the sample solutions. 

Electrode preparation 

Glassy carbon plates (2.5 cm × 2.5 cm × 0.3 cm, Sigradur G, HTW) coated with 

electrocatalyst were used as the working electrode. Before coating, the glassy carbon plates 

were cleaned by consecutive sonication (Bandelin Sonorex RK 106, 35 kHz) in acetone, 

isopropanol and water for 10 min each to remove adsorbed contaminants of different nature. 

After this, the glassy carbon plates were polished using an alumina paste (50 nm alumina, BAS 

Inc.) on a polishing pad. Then, the substrates were sonicated in Milli-Q water for another 



10 min, polished again on the pad free of alumina to make sure that alumina was removed and, 

finally, the glassy carbon plate was blown dry with N2.  

The working electrodes (cathodes) were prepared by drop-casting 15 μg of Ga NPs in 

14 μL of toluene onto a circular area of 1.33 cm2 on the glassy carbon plates. No binder (e.g. 

Nafion) or carbon were added to the catalyst, as NP electrode films prepared as described do 

not detach from the electrode surface during the measurement and are sufficiently conductive 

on their own. After drop-casting, the electrodes were allowed to dry for 10-15 min, rinsed with 

ethanol to remove ligands, and with water to remove excess of ethanol. The electrodes were 

blown dry with N2 and tested as-prepared.  

Electrocatalytic measurements 

All the electrochemical measurements were controlled with Biologic SP-300 potentiostat. 

Ambient pressure CO2 electrolysis was carried out in a home-built, custom-made, gas-tight, 

electrochemical H-cell made of polycarbonate and fitted with Buna-N O-rings. In this 

electrochemical cell configuration, the working electrode and counter electrode are configured 

parallel to each other to ensure a uniform potential distribution across the surface. Both working 

and counter electrodes exposed geometric surface areas of 1.33 cm2 limited by the O-rings. 

Catholyte and anolyte compartments were each filled with 2 mL electrolyte to concentrate 

liquid products and permit their detection. A Selemion AMV anion exchange membrane was 

used to separate the anodic and cathodic compartments and minimize reoxidation of CO2RR 

products on the anode. Pt foil was used as the counter electrode, and Ag/AgCl electrode (leak 

free series) (Innovative Instruments, Inc.) was used as the reference electrode. 

0.1 M KHCO3 solution was used as electrolyte. To prepare such solution, 0.276 g of K2CO3 

were diluted in 40 mL of Milli-Q water to obtain 0.05 M K2CO3 solution, which was bubbled 

for 30 min with CO2 (99.999 %, Carbagas) prior to the start of measurements. During 

electrolysis, CO2 was pre-humidified by flowing through a water bubbler, and constantly 

supplied to both cell compartments via custom-made ceramic frits at a flow rate of 5 sccm each. 

With this, the gas was bubbled through the electrolyte to prevent CO2 depletion, as well as to 

allow continuous analysis of gaseous products via a gas chromatograph. A mass flow controller 

(Bronkhorst) was used to control the flow rate of CO2. For the experiments under N2 

atmosphere, the only difference was the gas source (N2, 99.999 %, Carbagas); all the other 

details remained the same. The electrolysis experiments were performed in 

chronoamperometry mode.  



Electrochemical impedance spectroscopy (EIS) was implemented prior to the main 

chronoamperometry measurement to determine the electrochemical cell resistance (Rcell) and 

compensate for the ohmic losses. Four spectra were measured at the open-circuit potential, 

using 41 points between 1 MHz and 100 Hz, using a sinus amplitude of 20 mV and a pause 

time of 0.6 s between each frequency. Software in-built into the potentiostat software (EC-lab) 

was used to apply the ohmic loss correction to further measurement. 

 

 

Products analysis 

Gas chromatograph (GC, SRI instruments) equipped with a HayeSep D porous polymer 

column, thermal conductivity detector and flame ionization detector was used for the analysis 

of gaseous products. The GC was calibrated for H2, CO, CH4, C2H4 and C2H6. Five standard 

gas mixtures (Carbagas) were used to obtain the calibration plots for gaseous products 

concentrations determination. Ultra-high purity N2 (99.999 %) was used as a carrier gas.  

The Faradaic efficiency for the gaseous products is calculated with the following equation: 

𝐹𝐸 =
𝑛! × 𝐹 × 𝐶 × 𝑓 × 𝑃

𝑅 × 𝑇 × 𝐼  

where 𝑛! is the number of electrons transferred to product formation; F is the Faraday 

constant (96485 C mol-1); C is the measured concentration of the product by GC (in ppm); f is 

the gas flow rate (mL s-1); P is the pressure (1.01×105 Pa); I is the imposed current (in A); R is 

the universal gas constant (8.314 J mol-1 K-1) and T is the temperature (K). Values obtained 

after 10 min of electrolysis are not included in the calculation of Faradaic efficiency, as the GC 

gas flow is not yet stabilized at that point. 

The Faradaic efficiency of liquid products was determined in a similar manner. 0.25 mL of 

both the catholyte and the anolyte were collected and analyzed with high-performance liquid 

chromatography (HPLC) on UltiMate 3000 instrument from Thermo Scientific, which is 

equipped with Refractive Index Detector for products quantification and Aminex HPX-87H 

(BioRad) column for products separation (1 mM H2SO4 was used as eluent). The necessity to 

collect electrolyte from both compartments is reasoned by the possible products crossover from 

the catholyte to the anolyte compartment.  

The resulting formula used for calculations of liquid products’ FE is: 

𝐹𝐸 =
𝑛! × 𝐹 × 𝐶
𝑉 × 𝐼 × 𝑡  



where 𝑛! is the number of electrons transferred to product formation; F is the Faraday 

constant; C is the measured concentration of the product by HPLC (mol mL-1); V is the cell 

volume (4 mL); I is the measured current (A); t is the duration of electrolysis (3600 s).  

The electrode potential is recalculated with respect to RHE reference using iR 

compensation according to the equation: 

𝐸"#$	 =	𝐸"!& + 0.206 + 0.0591 × 𝑝𝐻 − (𝑅'!(( × 𝐼) 

where 𝐸"!& is the recorded potential against the Ag/AgCl reference electrode (V); +0.206 V 

is the Ag/AgCl reference electrode correction; 𝑅'!(( is the ohmic resistance between the 

working and the reference electrode, which was defined using electrochemical impedance 

spectroscopy analysis prior to the measurement (Ohm); 𝐼 is the imposed current (A). 

For all values, error bars, representing standard deviations obtained with triplicate 

measurements, are given.  

Operando X-Ray absorption spectroscopy 

Operando X-Ray absorption spectroscopy (XAS) measurements, at both Cu K- and Ga K-

edges, were made in fluorescence mode at BM31 of the Swiss-Norwegian beamlines at the 

ESRF, Grenoble, France.30 A Si(111) double crystal monochromator, and a Vortex® single-

element Si drift fluorescence detector with XIA-Mercury digital electronics were used. The X-

ray beam was applied in an unfocused state and shaped to ca. 3 mm (horizontal) and 0.5 mm 

(vertical) via the uses of slits. 

The samples were drop-casted onto polished glassy carbon electrodes equivalent to the 

ones used in the lab based studies, except the smaller thickness in the case of the XAS studies 

(0.5 mm). The loading was increased to 60 µg to improve the signal-to-noise ratio. The 

prepared catalyst film on the electrode was then mounted in a custom-made electrochemical 

system the details of which may be found in earlier reports.31,32 The cell reproduces the same 

H-cell used in the lab experiments, but with a Kapton window in the back of working electrode 

to allow the X-rays to pass through to the sample and fluorescnce X-rays detected. This way, 

the experiment environment was as close to the in-house electrochemical testing as possible to 

allow operando material characterization. To obtain the Cu reference spectra, Cu foil was used, 

along with Cu2O and CuO powders diluted in boron nitride and shaped into the form of pellet. 

A metallic Ga film, obtained by exfoliation of warm Ga pellet with Kapton tape, and Ga2O3 

powder diluted in boron nitride and shaped into the form of pellet, were used as references for 

the Ga K-edge. Other testing parameters were identical to those used in the lab-based tests. 



Two types of measurement were made. Firstly, extended X-Ray absorption fine structure 

(EXAFS) was collected for both Cu K- and Ga K-edges for the catalysts at open-circuit 

conditions and operando at -1.2 VRHE in the chronoamperometric regime. Secondly, with the 

CO2RR operation conditions applied, shorter and more rapid (ca. 2 mins per spectrum) X-Ray 

absorption near edge structure (XANES) data was collected, again at both Cu and then Ga K-

edges. In all cases, the experimental conditions (CO2 flow rate, electrolyte etc.) were kept 

identical to the lab-based tests. 

XAS data processing and analysis 

Data extraction, normalization, and averaging to obtain the heat maps of XAS spectra 

evolution during operation were performed using the Demeter package (Athena and Artemis).33 

In addition, the XAS data were reduced and normalized using the Prestopronto package that 

was also subsequently used to perform linear combination analyses.34 Subsequent analysis of 

the extracted EXAFS data was performed using EXCURV (v. 9.3).35 

 

RESULTS AND DISCUSSION 

Catalyst synthesis and characterization 

CuGa NPs were synthesized by following a previously reported seeded-growth method, 

where a Ga molecular precursor is injected into a flask containing pre-synthesized Cu NPs (i.e. 

the seeds) at 280 °C (Figure 1A).29 CuGa NPs containing 4, 17 and 37 at % of Ga (further 

denoted as CuGa4, CuGa17 and CuGa37, respectively), as determined by the ICP-OES, were 

obtained by tuning the amount of Ga precursor during the synthesis (see Experimental section 

for details). TEM images of the Cu NPs used as seeds and of the as-synthesized CuGa NPs are 

reported in Figure 1B-E. These images show that all the NPs have same morphology and 

similar size between 40 nm and 50 nm with 10 % standard deviation within each sample 

(Figure S1). The XRD characterization in Figure 1F reveals that CuGa4 and CuGa17 are 

crystallized with the same Cu-based fcc lattice as the only crystalline phase. The shift of the 

(111) and (200) peaks to lower 2q values is consistent with the incorportation of increasing Ga 

content in the Cu lattice, according to the Vegard’s law. Ga has a greater atomic radius than 

Cu and thus increases the interplane distances and unit cell parameter as it is included in the 

lattice. By contrast, the CuGa37 consists mostly of the Cu9Ga4-type primitive cubic lattice, 

with a minor contribution from an fcc Ga-rich phase, in agreeement with other reports.36,37 

 



 
Figure 1. Synthesis and characterization of CuGa NPs. (A) Simplified synthetic 

scheme; (B-E) Bright field TEM of (B) Cu, (C) CuGa4, (D) CuGa17 and (E) CuGa37 NPs; (F) 

corresponding XRD patterns. These data indicate that CuGa NPs with the same morphology, 

very similar size and different Ga content were synthesized.  

 

CO2RR performance 

Having synthesized well-defined CuGa NPs with tunable composition, we proceeded to 

test their behavior as CO2RR electrocatalysts (Figures 2, 3, S2 – S9). We selected the Cu NPs, 

used as seeds for the synthesis of the CuGa NPs, as the reference catalyst. We do not include 

the Ga NPs as they are liquid under the conditions required for testing, and therefore distinctly 

different from the solid alloy NPs; in terms of the selectivity, Ga NPs produce only H2 and 

CO.31 

Figure 2A reports the Faradaic efficiency (FE, left axis) of all samples averaged over 45 

minutes of chronoamperometry at different voltages, together with the corresponding total 

geometric current density (j, right axis; j vs. time graphs are reported in Figure S2). The 

addition of Ga to Cu suppresses the production of ethylene and promotes methane across the 

entire potential range, which becomes more evident when looking at the FECH4/FEC2H4 reported 

in Figure 2B. CuGa17 reaches the highest FECH4 of 52 % at -1.2 VRHE. In absolute numbers, 

CH4 accounts for 72 mol.% of all CO2RR products (including liquids) and 90 mol.% of the 

CO2RR gaseous products (namely, CO, CH4 and C2H4) (Figure S3), which is a more 

significative number from the perspective of product separation as liquids and gases go towards 



different product streams. We note that potentials more positive than -1.0 VRHE generate mostly 

hydrogen from the competing hydrogen evolution reaction (HER). Detection of small amounts 

of CO2RR products at low overpotentials was also reported.38 From a mechanistic perspective, 

one way to rationalize the methane promotion by addition of Ga to Cu is to consider the higher 

oxophilicity of Ga which favours the CO protonation and stabilizes the key methane 

intermediate *COH.32,39,40 Indeed, density-functional theory (DFT) calculation of *CO 

protonation energy, which is the primary CH4 selectivity descriptor,41,42 supports this 

hypothesis (Figures S4, S5), with a volcano-type dependance from Cu to CuGa37 peaking at 

CuGa17. Along with CH4, HER is promoted as the Ga amount increases, which is reasonable 

considering that Ga alone generates CO and H2.31,43 As for the activity, j indicates that the 

addition of Ga promotes the overall product generation rate at potentials more negative than -

1.2 VRHE which correlates with an increase of the electrochemically active surface area (ECSA) 

(Table S1, Figures S6, S7). 

 



Figure 2. Performance of the CuGa NPs as CO2RR electrocatalysts. (A) Average FE 

(left axis) and geometric current density (right axis) for Cu, CuGa4, CuGa17 and CuGa37 NPs 

during 45 min CO2RR in CO2-saturated 0.1 M KHCO3 at different applied potentials (the NP 

loading was kept constant at 15 µg on glassy carbon with geometric area of 1.33 cm2). (B) 

Ratio of the FE for CH4 and C2H4 over the same potential range, which indicates the CH4 

promotion in the CuGa NPs.  

 

Having assessed the potential-dependent product distribution of the newly synthesized 

catalysts, we selected -1.2 VRHE as the most representative voltage for stability tests with 4 

hours as the initial monitoring time. Figure 3 reports an overview of the obtained results. The 

performance of the Cu NPs deteriorate within the first 2 hours of electrolysis, meaning that the 

partial current densities corresponding to the CO2RR products drops to zero. The addition of 

Ga clearly improves the CO2RR current stability. Specifically, CuGa4 significantly stabilizes 

the CH4 partial current density with around 50% of initial value being retained after 4 h test, 

which is remarkable considering the small % Ga in the sample. With further Ga addition 

(CuGa17), the catalyst performance become even more stable, with more than 90% of initial 

CH4 partial current density retained after 4 h test. Strikingly, CuGa37 is less stable than CuGa4 

and CuGa17. Longer testing, over 20 hours, shows that the CuGa17 still retains half of its initial 

jCH4, and that its overall CH4 production over this extended timescale surpasses that of Cu by 

ca. 12 times thanks to the improved stability (Figures S8, S9).  



 
Figure 3. CO2RR performance over time. (A-D) Partial current densities corresponding 

to the main gas products (i.e. H2, CO, CH4, C2H4) monitored over time for (A) Cu, (B) CuGa4, 

(C) CuGa17 and (D) CuGa37 NPs during 4 h of CO2RR at -1.2 VRHE in CO2-saturated 

0.1 M KHCO3. These results indicate the superior operational stability of the CuGa NPs 

compared to the Cu NPs according to the following trend CuGa17 > CuGa4 > CuGa37 > Cu. 

 

Compositional and structural characterization of the catalysts before and after 

CO2RR 

To gain more insight into the observed changes in stability, we performed different 

characterization techniques, including STEM and STEM-EDXS, selected area electron 

diffraction (SAED) and XPS before and after CO2RR.  

Figure 4 and Figure 5 summarize the results obtained from STEM and STEM-EDXS. We 

characterized the catalysts after 1 hour, which is the time when Cu loses most of its activity 

while all the CuGa samples still maintain theirs to varying degrees, and after 4 hours, which is 

the time when CuGa4 and CuGa37 undergo significant decrease of current density while 

CuGa17 still preserves its electrocatalytic performance. In bimetallic catalysts, both 



morphology and composition play a key role in governing the stability of catalytic 

performance.22,44,45 Thus, the following paragraphs discuss changes in both factors, while 

keeping in mind that deconvoluting the two is not trivial.  

After 1 h of CO2RR, the morphology of Cu clearly changes, resulting in the formation of 

NPs with undefined shape (Figure 4). Inductively coupled plasma – mass spectroscopy (ICP-

MS) of electrolyte indicates that there is no significant dissolution of Cu into electrolyte (the 

Cu signal corresponds to < 1 % of total loading in all samples), which is consistent with 

previous data correlating the morphological changes to dissolution and redeposition of copper.8 

On the contrary, all the CuGa NPs maintain their morphology after 1 h of CO2RR (Figure 4). 

Notable differences between the CuGa samples emerge after 4 hours of CO2RR. Indeed, the 

CuGa4 evolves into hollow NPs which resemble the reference Cu NPs after 1 h of operation, 

the CuGa17 does not show any change in its morphology, while significant surface roughening 

becomes evident for CuGa37. 

 
 

Figure 4. Morphological characterization of the NPs after CO2RR. STEM images of 

Cu, CuGa4, CuGa17 and CuGa37 NPs in as-synthesized state and after 1 h and 4 h of CO2RR 



at -1.2 VRHE. The scale bar is 50 nm. These data highlight a morphological stability of the NPs 

during CO2RR according to the following trend CuGa17 > CuGa4 ≥ CuGa37 >> Cu. 

 

We used STEM-EDXS and line scans on single NPs to gain information on eventual 

changes in composition of the CuGaNPs (Figure 5). The data of the as-synthesized CuGa NPs 

indicate a homogeneous spatial distribution of the Ga and Cu signal within the NP core, which 

is consistent with the XRD data showing alloying of the two metals. Furthermore, the elemental 

content obtained from EDXS quantification of the entire imaged area, which is indicated on 

the top of the each image, is consistent with the values from ICP-OES. At the same time, Ga-

rich shells are visible in all samples, most pronounced for the CuGa4 and CuGa17. The oxygen 

signal suggests an oxidized state of these shells (Figure S10), which can either form during the 

synthesis or subsequent exposure to air of the samples. 

After 1 hour of CO2RR, the Ga content decreases for all the samples. The most dramatic 

change in terms of relative at.% occurs for the GuGa4, although the EDX spectrum does 

confirm that Ga is still present in the sample (Figure S11). However, the absolute loss of Ga, 

which is around 5 at. % is similar for all the samples. Meanwhile, the STEM-EDXS mapping 

shows that the Ga-rich shells disappear for CuGa4 and CuGa17 while a slightly Cu-rich surface 

forms for CuGa37. After 4 hours of CO2RR, no change in composition occurs. In terms of 

elemental distribution, additional Cu surface enrichment is observed in the line scans for 

CuGa37. A closer look at the NPs indicates that the features accounting for the surface 

roughness in the STEM correlate very well with the Cu signal (Figure S12).  

ICP-MS of the electrolyte after 4 hours of CO2RR shows that  2 – 4 % of catalyst mass 

loaded on the electrode dissolves, which is close to the Ga lost based on the STEM-EDXS 

quantification and suggests that the core alloy remains intact. In fact, the SAED patterns 

confirm that the phase of the NP core, after the 4 hours of CO2RR, remains the same as the as-

synthesized samples, namely fcc for Cu, CuGa4 and CuGa17 and Cu9Ga4-type primitive cubic 

lattice for CuGa37 (Figure S13). 

 



 
 

Figure 5. Composition and elemental distribution of the NPs after CO2RR. STEM-

EDXS elemental mapping (Cu – red, Ga – green) along with the line profile scan of one 

representative particle of CuGa4, CuGa17 and CuGa37 NPs in as-synthesized state and after 

1 h and 4 h of CO2RR at -1.2 VRHE. The scale bars are 50 nm. STEM-EDXS quantification 

results are reported on the top-left parts of the images (in at. %).  

 

XPS was used as complementary characterization technique to gain insight into the surface 

composition of the as-synthesized CuGa NPs and of those after 4 h of CO2RR (Figure 6).   

Figure 6A reports the XPS data for the as-synthesized CuGa with different Ga content. 

The first panel shows the Ga 3d region, which was fitted with two components according to 

the literature.31,46–48 These two components are Ga2O3 and metallic Ga at higher and lower 



binding energy, respectively. While the contribution of the oxide to the signal remains constant 

across the samples, the contribution of the metallic Ga increases with the Ga content. This 

observation is consistent with the higher Ga content in the NP core, which is presumably 

metallic, considering that the thickness of the Ga oxide shell is roughly 2 nm (Figure S10) and 

the X-Ray penetration depth is up to 6 nm for the Ga 3d region. Furthermore, the Ga peaks 

shift to the higher binding energy as the Ga content increases. 

Interestingly, a similar shift is observed for the Cu 2p spectra shown in the second panel 

of Figure 6A. A convoluted effect arising both from the formation of an oxide/metal 

interface and from the bond strengthening between the metallic atoms due to alloying can 

account for these chemical shifts, which become more pronouced as the Ga content increases. 

Finally, the Cu LMM Auger region in the third panel of Figure 6A provides information 

on the Cu oxidation state. The higher the Ga content is, the more metallic the Cu is, which 

suggests that the Ga-rich shell in CuGa4 and CuGa17 acts as protecting layer rendering the 

CuGa core less prone to oxidation at ambient conditions.  

In addition, XPS quantification of the Ga content revealed an almost double amount of Ga 

content in all samples compared to the values obtained by EDXS quantification (Figure S14). 

Considering the XPS is a surface technique, these data confirms that the as-synthesized CuGa 

NPs consist of an alloyed CuGa core with a Ga-rich shell, which forms during the synthesis 

and oxidizes upon exposure to air and/or the electrolyte, in agreement with the STEM-EDXS 

data (Figures 5, S10). 

We also carried out the same XPS analysis on the electrodes after 4 hours of CO2RR, 

which is reported in Figure 6B. Please note that Ga 3d could not be used for this purpose, as 

potassium in the electrolyte deposits on the electrode during CO2RR and the XPS signal of K 

3p overlaps with the one of Ga 3d (washing the samples reduced the K 3p  signal but did not 

remove it). Therefore, Ga 2p was used for the analysis. Because of the reduced penetration 

depth of the X-Ray in this energy range, only Ga oxide is detected in CuGa17 and CuGa37; 

the amount of Ga in CuGa4 is probably below the detection limit. The chemical shift is still 

present both in the Ga 2p and  in the Cu 2p post-CO2RR in the samples with higher amount of 

Ga, which are CuGa17 and CuGa37. However, this shift is much smaller compared to that 

observed in the as-synthesized samples, which can be attributed to the fact that electric field 

effects due to the Ga oxide shell are no longer present and only effects due to alloying in the 

metallic state remain. Furthemore, the Cu LMM Auger peaks indicate that the oxidized Cu(I) 

is now present on the surface of all samples.  Altogether, the post-CO2RR XPS support the 



hypothesis that the Ga-rich shells are removed during electrochemistry and that the only 

remaining Ga is the that bound in the bimetallic core. 

 

 
Figure 6. Surface analysis of the CuGa NPs before and after CO2RR. (A) Ga 3d, Cu 

2p XPS profiles and Cu LMM Auger spectra for the as-synthesized Cu, CuGa4, CuGa17 and 

CuGa37 NPs. (B) Ga 2p, Cu 2p XPS profiles and Cu LMM Auger spectra for the Cu, CuGa4, 

CuGa17 and CuGa37 NPs after 4 h of CO2RR at -1.2 VRHE in CO2-saturated 0.1 M KHCO3. 

Dashed lines indicate the reference positions of Ga 3d5/2, Ga 2p3/2, Cu 2p3/2 and Cu LMM 

peaks.49,50 

 

 

 

 

 



Operando X-Ray absorption characterization 

To gather complementary insight to those provided by the ex situ characterization, we 

performed  operando XAS and monitored the catalyst state during electrolysis at -1.2 VRHE. 

Figure 7 and Figures S15 – S29 report the XANES and EXAFS results for the Cu and 

CuGa NPs at ocp and during CO2RR .  

We note that the Ga K-edge signal for CuGa4 was too weak and noisy to yield any viable 

information (Figure S15). However, the data were sufficient to confirm that Ga is present on 

the electrode, supporting STEM-EDXS and XPS observations that Ga is present in this sample 

under operation despite its low ca. 1 % content. The Ga K-edge spectra of both CuGa17 and 

CuGa37 are characterized by a rising edge at ca. 10368 eV both at ocp (Figure S16) and during 

CO2RR at -1.2 VRHE (Figures 7A), which indicate the presence of mostly metallic Ga. The 

temporal evolution maps (Figure S17) show that the application of the cathodic voltage slightly 

reduces the intensity of the Ga signal, in agreement with the observed loss of Ga in the STEM-

EDXS and XPS data, which then remain stable during the next 3 hours of CO2RR  at -1.2 VRHE. 

Because Ga is crystallized in the fcc (CuGa17) and Cu9Ga4-type (CuGa37) lattices for which 

there are no Ga and Ga2O3 standards, linear combination analysis (LCA) was not applicable 

for the quantification of the metallic ond oxidized components in the Ga K-edge. However, the 

Ga K-edge XANES shape profiles qualitatively indicate that a minor fraction of Ga might still 

be oxidized under operation because of the features at ca. 10377 eV, most evident for CuGa17, 

which persist at -1.2 VRHE. 

The position and the shape profile of the Cu K-edge indicate that the Cu is mostly metallic 

at both ocp (Figure S18) and under cathodic potential (Figure 7B). A very rapid shift to lower 

energies compared to ocp is observed upon the application of the cathodic voltage in the 

temporal evolution maps (Figure S19), which is consistent with the reduction of an oxidized 

Cu2O surface formed at ocp.8,51 No significant change follows during the next 3 hours of 

CO2RR at -1.2 VRHE. 

LCA of the Cu XANES profiles provides the fraction of Cu2O and metallic copper at ocp 

and at -1.2VRHE during CO2RR in the different samples (Figures 7C, S20). The data at ocp 

indicate that the fraction of oxidic copper is significant for pure Cu and CuGa4, while it drops 

substantially for CuGa17. As the Cu2O content obtained by the fitting for CuGa17 is not 

statistically different from zero, the LCA analysis suggests that surface oxidation is suppressed 

at ocp for this sample. LCA is not applicable for Cu in CuGa37, as there are no appropriate Cu 

and Cu2O standards for the Cu9Ga4-type structure. Yet, the K-edge position qualitatively 

suggests that Cu is purely metallic. Altogether, the LCA analysis at ocp suggests that the Ga-



rich samples protect copper from oxidizing, consistent with deductions made from Auger 

spectroscopy carried out on the as-synthesized sample (Figure 6A). 

Finally, one interesting observation in the XANES data is that the Cu and Ga K-edge 

positions follow a composition-dependent trend: as the content of Ga in the CuGa NPs 

increases, the Cu and Ga K-edge absorption edges shift to higher energies (Figures 7D,E). As 

this shift is not accompanied by the rise of Cu pre-edge feature at ca. 8981 eV, which is 

characteristic of Cu(I) presence, this increase cannot be attributed to the Cu oxidation upon 

increse in Ga content in the alloy. Instead, it may indicate an increasing binding energy of both 

metals in the lattice, which agrees with the observation made in the XPS data. 

 

We gained further structural insight from the EXAFS spectra for Cu and Ga 

(Figures 7F,G, S21-S29, Table 1). The degree of structural order, which is one of the factors 

contributing to the intensity of the signal, follows a composition-dependent trend for both 

metals and decreases as the Ga content increases. When the cathodic voltage of -1.2 VRHE is 

applied, the intensity of the Fourier transform (FT) signal increases in all samples, which 

indicates that some form of structural change accompanies the CO2RR in all cases. The extent 

of absolute change in EXAFS intensity is highest (when viewed from the Cu K-edge) for Cu 

NPs, and follows the trend CuGa17 ≥ CuGa4 > CuGa37 for the CuGa NPs when looking at 

both the Cu and the Ga K-edge EXAFS data. As the coordination numbers and disorder are 

highly correlated, the source of these changes is best captured by the correlation maps, that 

relate the Debye-Waller Factor (DWF, Å2), with either the first shell fcc interatomic distance 

(d, Å) or the first shell fcc coordination number (N1) (Figures S21-S29). Table 1 reports the 

most probable range of values for Cu and Ga extracted from these maps, derived from explicit 

analysis using EXCURV.37 The most pronouced shifts are observed in the pure Cu NPs, from 

the perpsective of the Cu K-edge, and in the CuGa17 case, with regards to the Ga K-edge. In 

the case of Cu NPs, such shifts might be linked to the dramatic reconstruction of the NPs 

(Figure 4) and to the reduction of any copper surface oxide initally present leading to a higher 

net order in the reduced copper phase that remains post CO2RR (Figure S24). However, as no 

major change in size and/or morphology occurs for the CuGa NPs (Figures 4), we attribute the 

shifts in the values of DWF, d and N1 in the correlation maps exclusively to an increase in the 

overall (static and dynamic) order of the bulk of the crystallites and, in the case of CuGa17, the 

formation of an alloy with more uniform Ga distribution within the NPs under the operation 

conditions (Figures S25-29). 



Interestingly, the d values calculated for Cu and Ga converge towards each other in 

CuGa17 but not in CuGa37 during CO2RR. This observation may serve as an indication that 

Ga tends to rearrange and occupy the crystal sites allowing more uniform distribution of the 

elements within one NP in CuGa17 NPs; instead, Cu and Ga are less uniformly distributed in 

CuGa37 during CO2RR, in agreement with the surface spatial segregation observed in the 

STEM-EDXS images (Figures 5, S12). This unique behavior of the CuGa37 might be related 

to its crystal structure, which is distorted and distinctly different from the Cu fcc. We 

hypothesize that such structure might reconstruct more easily than the fcc lattice, which is 

confirmed by molecular dynamics simulations (Figure S30). 

 

 
Figure 7. Operando X-Ray spectroscopy during CO2RR. (A) XANES profiles of Ga 

K-edge for CuGa17, CuGa37 NPs and the standard samples operando at -1.2 VRHE. (B) 

XANES profiles of Cu K-edge for Cu, CuGa4, CuGa17 and CuGa37 NPs and the standard 

samples operando at -1.2 VRHE. (C) Atomic fraction of Cu1+ obtained from LCA for Cu, CuGa4 

and CuGa17 NPs at ocp and operando at -1.2 VRHE. (D) Zoomed-in XANES of Ga K-edge for 

CuGa17 and CuGa37 NPs at operando conditions at -1.2 VRHE. (E) Zoomed-in XANES of Cu 

K-edge for Cu, CuGa4, CuGa17 and CuGa37 NPs at operando conditions at -1.2 VRHE. (E) 



EXAFS profiles of the Ga shell for Cu, CuGa4, CuGa17 and CuGa37 NPs at ocp (dot line) and 

operando at -1.2 VRHE (solid line). (F) EXAFS profiles of the Cu shell for Cu, CuGa4, CuGa17 

and CuGa37 NPs at ocp (dot line) and operando at -1.2 VRHE (solid line). The reference samples 

are bulk materials and were measured ex situ. Panels (A), (B), (D) and (E) report the normalized 

intensities. 

 

Table 1. Structural data extracted from analysis of Cu K-edge and Ga K-edge EXAFS at 
ocp and operando at -1.2 VRHE. These value ranges were extracted from the correlations maps 
reported in Figures S24 – S29.  

Sample 
N1 

(Cu) 

N1  

(Ga) 

d, Å 

(Cu) 

d, Å 

(Ga) 

DWF (2s2), Å 2 

(Cu) 

DWF (2s2), Å 2 

(Ga) 

Cu ocp 8.5 - 11  2.537  0.012 - 0.017  

Cu -1.2 VRHE 10 - 12  2.519  0.010 - 0.015  

CuGa4 ocp 8 -12  2.533  0.015 - 0.020  

CuGa4 -1.2 VRHE 8 - 12  2.536  0.014 - 0.018  

CuGa17 ocp 8 - 12 9.5 - 12 2.556 2.574 0.016 - 0.022 0.016 - 0.022 

CuGa17 -1.2 VRHE 8 - 12 11 - 12 2.562 2.567 0.014 - 0.020 0.007 - 0.012 

CuGa37 ocp 6 - 10 6 - 8 2.535 2.523 0.018 - 0.027 0.012 - 0.020 

CuGa37 -1.2 VRHE 6 - 10 7 - 10 2.542 2.529 0.017 - 0.024 0.014 - 0.022 

 

 

Mechanism of stability enhancement in CuGa NPs  

With the evidence provided by STEM-EDXS, XPS and operando XAS, we rationalize the 

observations made in this study as it follows and report a summary in Figure 8.  

First, the pristine 40 nm Cu NPs, which are the reference sample, reconstruct into hollow 

structures and smaller particles are observed on the electrode (Figure 4), which is consistent 

with previous studies on particles with comparable size.5,6,8  These changes are driven by the 

dissolution/reprecipitation of Cu surface oxide forming at ocp and continue during CO2RR 

following the same mechanism via soluble transient species.5,6,8 These morphological changes 

result into the degradation of the catalytic performance with the CO2RR current density 

dropping to zero after ca. 2 hours (Figure 3). 

When it comes to CuGa alloy NPs, STEM-EDXS images evidence that morphological 

changes are significantly suppressed with the addition of Ga (Figures 4, 5). Concomitantly, 

the CO2RR current is much more stable over time following a trend of CuGa17 > CuGa4 > 



CuGa37 (Figure 3). XPS and operando XAS data indicate that Ga suppresses Cu oxidation at 

ocp (Figures 6, 7). We further confirm this observation with ICP-MS, which proves that less 

Cu dissolves at ocp in the case of CuGa17 and CuGa37 compared to the pristine Cu NPs 

(Table S2). Additionally, XPS and operando XAS point to significant electronic interactions 

between Ga and Cu which increase the electron binding energies of both elements within the 

CuGa NPs. This observation suggests that the alloying lowers the system energy and makes 

the bond stronger, which agrees well with the fact that the Cu – Ga bond energy (216 kJ/mol) 

is significantly greater thanCu – Cu (201 kJ/mol) or Ga – Ga (106 kJ/mol).26 Furthermore, the 

lower electronegativity of Ga indicate that electron density might shift from Ga towards Cu 

atoms.27  Bader charge calculations for the CuGa alloys propose the same outcome, with higher 

Ga content resulting in larger charge localized on Cu atoms (Figure S31). Actually, the 

presence of an electron rich Cu correlates well with CH4 evolution, as recent literature has 

suggested the presence of  an electron poor Cud+ to be critical to the promotion of the C-C 

coupling.52–54 Overall, the more electron rich Cu and stronger bonds within the alloys compared 

to the pristing Cu NPs hinder Cu oxidation, and thus dissolution, at ocp and the subsequent 

reconstruction of the NPs during operation via dissolution mediated by transient soluble 

intermediates. As for the stability trend observed within the CuGa samples, we should consider 

that CuGa4 has very little Ga amount within the alloy (ca. 1 % during operation), so the 

performance loss is slower but eventually takes place. CuGa37 has a structure which is 

intrinsically more distorted and prone to reconstruction (Figure S30).36,37 Eventually, Cu is re-

exposed on the surface (Figure 5), which might explain the faster performance degradation 

compared to the CuGa4 and CuGa17. Considering all the factors coming into play, CuGa17 

emerges as the most efficient in preserving the CO2RR performance.  

 



 
 

Figure 8. Illustration of the CO2RR stabilization mechanism in CuGa alloy NPs compared 

to Cu NPs. 

 

CONCLUSIONS 

We have demonstrated that alloying Ga into Cu greatly enhance the stability of the NPs 

under the reducing conditions of CO2RR. Compared to the parent Cu NPs, which deactivate 

rapidly (< 2 h), the addition of Ga results in NPs that do not degrade over extended period of 

time (up to 20 h). Using a variety of experimental (ex situ and operando) and theoretical tools 

we have constructed a framework to rationalize this observation based on the current 

knowledge on the reconstruction mechanism of Cu NPs during CO2RR. 

We believe that this work can inspire further development of alloyed Cu-based CO2RR 

nanocatalysts which are inherently stable during CO2RR or under other reducing reaction 

environments. We envision that the metals which have higher oxophilicity and strong M – Cu 

bonding energies (e.g., early 3d metals, e.g. Sc, Ti, and p-group metals, e.g. Al, In, Bi) to have 



similar mechanism of hindering Cu reconstruction while driving CO2RR towards different 

products of interest and, in general, generating more stable NPs. 
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