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Abstract 

Synergistic effects at metal/metal oxide interfaces often give rise to highly active and selective 

catalytic motifs. So far, such interactions have been rarely explored to enhance the selectivity in 

the electrochemical CO2 reduction reaction (CO2RR). Herein, Cu/CeO2-x heterodimers (HDs) are 

synthesized and presented as one of the prime examples where such effects promote CO2RR. A 

colloidal seeded-growth synthesis is developed to connect the two highly mismatched domains 

(Cu and CeO2-x) through an interface. The Cu/CeO2-x HDs exhibit state-of-the-art selectivity 

towards CO2RR (up to ~80%) against the competitive hydrogen evolution reaction (HER) and high 

faradaic efficiency for methane (up to ~54%) at -1.2 VRHE, which is ∼5 times higher than that 

obtained when the Cu and CeO2-x nanocrystals are physically mixed. Operando X-Ray absorption 

spectroscopy along with other ex-situ spectroscopies evidences  the partial reduction from Ce4+ to 

Ce3+ in the HDs during CO2RR. A Density Functional Theory (DFT) study of the active site motif 

in reducing condition reveals synergistic effects in the electronic structure at the interface. The 

proposed lowest free energy pathway utilizes O-vacancy site with intermediates binding to both 

Cu and Ce atoms, a configuration which allows to break the CHO*/CO* scaling relation. The 

suppression of HER is attributed to the spontaneous formation of CO* at this interfacial motif and 

subsequent blockage of the Cu-sites.  

Keywords: synthesis design; interfaces; colloidal nanocrystals; electrochemical CO2 reduction, 

copper, ceria 



 3 

1. INTRODUCTION 

Electrochemical CO2 conversion offers the unique promise to combine CO2 utilization and 

storage of renewable energies in one process.1,2 Nevertheless, its practical implementation is 

limited by a few challenges including to design catalysts which selectively promote the 

electrochemical CO2 reduction reaction (CO2RR) over the competing hydrogen evolution reaction 

(HER) towards the desired target products, such as energy-dense hydrocarbons and alcohols.1,2 

Copper still remains the only suitable monometallic electrocatalyst able to produce C2+ products, 

yet improvements are still required in terms of activity and selectivity.1–3 The performance of Cu 

are intrinsically limited by the scaling relations between the adsorption energies of the various 

reaction intermediates on the metallic surfaces.4,5 Nanostructuring,6–9 shape control, 8,10,11 

compositional tuning12,13,14 and defect engineering15 are some of the strategies adopted so far to 

modulate the intrinsic activity and selectivity of Cu metal. Theoretical investigations suggest that 

truly bi-functional active sites are desirable to effectively break the scaling laws, resulting in 

superior performance for CO2RR.4 

Metal/ceria interfaces are identified as highly active and selective catalytic sites in CO2 

hydrogenation and CO oxidation reactions, which share similar oxygen-containing intermediates 

with the CO2RR.16–20 Yet, to the best of our knowledge, such interfacial synergic effects have 

limited to only one study for CO2RR.21 In the latter, Au/CeOx and Ag/CeOx interfaces were shown 

to promote activity and selectivity of the metallic domain for the electrochemical conversion of 

CO2 to CO through stabilization of the *COOH reaction intermediate.21 While Cu-doped ceria has 

been investigated in an interesting recent work 22, no studies of the Cu/CeOx interface for 

electrochemical CO2 conversion have been reported so far. It is possible that metal/metal oxide 

interfaces are still underexplored in electrocatalysis due to the lack of charge conductivity in metal 
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oxides in the form of bulk powders, a limit which can be overcome by using thin films or 

nanostructured oxide domains.21–25 

Here, we report the synthesis of novel Cu/CeO2-x nanocrystalline heterodimers (HDs) and the study 

of their catalytic behaviour towards CO2RR. By using a colloidal seeded-growth approach, we 

overcome the synthetic challenge imposed by the high lattice-mismatch between Cu and CeO2-x. 

In colloidal chemistry, the presence of ligands and of solid/liquid interfaces contributes to 

modulate the interfacial energies, thereby allowing the formation of heterostructures to occur even 

in highly mismatched system, something which would be more challenging by traditional 

deposition techniques such as molecular beam epitaxy and chemical vapor deposition.26,27 We 

show that the formation of the interface in the Cu/CeO2-x HDs gives rise to up to 80% faradaic 

efficiency for carbon products, including up to 54% selectivity for methane at -1.2 VRHE. These 

values are around ∼5 times higher than those obtained with a physical mixture of isolated Cu and 

CeO2-x nanocrystals (NCs) of similar sizes under the same operational conditions, thus highlighting 

the important role played by the intimate bonding at the interface. Operando X-ray absorption 

near-edge (XANES) and ex-situ X-Ray photoelectron, Raman and UV-Vis spectroscopies indicate 

the partial reduction of ceria during CO2RR. DFT calculations highlight the presence of unique 

catalytic motifs which enable bidentate adsorption at both the Cu and the CeO2-x O-vacancy site 

which create an opportunity for reaction engineering beyond scaling relationship limitations. 

Future studies involving different metal oxide domains will allow to explore further this concept 

in CO2RR. 
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2. EXPERIMENTAL SECTION 

2.1 Chemicals. Cerium(III) nitrate hexahydrate (Ce(NO3)3·6H2O, 99%), copper(I) acetate (or 

CuOAc, 97%), copper(I) bromide (CuBr, 99.999%), trioctylphosphine oxide ({CH3(CH2)7}3PO, 

or TOPO), tetradecylphosphonic acid (CH3(CH2)13P(O)(OH)2) or TDPA, 97%), oleic acid 

(C17H33CO2H or OLAC, 90%), 1-octadecene (C18H36 or ODE, 90%), oleylamine (C17H33NH2 or 

OLAM, 70%), and 1-octanoic acid (C7H15CO2H or OCAC, 90%) were all purchased from Sigma-

Aldrich and used as received. 

2.2 Synthesis 

Synthesis of Cu/CeO2-x HDs. As a general procedure, 0.5 µmol of CeO2-x seeds (Figure S1) in 10 

mL of ODE were mixed in a 25 mL three-necked flask. The mixture was degassed under dynamic 

vacuum for 20 min at 130oC, after which it was heated under N2 flow to 300oC. After 5 min 

equilibration time, a precursor solution containing CuOAc (0.1 mmol, 0.2 mmol and 0.4 mmol, 

0.8 mmol for copper domain size of 15 nm, 24 nm, 36 nm and 54 nm respectively), 0.6 mmol of 

OLAM and 0.6 mmol of OLAC in 2.4 mL of degassed ODE was added to the stirring mixture at 

a rate of 0.18 mL/min using a syringe pump (Figure S2). Upon the addition of this precursor 

solution, the reaction mixture slowly turned from colourless to brown. After injection of 0.7 mL 

of the solution to the reaction mixture, the injection was stopped and the mixture was allowed to 

cool to room temperature by removing the heating mantle. The HDs were then extracted and 

purified by repeated washing / centrifugation cycles; the HDs were handled inside a N2 glovebox 

to avoid oxidation of Cu prior to electrochemistry. Anhydrous ethanol was added to the reaction 

mixture at room temperature and the mixture was transferred to centrifugation vials; the particles 

were collected by centrifugation at 6000 rpm for 15 min. The precipitate was washed twice with 

ethanol to remove residual amounts of precursor and surfactant. Finally, the HDs were re-dispersed 
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in hexane. The yield was calculated using the following equation by performing a statistical 

analysis on 72 particles in the TEM images. ( !""	×	%&.	&(	)*+
%&.	&(	,+&-./01	+001+2%&.	&(	)*+

= 80	%). Details on the 

formation mechanism of the HDs will be discussed in a different publication. 

Preparation of the Cu-CeO2 physical mixture. CeO2-x and Cu NCs were synthesized separately 

and the concentrations of their stock solutions (in hexane) determined by ICP. Physical mixtures 

were then prepared by mixing the two NCs in a volumetric ratio such that the relative Ce and Cu 

concentrations in the mix mimicked those ratios found in the HDs. 

2.2 Characterization 

X-ray diffraction (XRD). X-ray diffraction was carried out 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 λ = 1.54 Å. Rietveld analysis 

was performed using Topas. Patterns were fitted using CeO2-x and Cu structures available in the 

PDF 4+ ICDD 2018 database. The alumina standard NIST SRM1976b was employed to determine 

instrumental peak broadening for size analysis. The domain sizes were determined from the 

volume-weighted mean column-height using the macro LVol_FWHM_CS_G_L in Topas. 

Thermogravimetric analysis (TGA). In order to determine the loading of CeO2-x NC seeds , 60 µL 

of the solution was deposited in an aluminium pan, which was introduced into a TGA Q500 with 

the flow of air maintained at 15 mL/min. The sample was heated to 600oC with a heating ramp of 

10oC/min. Based on the final weight, the concentration of CeO2-x solution was calculated. 

Inductively coupled plasma-optical emission spectrometry (ICP-OES). ICP-OES was performed 

on Agilent 5100 model to determine the Ce and Cu concentration in Cu/CeO2-x HDs and Cu-CeO2-
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x physical mixture and individual Cu NCs. For the digestion of the solutions, upon evaporation of 

the hexane, 285µL of each HNO3(70%) and H2O2(35%) was added to 100 µL of the as-synthesized 

NCs solutions and left overnight to ensure complete digestion of the samples. Following this step, 

9.430 mL of Milli-Q water was added to the solution to reach the 2% acid content needed for the 

analysis. 5 standard solutions of Ce and Cu were prepared to obtain the calibration curve which 

was used to determine the concentrations of the digested solutions. 

X-ray photoelectron spectroscopy (XPS). XPS was performed using VersaProbe II from Physical 

Electronics. Analysis was carried out using a monochromatic Al Kα X-ray source operating at 25 

W with a beam size of 100 µm. The spherical mirror analyzer was set at 45o take-off angle with 

respect to the sample surface. The binding energy of the spectra were calibrated by setting the C-

C bound of the C 1s peak at 284.8 eV. In the fitting the FWHM of each component was limited to 

3.5 eV and the fitting was mathematically optimized to maximize R-squared between the fit and 

the signal. 

Raman spectroscopy. Raman spectroscopy was performed using a Renishaw inVia Raman 

microscope, where the focused excitation light is collected in a back-scattering configuration. The 

samples were drop-cast on glassy carbon and loaded onto a translational stage of a Leica 

microscope equipped with a 100x objective lens, and the excitation laser is a laser diode of 633 

nm at 5% power. Lower wavelengths of the excitation laser were not employed because of the 

strong fluorescence background from metallic copper. The spectra were collected from 250 cm–1 

to 900 cm–1 with a 25-minute acquisition time. The spectral positions were calibrated by the 

characteristic Si phonon peak at 520.7 cm–1. 
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Electron microscopy. Samples were drop-casted on a copper TEM grid (Ted Pella, Inc.) prior to 

imaging. BF-TEM images were obtained with a FEI Tecnai Spirit at 120 keV. HAADF-STEM 

imaging and energy dispersive X-ray analysis (EDX) were performed on a FEI Tecnai Osiris 

transmission electron microscope in scanning mode at an accelerating voltage of 200 kV. This 

microscope is equipped with a high brightness X-FEG gun, silicon drift Super-X EDX detectors 

and a Bruker Esprit acquisition software. Aberration-corrected (Cs) high-resolution S/TEM 

imaging were performed on a FEI Titan Themis 60-300 at an accelerating voltage of 200 kV. 

2.3 Electrocatalytic measurements 

The electrocatalytic testing was performed in a custom made electrochemical flow cell (Figure 

S3). Glassy-carbon plate electrodes (Type 2, Alfa Aesar) with a surface area of 2.5 cm x 2.5 cm 

were used as substrates. They were polished using Milli-Q water slurries of 1 µm diamond 

(Bioanalytical Systems, Inc.) and 50 nm gamma alumina (Bioanalytical Systems, Inc.) on 

polishing pads. The plates were rinsed with Milli-Q water, sonicated in Milli-Q water for 10 

minutes, and blown dry with nitrogen. Cu NCs, Cu/CeO2-x HDs and Cu-CeO2-x mix, were drop-

cast on the substrate from toluene suspensions, giving mass loadings of 8, 15, 25 and 35 µg. 

Electrochemical measurements were performed using a Biologic SP-300 potentiostat. Platinum 

foil was employed as the counter electrode and a Ag/AgCl reference electrode (leak free series 

from Innovative Instruments, Inc.) was used. Voltages were converted to the RHE scale. Ambient-

pressure CO2 electrolysis was carried out in a custom-made gas-tight electrochemical cell made of 

poly(methylmethacrylate) and fitted with Buna-N O-rings. The configuration of the 

electrochemical cell was such that the working electrode sat parallel with respect to the counter 

electrode to ensure a uniform potential distribution across the surface. The geometric surface area 

for both of the electrodes was 1 cm2. Each of the compartments in this cell were filled with 
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electrolyte (0.1 M KHCO3 solution, 2.1 mL in each half). A Selemion AMV anion-exchange 

membrane was used to separate the anodic and cathodic compartments. The electrolyte solution 

was prepared by sparging a 0.05 M K2CO3 solution with CO2 for 1 hour. Before CO2 electrolysis 

was conducted, the electrolyte in the cell was sparged with CO2 for at least 15 min. During 

electrolysis, CO2 was constantly bubbled through the electrolyte at a flow rate of 5 sccm to prevent 

depletion of CO2 in the electrolyte and to enable continuous analysis of gaseous products using a 

gas chromatograph. The flow rate of CO2 was controlled with a mass flow-controller (Bronkhorst), 

and the gas was first humidified with water by passing it through a bubbler to minimize evaporation 

of the electrolyte. Calibration of the gas chromatograph was performed using calibration gas 

standards from Carbogen. CO, CH4, C2H4 and C2H6 were all calibrated from calibration mixtures 

at five different concentrations: 50, 100, 250, 500 and 1000 ppm. H2 was likewise calibrated using 

500, 1000, 5000, 10000 ppm of H2 balanced in nitrogen. After passing through the cell, CO2 was 

flowed directly into the gas-sampling loop of the GC for online gaseous product analysis, which 

was carried out every 10 min. For all experiments, electrolysis was carried out for 80 min with gas 

analysis recorded at 10 min intervals. 

2.4 Operando X-Ray Absorption Spectroscopy 

X-ray absorption operando experiments were performed at the SuperXAS beamline at the 

SwissLight Source synchrotron. All reported spectra were recorded in fluorescence mode at an 

incident angle of 45 degrees. A Si(111) monochromator was used to condition the beam from a 

bending magnet. The beam spot was focused using a toroidal mirror to approximately 60x120µm, 

to match the shape of the SiN window on the sample substrate. Fluorescence XANES spectra were 

acquired using a silicon drift detector available at the beamline with a time resolution of 8 minutes. 

The data were treated using Demeter software package. The references that were used in the linear 
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combination fitting of the Ce L3-edge were: Ce (IV) - CeO2 99.9% powder <5um (CAS: 1306-38-

3), and Ce (III) - cerium acetate hydrate 99.99% powder (CAS: 206996-60-3). The powders were 

co-grinded with BN fine powder in ratios according to 2.5 attenuation length, and pressed into 

pellets. To carry out the operando spectroscopy in fluorescence mode, a gas-tight electrochemical 

cell was developed. 200 μm thick Si TEM chips with SiN windows (50-200 nm thick) and up to 

500x500 μm in size (Figure S4) were used as substrate for the catalyst. A monolayer of the 

nanocrystals was deposited on the chip so to cover the entire SiN window area in order to assure 

that the majority of the particles take part in the reaction. Electrical contact was achieved by a thin 

layer of carbon coating micro-patterned on the window area, and a Pt thin layer lead. The 

electrolyte pressure was controlled to avoid stationary pressure. 

2.5 DFT Calculations 

Density functional theory based simulations for model Cu/CeO2-x system is done with VASP28 

package and ASE29 simulation environment. RPBE30 exchange correlation functional and a 

wavefunction cutoff of 400 eV is used. We have used Hubbard U of 4.5 eV for the Ce f-states.The 

Brillouin zone is sampled only at the gamma point, as the simulation cell is large. The model 

system consist of Ce6O13 cluster on 4√3 × 4√3 Cu(111) surface with four atomic layers and 192 

Cu atoms – of which bottom two layers are kept fixed at bulk structure. The Ce6O13 cluster is 

modified based on hydrogenation, vacancy formation and adsorbed CO2RR intermediates. Zero 

point energy and free energy contributions at finite temperature for adsorbates and gas molecules 

are estimated using ideal gas model and harmonic approximation to the vibrational modes 

following the method described in details elsewhere 31. The change in free energy under an applied 

potential for elementary proton transfer steps is calculated using the computational hydrogen 

electrode (CHE) model32, which links the change in reaction free energy linearly to the applied 
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potential in the reversible hydrogen electrode scale (VRHE). Change in free energy of each 

elementary reaction step is evaluated from electronic energy of the system before and after the 

reaction step, reference molecules’ free energy and temperature corrections for the adsorbates 

involved. Methods for stability estimation of structures under applied potential and reaction 

thermodynamics analysis follows from reference 31. Electronic energies, temperature corrections 

and molecular structures are provided in the supplementary information (Tables S2, S3, S4). 

 

3 RESULTS AND DISCUSSION 

In a typical synthesis of the Cu/CeO2-x HDs, pre-formed CeO2-x NCs of 9 nm are used as 

nucleation seeds for the growth of the Cu domain (Figure S1). In order to promote heterogeneous 

nucleation, the Cu molecular precursor (copper(I) acetate, CuOAc) is injected drop-wise so to 

maintain the Cu monomer concentration below the supersaturation limit and to avoid 

homogeneous nucleation (Figure S2). Different parameters were optimized to synthesize the HDs, 

including temperature, [Cu precursor]/[seed] and the [Cu precursor]/[ligand] ratios. 

Figure 1 gives an overview of the structural and compositional analysis of the Cu/CeO2-x HDs 

obtained by injecting different amount of Cu precursor in the reaction solution. In the bright-field 

transmission electron microscopy (TEM) images (Figure 1a-d), each 9 nm spherical CeO2-x domain 

is coupled with one Cu domain (HD yield = 80%).  
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Figure 1. a) Bright-field TEM image of Cu/CeO2-x HDs formed by injection of: a) 0.1 mmol, b) 

0.2 mmol c) 0.4 mmol and d) 0.8 mmol of CuOAc. The sizes of the Cu domain are 15 nm, 24 nm, 

36 nm and 54 nm, respectively. e, f) HAADF-STEM image with the corresponding EDX elemental 

maps of Cu and Ce in the Cu(24nm)/CeO2-x HDs. f) Representative XRD pattern of the HDs from 

Cu(24nm)/CeO2-x HDs and individual ceria and copper NCs with similar mean particle size to 

those in Cu(24nm)/CeO2-x HDs. Rietveld analysis was performed on the pattern of the Cu/CeO2-x 

HDs, the profile fitting overlaps the experimental data as an orange dashed line, the difference is 

reported at the bottom of the pattern. Reference patterns for ceria (PDF #04-0593) and copper 

(PDF #04-0836) are reported at the bottom of the graph. 

The distribution of Cu and ceria in the HDs was confirmed by high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM, Figure 1e) with the relative area-

selective energy-dispersive X-ray (EDX) spectroscopy map (Figure 1f). The phase composition of 

the Cu/CeO2-x HDs was investigated by X-Ray Diffraction (XRD) analysis whose results are 

reported in Figure 1g and Figure S5 along with the patterns of individual ceria and copper NCs. 

The profiles of the individual CeO2-x and Cu NCs were found to be consistent with the standard 
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patterns of fluorite (Fm3m) and with the FCC structure, respectively. The XRD patterns of the 

Cu/CeO2-x HDs contains the characteristic features of both the CeO2-x seeds and the metallic Cu 

phase without any shifting in the position of the peaks, thereby excluding the possibility of doping. 

The quantitative Rietveld refinement analysis indicates that the Cu(24nm)/CeO2-x HDs are formed 

of 84% copper and 16% ceria with approximate sizes of 27 nm and 10 nm, respectively, in very 

good agreement with the data from TEM. 

Because of the significant lattice mismatch between the CeO2-x (a = b = c = 5.411 Å) and the Cu 

(a = b = c = 3.610 Å), only partial “wetting” of Cu on the CeO2-x seeds is energetically allowed 

and therefore the heterodimers formation is favoured over a core-shell configuration. This is 

reminiscent of the Volmer-Weber mechanism of growth of secondary islands on mismatched 

substrates through heteroepitaxial deposition techniques.26 Considering the large mismatch, a 

mechanism for strain relaxation must be in place for heterogeneous nucleation to occur. 

Aberration-corrected high-resolution electron microscopy provided a more detailed picture of the 

structure of the HDs (Figure 2, Figures S6 and S7). 
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Figure 2. a) HR-TEM image of one representative Cu/CeO2-x HD, b) FFT diffractogram of the 

interfacial region, c) inverse FFT (pseudo-dark field image) and d) HR-STEM image of the 

interfacial region (a). Reciprocal plane spacing on the FFT correspond to the (111) planes of a 

copper crystal oriented along a [110] direction, and to the (002) plane of CeO2. 

First of all, the lattice spacing from the FFT analysis on the whole HD (Figure S6) and on the 

interfacial region (Figure 2b) is consistent with CeO2-x in the smaller domain and Cu in the larger 

domain of the HDs. A straightforward epitaxial relationship at the interface is missing, however 

the pseudo dark-field image (Figure 2c) indicates a possible epitaxial connection between the ceria 

and the copper domain along the (111) and (002) crystallographic planes of copper and ceria, 

respectively. There is also evidence for distortion in the copper lattice in proximity of the ceria 
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domain, which results in a 20% deviation from the standard copper (111) spacing in its [110] zone 

axis. Similar distortion of the Cu domain lattice is found in other but not in all the analysed HDs 

(Figure S7), meaning that lattice strain is not uniform across the HDs. The HR-STEM image 

(Figure 2d) is consistent with the picture of an amorphous interface with the possibility of some 

epitaxial connections between the two domains. 

The catalytic performance of the Cu/CeO2-x HDs towards the CO2RR were compared against a 

Cu-CeO2-x physical mixture (Cu-CeO2-x mix) and isolated Cu NCs with similar size to the Cu 

domain in the HDs to investigate the role of the Cu/CeO2-x interface, which is the main goal of this 

study.  

At first, the HDs with the different Cu domain sizes were tested at -1.1 VRHE (Figure 3, Table 

S1), which was found to be the optimum potential for C2 products in our previous studies on 

isolated Cu NCs synthesized by a similar approach.10,33 Figure 3a and Table S1 show that, 

independently on the size and shape of the Cu domain, the interface promotes CO2RR over HER. 

Differences in product selectivity can then be ascribed to the Cu morphology before and/or after 

electrolysis (Figure S8). Noteworthy, the spherical 15 nm Cu NCs reconstruct towards cubes 

during electrolysis (Figure S8a), which explains the predominance of ethylene versus methane 

among the CO2RR product.34 The HDs with the 24 nm Cu domains have higher selectivity for 

ethylene while the HDs with the 36 nm and 54 nm Cu domains favour methane over ethylene. This 

difference in selectivity can be assigned to the Cu shape; indeed, the TEM analysis reported above 

and in the Supporting Information shows that the Cu domain in the Cu(24nm)/CeO2-x HDs possess 

a more faceted cuboidal morphology, in contrast the Cu domain in the Cu(36nm)/CeO2-x HDs and 

the Cu(54nm)/CeO2-x HDs are more spherical. 35,36 Considering the higher storage capacity of 
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multicarbon products and the interest in C-C coupling, the HDs with the cuboidal Cu domains of 

24 nm were selected to investigate further the role of the interface.  

The effect of loading (8 µg, 15 µg, 25 µg, 35 µg) on the electrocatalytic performance was 

investigated next (Figure S9). The results showed that the HDs always outperform the isolated Cu 

NCs and the Cu-CeO2-x mix in terms of promoting CO2RR versus HER. An increased C2/C1 product 

ratio and higher current were observed at higher loading, but also a simultaneous increase of HER. 

Such behaviour is consistent with mass transport effects accompanying a decreased inter-particle 

distance.37 Thus, as a trade-off between activity and selectivity for CO2RR products, one of the 

lower loading (15 µg) was chosen to proceed. 
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Figure 3. a) CO2RR vs. HER selectivity for 15 µg of Cu/CeO2-x HDs and bare Cu NCs with 

different Cu domain sizes. b) Faradic efficiencies and CO2RR partial current-densities for 15 µg 

of Cu/CeO2-x HDs with different Cu domain sizes loaded on a glassy-carbon surface of 1 cm2, 

measured at -1.1 VRHE. The error bars correspond to the standard deviation from three independent 

measurements. 
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Figure 4 reports the faradaic efficiencies (FEs) of gaseous products at different potentials as well 

as their partial current-densities, normalized by the electrochemically-active surface area (ECSA, 

Figure S10). To start with lower potentials, hydrogen is observed as the dominant product in all 

samples, constituting more than 65% out of the total FE. By increasing the potential to -1.1 VRHE, 

a rise in the FE of C1-C2 products and a decrease of HER was noticed, especially remarkable in the 

case of HDs. Once the potential raises to -1.2 VRHE, the selectivity for methane is promoted in all 

the samples, but much significantly in the case of HDs (same statement applies to the HDs with 

different Cu domain size, Figure S11 and Table S1). Larger potentials (-1.3 VRHE) enhance the 

activity for H2 while diminishing CO2RR in all samples.  
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Figure 4. Faradaic efficiencies (left) and partial current densities (right) normalized by the ECSA 

for the gas products in Cu/CeO2-x HDs, Cu-CeO2-x mix and 24 nm Cu NCs at various applied 

potentials. The error bars correspond to the standard deviation from three independent 

measurements. 
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Figure 5 highlights the CO2RR performance, including liquid products, of the above samples 

plus isolated CeO2 NCs, measured at –1.2 VRHE , where the HER contribution is minimal. The 

Cu/CeO2-x HDs clearly outperform both the isolated NCs and the physical mixture in terms of 

selectivity towards CO2RR, which reaches up to 80%. Furthermore, methane formation is greatly 

promoted with FE as high as 54%. These FE values are similar to those obtained for the above-

mentioned study on Cu-doped CeO2 22, but here they are obtained at a remarkably lower potential 

(- 1.2 VRHE in the Cu/CeO2-x HDs versus - 1.8 VRHE in the Cu-doped CeO2). This result highlights 

the role of the unique interface obtained by employing the colloidal synthesis method. The intrinsic 

activity of Cu towards the CO2RR improves only slightly in the presence of the CeO2-x considering 

the subtle increase in the CO2RR partial current-density when comparing the Cu NCs, the Cu-

CeO2-x mixture and the Cu/CeO2-x HDs (Figure 5). We note that HDs with different Cu domain 

size were also tested at -1.2 VRHE (Figure S11) but the product distribution was almost similar in 

all of them. This result indicates that at higher applied potentials interface effects dominate over 

other all other parameters such as size and shape of the copper. Good stability was also observed 

in terms of activity and selectivity with preservation of the morphology and of interface, with the 

exception of the Cu(15nm)/CeO2-x (Figure S8 and Figure S12).  
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Figure 5. Faradic efficiencies and CO2RR partial current-densities for 15 µg of Cu/CeO2-x HDs, 

Cu-CeO2-x mix, Cu NCs and CeO2-x NCs loaded on a glassy-carbon surface of 1 cm2, measured at 

–1.2 VRHE. The error bars indicate the standard deviation in the total FE. It is worth noting that the 

total FE in the CeO2-x is less than 90%. Oxidation of some unaccounted formate and MeOH at the 

Pt anode has been reported to contribute to the lack of 100% total FE 38,39. Also, some electrons 

might be used for the formation of oxygen vacancies in CeO2-x, thereby contributing to non-

productive current.  

The role of Ce3+ and oxygen vacancies are often called out to explain the catalytic behavior of 

metal/ceria catalysts.17,21,22 To examine the structural defects in the Cu/CeO2-x HDs, X-ray 

photoelectron spectroscopy (XPS), UV-vis and Raman spectroscopy were performed (Figure 6). 

The XPS analysis (Figure 6a) shows that the HDs contain a higher fraction of Ce3+ when compared 

with the physical mixture, which appears very similar to the isolated CeO2-x NCs. Concomitantly, 
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the fraction of oxidized Cu increases in the Cu/CeO2-x HDs with respect to the Cu-CeO2-x mix 

(Figure S13), indicating that these changes are interconnected. Oxygen vacancies (OV) must 

accompany Ce3+ to maintain electro-neutrality in the lattice. Consistently with the XPS results, 

Raman spectroscopy (Figure 6b) reveals that the variation in the OV concentration follows the same 

trends of the Ce3+ concentration when comparing the different samples, meaning higher OV 

concentration in the Cu/CeO2-x HDs. The observations regarding the oxidation state of Ce in the 

HDs were further confirmed by UV-vis absorption spectroscopy (Figure 6c). The absorption peaks 

located at 250 nm and 300 nm are assigned to Ce2O3 and CeO2, respectively.40–42 The higher 

fraction of Ce3+ in the HDs triggers a blue-shift in its absorption profile while the absorption edge 

of the Cu-CeO2-x mix and of the CeO2-x NCs remained closer to the 300 nm. Being the only 

technique compatible with the glassy carbon support, XPS analysis was performed after 

electrocatalysis. The results in Figure 6a show an increase of the Ce3+ peak in all samples but more 

pronounced in the HDs. All together, these findings support the existence of a strong interfacial 

interaction between copper and ceria which boosts the migration of lattice oxygen across the 

interface and further assists the ceria domain to be reduced.43–45 
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Figure 6. a) XPS spectra of the Ce 3d5/2 in Cu/CeO2-x HDs, Cu-CeO2-x mix and isolated CeO2-x 

NCs before and after the full CO2RR experiment (at -1.2 VRHE for 80 min), where the solid lines 

indicate the experimental data and the dashed lines correspond to the fitting. The difference 

between them is reported at the bottom. b) Raman spectra normalized to the F2g band of CeO2-x at 

462 cm-1. c) UV-vis absorption spectra measured in hexane solutions. 

 

In order to gain insights into the chemical state and structure of the Cu/CeO2-x HDs during 

CO2RR, operando X-ray absorption spectroscopy measurements were performed at −1.1 VRHE and 
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-1.2 VRHE in CO2-saturated 0.1 M KHCO3 (Figure 7). Figures 7a and 7b show the temporal 

evolution of the X-ray absorption near-edge (XANES) spectra of Cu(24nm)/CeO2-x HDs at the two 

potentials, measured at the Ce LIII-edge. Notably, the XANES spectrum of the pristine HDs show 

distinct differences with respect to reference CeO2 pellet, with a broader absorption feature above 

the edge, so-called “white line”, indicating that the ceria domains of HDs are not completely 

oxidized and contain some Ce3+ species, which is consistent with our XPS, Raman and Uv-Vis 

results in Figure 6. The addition of the electrolyte didn’t change the state of the electrocatalyst. 

Upon starting the CO2RR experiment, ceria undergoes a noticeable reduction as indicated by the 

shift of its white line toward Ce3+. Figure 7c plots the weight fractions of Ce in its two different 

oxidation states at -1.1 VRHE and -1.2 VRHE . In both cases the relative reduction of Ce4+ to Ce3+ in 

the Cu/CeO2-x system occurs in the very early stages upon applying the negative potential, however 

the Ce reduction is faster -1.2 VRHE, which is expected because of the more negative applied 

potential. After this initial change, the ratio of Ce3+/Ce4+ remains relatively constant, even when 

the potential is removed (last data point). This result confirms that the partial reduction of Ce4+ to 

Ce3+ is not reversible (indeed we can measure a similar ratio with ex-situ XPS). As for the XANES 

spectra of Cu (Figure S14), the metallic Cu remains unchanged during the whole reaction; whereas 

XPS analysis indicates that the oxidized surface of Cu domains in HDs gets partially reduced 

during CO2RR (Figure S13). 
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Figure 7. a) Ce LIII-edge XANES spectra measured on the as-prepared Cu/CeO2-x HDs and under 

CO2RR conditions at a) -1.1 VRHE and b) -1.2 VRHE in 0.1 M KHCO3. The spectra were acquired 
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every 8 minutes. Reference spectra from CeO2 powders and Ce(acetate)3 are also shown. c) 

Weighed spectra components versus electrolysis time at the two different potentials. 

To model the interfacial interactions in the HDs, to map the reaction mechanism thereon and to 

understand the signatures of synergistic effects from first principles, we have used a ceria 

nanoparticle on Cu-slab representation inspired by Graciani et al.15 Results of the DFT calculations 

are reported in Figures 8 and 9 while details are provided in the Supporting Information (Tables 

S2, S3, S4). Computational hydrogen electrode model was used for evaluation of reaction 

thermodynamics of elementary proton transfer steps. The Cu(111) surface was chosen in the 

simulation model because of the results from HRTEM (Figure 2). In the model, the Bader charge-

based oxidation state of Ce is +2.2 which is intermediate between that of Ce in bulk CeO2 (+2.48) 

and Ce2O3 (+2.04). The binding between the cluster and the Cu-slab is chemisorption type, and we 

observe charge transfer from Cu atoms to the cluster. Cu atoms binding with O atoms of the cluster 

lose ~0.25 electrons each from their Bader volume. Two electrons are transferred to the top-most 

Cu layer. This analysis matches well with the spectroscopic studies on the as prepared sample 

reported in Figure 6 and provides confidence on the following simulation, which is based on the 

analysis of electronic structure under reaction condition. The Ce6O13 cluster evolves with applied 

potential as the proton transfer reaction (hydrogenation of oxygen and O-vacancy creation) takes 

place. On application of the reducing potential (-1.2 VRHE), hydrogenation of all O atoms is 

spontaneous except the central oxygen atom buried between the cluster and the Cu-surface (Figure 

8a). Further proton transfer leads to oxygen vacancy creation with the removal of oxygen. It is 

energetically favorable to form O-vacancies at the corner and top side of the cluster but not along 

the sides of the triangular shaped cluster. The final configuration of the cluster (Ce6O7H6) stable at 

-1.2 VRHE provides unique O-vacancy mediated active sites consisting of Ce atom (with O-
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vacancy) and Cu atom. Charge transfer from Cu atoms coordinating with the cluster is further 

enhanced in reducing condition with those Cu-atoms losing ~0.4 electrons compared to an isolated 

Cu-slab. The ceria cluster accepts 6 electrons from the slab. Bader charge based oxidation state of 

Ce atoms range from +1.7 to +1.85. This is further reduction from that observed in Ce(III) oxide. 

The Cu d-band shifts to lower energy away from the Fermi level (Figure 8b). Following the d-

band model for adsorption on metal surfaces, this change should weaken the binding energy at the 

Cu-coordinated site. The charge exchange map in Figure 8c shows the most significant relocation 

of Cu-electrons into the Ce atoms at the three corners of the cluster. These Ce atoms with low 

oxygen coordination are also possible adsorption sites for bidentate reaction intermediates, which 

can bind to both these Ce atoms and the nearest Cu atoms. Bidentate adsorbates are inherently 

more stable and thus define the reaction mechanism.  
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Figure 8. (a) Atomic configuration of CeO2 cluster on Cu(111) surface at a reducing potential of 

-1.2 VRHE after successive reduction steps via protonation. (b) Partial density of states of the d-

orbital of an interfacial Cu atom with and without CeO2-x cluster being present (c) Charge exchange 

map between Cu(111) slab and CeO2-x cluster calculated from change density calculation of the 

whole system, Cu-slab only and cluster only. Red isosurface (+0.0015) is enrichment region and 
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green isosurface (-0.0015) signify depletion. For (a) and (c) Ce, Cu, O, H atoms are represented 

with blue spheres with sizes of following order Ce>Cu>O>H. 

Moving towards to investigating the reactivity of the HDs, a full reaction tree network (Figure 

S15) was analyzed through a divide and conquer approach to select the most thermodynamically 

favorable pathway. The latter is illustrated in Figure 9a and the relative energetics in Figure 9b 

show that the bidentate adsorption of the CO2 molecule through corner Ce atom and Cu atom 

stabilizes the adsorbed species such that gain in free energy for this chemical step is 55 meV. The 

first protonation step from CO2 to COOH* is downhill by 0.47 eV. COOH* gets dissociated 

(barrier free) so that the C atom (of CO* part) binds to an interfacial Cu site and the O atom (of 

OH* part) binds to under-coordinated corner Ce (Figure 9a). Migration of this CO* from the 

interfacial Cu-site to another Cu-site on the slab lowers free energy by 0.92 eV. Thus, for 

surmountable kinetic barriers, the HDs produce a significant amount of surface bound CO* which 

are expected to cover the Cu-slab surface. CO* coverage especially impacts HER on copper 

surface. CO* coverage blocks active sites from HER as well as thwarts the HER activity by 

modifying H* binding energy through adsorbate-adsorbate interaction46. The recently constructed 

HER volcano plot for metals in CO2RR condition with CO* coverage46, show that binding energy 

modification leads to suppression of HER. Cu sits in the right leg of the volcano plot. In addition 

to the CO* coverage effects on rest of the Cu-slab surface, interfacial Cu-sites have comparatively 

weaker binding energy as portrayed by the d-band position. This effect moves those Cu-sites 

further down the right leg of the aforementioned activity volcano. d-band shift is insignificant 

beyond the interfacial Cu-atoms, but stronger CO* binding enhances adsorbate-adsorbate 

interaction making HER suppression more significant. 
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The second electron transfer step in the CO2RR mechanism (i.e. the protonation of interfacial Cu-

site bound CO* which eventually leads to CHO*) requires a reducing potential of -0.45 eV. 

Subsequently, the OH* at Ce site is reduced to water leaving CHO* at the interfacial site for further 

reduction. This particular intermediate is unique for CO2RR on Cu/CeO2-x HD as CHO* binds 

through both a Cu-site and an O-vacancy site on Ce-atom, while CO* binds only on the Cu-site. 

The ensuing proton transfer leads to H2CO*, which is also a bidentate adsorbate through O/C-

atoms. The 5th reaction step involves protonation at the C-atom and H3CO* thus formed is 

monodentate, binding only through O-atom to the Ce-site. Protonation of H3CO* at C-atom leads 

to methane, and that at O atom leads to methanol release. CeO2-x has high oxygen affinity in 

reduced condition, and it is difficult to cleave the Ce-O bond compared to C-O bond. We estimate 

the free energy difference between the formation of methanol and methane from H3CO* to be over 

2.3 eV. Due to universality of Brønsted-Evans-Polanyi relation47,48, the kinetic barrier for 

formation of methanol is expected to be much higher than methane as well. This result clearly 

explains the observed selective evolution of methane. Release of methane leaves O atom at the 

Ce-site, which is removed as water through two proton transfer steps. Reaction thermodynamics 

shows that even at 0 VRHE, only two elementary steps are free energy positive, specifically those 

where OH* bound to Ce-site is removed as water. Thus the onset potential limitation comes from 

OH* removal potential. This is in agreement with the reaction thermodynamics generally observed 

for oxide CO2RR catalysts31. Achieving similar bidentate adsorption stabilization of other key 

intermediates which lowering the OH* binding energy will further improve the activity of HDs 

with another oxide domain in the future.  

Previous theoretical studies on reaction mechanism and scaling relation based thermodynamic 

activity volcano analysis have shown that CO* protonation to CHO* is the limiting step. The low 
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slope of the CO*/CHO* adsorbate scaling law prohibits significant improvement over Cu catalysts 

for any other metallic system as the reaction mechanism stays unchanged. Workaround from this 

limitation has been proposed, including (a) metal oxide catalysts where a different reaction 

mechanism without CO*/CHO* intermediate being active might circumvent the scaling relation 

limitation31,49,50 and (b) doped metal chalcogenide 2D catalysts where CO* and CHO* binds 

through separate metallic and covalent site breaking the scaling relation51. Our study combines 

both these concepts through a design of special interfacial catalyst motif where CHO* is 

independently stabilized over CO*, thus deviating from the scaling relation (Figure 9c). 

CO*/CHO* scaling has been shown to be the bottleneck in CO2RR activity for metallic catalysts50 

as it enforces large reducing potential for protonation of CO* to CHO*. Breaking of the scaling 

relation with additionally stable CHO* makes this reaction step facile at 0 VRHE and thus removing 

this limitation. H2CO* is also bidentate – deviating from the scaling line with OH* (Figure 9d). 

Also part of the reaction mechanism shifts to O-coordinated intermediate adsorbed through O-

vacancy in oxide. The O-vacancy site coordinated H3CO*, O* and OH* intermediate resembles 

the pathway active on oxide CO2RR catalysts31,49,52. These findings indicate a scientific 

breakthrough in designing CO2RR catalysts by overcoming scaling law based limitations which 

will inspire CO2RR researchers towards further systemic improvement in activity and selectivity.  
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Figure 9. (a) CO2RR mechanism on Cu/CeO2-x HDs for methane evolution at the interfacial active 

sites. (b) Thermodynamics of methane and methanol evolution at 0 VRHE and -1.2 VRHE following 

this mechanism. (c,d) Breaking of CO*/CHO* and H2CO*/OH* scaling relations due to additional 

through bidentate adsorption. Reference scaling relations from 53 and 31 

 

4 CONCLUSIONS 

In conclusion, we have successfully synthesized nanocrystalline Cu/CeO2-x HDs by developing 

a colloidal seeded-growth technique which allows to overcome the significant lattice mismatch 

between the two domains. The Cu/CeO2-x interface affords synergistic properties, not observed by 

simply physically mixing the Cu and CeO2-x NCs, which promote CO2RR, in particular methane, 

and inhibit HER.  This interface effect is explained by the formation of unique active sites at the 

interface which can stabilize CO2RR intermediates through bidentate adsorption at both Cu and 
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CeO2-x O-vacancy site thus allowing the opportunity for reaction engineering beyond scaling 

relationship limitations.  

Our study on Cu/CeO2-x highlights how multicomponent catalytic platforms can aid the 

discovery of new mechanisms to promote CO2RR. The thermodynamics arising from the 

congregation of the oxide and metallic NCs provide direction towards further activity and 

selectivity improvement, for example by substituting the oxide domain. 
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