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The renewable-energy-powered electrocatalytic reduction of 
carbon dioxide (CO2) to value-added carbon-based products 
offers to provide crucial energy storage to address growing 

energy demand1–5. Recent progress in electrocatalytically convert-
ing CO2 has resulted in the production of gaseous carbon products 
such as carbon monoxide6 (CO), methane7 (CH4) and ethylene8 
(C2H4) and C1 liquids such as formate9–15 (HCOOH).

The production of liquid multi-carbon alcohols is also highly 
desired, it stands to enable the synthesis of sustainable fuels that 
leverage high energy densities16 (21 MJ l–1 ethanol, 27 MJ l–1 propa-
nol) for long-range and heavy freight transportation applications. 
Unfortunately, the production of multi-carbon alcohols via direct 
CO2 electroreduction remains below that required for economic 
viability due to the limited selectivity and low activity of present-
day catalysts17,18.

Among electrocatalysts for CO2 reduction, Cu-based materials 
are the most prone to reduce CO2 to products with two or more 
carbons (C2+), with alkenes traditionally dominating multi-carbon 
product formation19–21. To develop more efficient electrocatalysts for 
alcohol production, it is crucial to modify the catalyst structure to 
promote the desired alcohol and suppress alkene electrosynthesis. 
Additionally, it is vital to understand the mechanisms that underlie 
selectivity to enable further catalyst refinement.

We reasoned that—because ethylene and ethanol share a pen-
ultimate reaction intermediate22: *C2H3O—we could potentially 
modify a catalyst’s surface structure to target the hydrogenation 

of this intermediate and thereby promote C2 liquid production. 
Suppressing oft-produced ethylene would enhance production and 
selectivity towards alcohols.

Several avenues have previously been employed to engineer 
Cu surfaces to tune the energetics of intermediate binding20,23–26. 
Introducing metal atomic vacancy defects influences electrocatalytic 
performance by adjusting the electronic structure of neighbouring 
atoms and consequently the energy barriers of the rate-limiting 
reaction intermediates27. Copper sulfide structures are of interest 
because they can provide a means to form stable surface defects and 
control the density of surface vacancies28,29. Additionally, copper sul-
fide-derived catalysts merit investigation in view of the long-range 
modification of the local density of surface states by introducing 
sulfur into the Cu structure and the effect on CO binding30.

In this study, we obtained preliminary results that reveal 
that varying a Cu catalyst by introducing S could lead to a 
notable difference in the ratio of ethanol to ethylene produced 
(Supplementary Table 1). These data motivated us to examine a 
key rate-limiting step along the CO2-to-C2 pathway using com-
putational analysis. In the computational studies, we found that a 
modified Cu2S core with Cu surface vacancies could account for 
a modulation in branching in favour of ethanol relative to ethyl-
ene. Specifically, density functional theory (DFT) studies exam-
ined the energetics seen by the adsorbed CH2CHO intermediate 
that might influence alcohol versus ethylene electrosynthesis. 
These studies point to strategies to switch CO2 reduction reaction  
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pathways from ethylene to alcohol. We then embarked upon a 
systematic study of S-enriched Cu and surface vacancies, syn-
thesizing a Cu2S–Cu-V (where V denotes vacancy) nanoparticle 
structure that enables the controllable introduction of vacancies 
on a copper surface shell with a copper sulfide core. Our core–
shell-vacancy engineering (CSVE) catalyst enabled us to modify 
the C2 reaction pathway, shifting selectivity away from ethylene 
and towards multi-carbon alcohols.

Results
Theoretical simulations predict selectivity control. To investigate 
the influence of a modified Cu core–shell structure and surface Cu 
vacancies on the final ethylene and ethanol reaction steps, we used 
DFT to characterize changes in energy barriers relative to the case 
of pristine Cu. Reduction of CO2 to multi-carbon products proceeds 
through the dimerization or protonation of adsorbed CO interme-
diates31–33. It has been shown that CO electroreduction to ethanol 
shares a similar pathway with ethylene until the final three proton-
coupled electron transfer steps. At this late stage, the adsorbed 
CH2CHO intermediate (*C2H3O) may proceed to ethanol through 
further carbon protonation; or to ethylene by leaving an oxygen 
atom adsorbed on the surface22,34.

We focused therefore on the effect of surface modifications on 
the thermodynamics of the adsorbed CH2CHO intermediate, and 
in turn on the selectivity for ethylene versus ethanol production. 
We began by creating three model systems: a pristine copper slab, a 
copper slab with a single atomic vacancy and a Cu2S–Cu core–shell 
model with an atomic vacancy (Fig. 1a, Supplementary Fig. 1). We 
then explored the following proposed reaction mechanisms repre-
sentative of ethylene and ethanol production:

Ethylene pathway:

+ + → ++ −C H O (H e ) O C H (1)* *2 3 2 4

+ + →+ −O (H e ) OH (2)* *

+ + → ++ −OH (H e ) H O (3)* * 2

Ethanol pathway:

+ + →+ −C H O (H e ) C H O (4)* *2 3 2 4
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Fig. 1 | Reaction Gibbs free energy diagram. a, Atomic models. b–d, Reaction Gibbs free energy diagram from the adsorbed C2H3O intermediate to 
ethylene (black lines) and ethanol (red lines) for pristine copper (b), Cu with Cu vacancy (c) and Cu with Cu vacancy and subsurface S (d) slab models. 
e–g, The same reaction free energy diagrams after applying a –0.5 V bias potential.
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+ + →+ −C H O (H e ) C H O (5)* *2 4 2 5

+ + → ++ −C H O (H e ) C H OH (6)* *2 5 2 5

We then limited our thermodynamic analyses to mechanistic 
steps starting with the bound *CH2CHO intermediate. We found 
that on pristine copper (Fig. 1b, Supplementary Figs. 2,3 and 
Supplementary Table 5), both ethylene and ethanol have a low 
thermodynamic energy barrier (~0 eV) with respective kinetic 
energy barriers of 0.560 and 0.645 eV (at − 0.5 V applied poten-
tial, the requirement to overcome the rate–determining C–C cou-
pling step). The introduction of a surface copper vacancy (Fig. 1c, 
Supplementary Fig. 4 and Supplementary Table 5) slightly increases 
the energy barrier for ethylene production (0.025 eV), though it 
remains thermodynamically favoured; whereas the vacancy has 
a negligible effect on the ethanol pathway. Thus, the activation 
energy barriers at an applied potential of − 0.5 V for both ethylene 
(0.375 eV) and ethanol (0.531 eV) could be surmounted at room 
temperature.

Interestingly, a vacancy present on a copper shell with a Cu2S 
core increases the energy barrier in the ethylene pathway (1.148 eV), 
while leaving the ethanol pathway mostly unaffected (0.427 eV) 
(Fig. 1d). Thus, if one applies an overpotential of 0.5 V (the required 
overpotential to overcome the early C–C coupling energy barrier), 
the ethanol pathway remains exergonic, but the ethylene path-
way becomes unfavourable (Fig. 1e–g Supplementary Fig. 5 and 
Supplementary Table 5) suggesting selective production in favour 
of ethanol is achievable.

These results suggest that subsurface sulfur atoms and copper 
vacancy defects together shift the balance in favour of ethanol by 
suppressing ethylene production through this common pathway 
(details in Supplementary Figs. 1–6 and Supplementary Tables 2–5).

Catalyst synthesis and characterization. In light of these DFT 
findings, we sought to synthesize a surface-vacancy-enriched cop-
per sulfide–copper core–shell catalyst. We first prepared colloidal 
vacancy-enriched Cu2S (V-Cu2S) nanoparticles. Cuprous sulfide 
nanoparticles synthesized using the solvothermal method enable 
controlled copper vacancies in the surface structure of the catalyst35. 
Next, we reduced the V-Cu2S in a CO2 saturated electrolyte, yielding 
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a reduced metallic copper shell with enriched vacancies surround-
ing a Cu2S core (Fig. 2a).

To investigate the core–shell structure and to query the extent 
of surface vacancies, we analysed the nanoparticles before and 
after reduction. The morphology of the copper sulfide nanopar-
ticles was characterized using transmission electron microscopy 
(TEM, Supplementary Fig. 7a), high-resolution TEM (HRTEM, 
Supplementary Fig. 7b) and high-angle annular dark-field scan-
ning TEM (HAADF-STEM, Fig. 2b and Supplementary Fig. 7c). 
The nanoparticles have a high degree of uniformity and an average 
diameter of 8.5 nm. Energy dispersive X-ray spectroscopy (EDS) 
mapping data (Fig. 2c) reveal that copper and sulfur are distributed 
evenly throughout the particle. Powder X-ray diffraction (PXRD) 
analysis (Supplementary Fig. 7d) shows good agreement with the 
standard Cu1.94S djurleite phase35,36, thus indicating a non-stoichio-
metric ratio between copper and sulfur.

The active nanocatalyst used for CO2 reduction was then pro-
duced by electrochemical reduction of the V-Cu2S nanoparticles, 
which removed sulfur from the surface, thereby constructing 
Cu2S–Cu-V: a Cu2S core with an ultrathin metallic copper shell 
containing copper vacancies. In these nanoparticles, elemental Cu 
enriches the nanostructure, while the sulfur signal is decreased 

but still present, indicating that a fraction of sulfur has been 
removed during CO2 reduction (Fig. 2d–e). To examine the sulfur 
distribution in the derived structure in detail, we acquired an EDS 
line scan: it revealed that sulfur mainly concentrates in the core of 
the nanoparticle, confirming the picture of a Cu2S–Cu core–shell 
nanostructure (Fig. 2f–g).

To explore the variation in nanoparticle structure during CO2 
reduction, and gain insight into the electronic configuration, 
we used X-ray photoelectron spectroscopy (XPS) to probe the 
chemical composition of the copper sulfide nanoparticles before 
and after the CO2 reduction reaction. As shown in Fig. 3a and 
Supplementary Fig. 8, the Cu peaks, which possess a weak asym-
metric tail, agree with a covellite structure37. Combining with XPS 
core level binding energy simulation results (Supplementary Fig. 9),  
we found further support for the view that the CSVE catalyst pos-
sesses Cu defects37,38. Results of XPS (Supplementary Fig. 8) and 
XPS sputter depth profiling (Fig. 3a, orange curve), taken together, 
show the S 2p spectra of the catalyst after reaction. These indi-
cate that sulfur is present at the core of the nanoparticle. Figure 3b  
shows the Cu L3-edge soft X-ray absorption spectra (sXAS) of 
the catalyst and corresponding reference standard materials. 
The results show that the V-Cu2S exhibits Cu2S features before 
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reaction and both Cu0 and Cu+ features after reaction (derived 
Cu2S–Cu-V)39,40. By simulating the extended X-ray absorption 
fine structure (EXAFS) fitting of Cu K-edge in reduced space 
(Supplementary Fig. 10), we found that the Cu–Cu bond distance 
of the CSVE catalyst becomes larger compared to the case of pure 
copper. Energy dispersive X-ray spectroscopy (EDX) results show 
that the sulfur concentration decreased after CO2 reduction reac-
tion for 16 hours (Fig. 3c). The atomic ratios of Cu/S in the catalyst 
before (Cu/S =  1.94 ±  0.01) and after (Cu/S =  4.81 ±  0.02) reaction 
were obtained using X-ray fluorescence (XRF, Fig. 3d).

Positron annihilation spectroscopy (PAS), which probes the type 
and relative concentration of defect vacancies41, was carried out to 
investigate the copper surface. The positron lifetime spectra (Fig. 3e)  
and the lifetime parameters (Supplementary Table 6) show that 
both the CSVE catalyst and also the Cu2S bulk control, exhibit three 
lifetimes. We assign the shortest lifetime τ1 (around 260 ps) to the 
bulk, and the longest component (τ3 >  2 ns) to the annihilation of 
orthopositronium atoms formed in the large voids present in the 
material42,43. We ascribe the component τ2 (approx. 380 ps) to posi-
tron annihilation in trapped Cu vacancies. The relative intensities 
(I) of these lifetimes reflect that copper vacancies and bulk char-
acter are predominant in the CSVE nanoparticles and bulk Cu2S, 
respectively. Simulated results in Fig. 3f,g reveal the projection of 
the positron density distribution for the pure Cu2S bulk and the 
CSVE nanoparticle sample, indicating the high vacancy-associated 
concentration in the latter.

Performance in electrochemical CO2 reduction. To probe elec-
trocatalytic properties, we first characterized the electrochemical 
CO2 reduction activity and selectivity using a three-electrode H-cell 

system. The catalysts were loaded onto a glassy carbon electrode. 
Linear sweep voltammetry curves were obtained in a CO2-saturated 
0.1 M KHCO3 aqueous solution (Fig. 4a). The CSVE catalyst exhib-
its a total geometric current density of ~32 mA cm−2 at –0.95 V 
versus a reversible hydrogen electrode (RHE) during 16 h of con-
tinuous electrocatalysis (Fig. 4b).

Electrocatalysis was performed using cathodic potentials in the 
range of –0.85 V to –1.15 V versus RHE (Fig. 4c). As the applied 
potential becomes more negative (–0.9 V versus RHE), multi-car-
bon products were observed, indicating that C–C coupling occurs 
beyond this potential (Supplementary Fig. 11a).

At potentials of –0.95 V vs RHE, 500 mV above the potential at 
which C–C coupling is first observed, the CSVE nanocatalyst shows 
peak alcohol production. Interestingly, propanol (C3H7OH) and 
ethanol (C2H5OH) follow a similar selectivity trend with changes 
to the applied potential, indicating that ethanol and propanol share 
common intermediates along their reaction pathways. This is con-
sistent with the assumption made in our DFT study, wherein we 
used ethanol as a proxy for overall alcohol electrosynthesis. The 
maximum Faradaic efficiency for C3H7OH and C2H5OH reaches 
8 ±  0.7% and 15 ±  1% with a partial current density of 2.5 ±  0.1 and 
4.8 ±  0.1 mA cm−2 at –0.95 V versus RHE, respectively (Fig. 4d and 
Supplementary Figs. 11,12).

These represent 6, 19, 46 and 44-fold improvements in par-
tial current density for C2+ alcohols compared with those of Cu2S 
nanoparticles without vacancies, pure Cu nanoparticles, bulk Cu2S 
and bulk Cu under the same operating conditions (Supplementary 
Figs. 13–15).

Moreover, the alcohol-to-ethylene ratio is enhanced from 0.18 
on the bare Cu nanoparticles to 1.2, a sixfold increase with the 
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CSVE catalyst, while overall C2+ selectivity remains similar (Fig. 4d  
and Supplementary Table 7). It indicates that the Faradaic current 
was shifted from producing ethylene to producing alcohols. The 
performance improvement elucidates the synergetic effect of the 
Cu2S core and the surface copper vacancies in promoting alcohol 
production. We should note that it is experimentally challenging 
to completely decouple the role of copper vacancies and the role 
of the core sulfur.

To characterize the intrinsic catalytic activity, we measured the 
electrochemically active surface area of each catalyst. Although the 
Cu2S–Cu-V nanoparticles had a slightly larger electrochemically 
active surface area than the Cu2S and Cu control nanoparticles, the 
electrochemically active surface area difference between the CSVE 
and control catalysts is less than 4% (Supplementary Figs. 16,17 and 
Supplementary Tables 8,9). The shift in the C2 production pathway 
and the high current density towards alcohols is therefore ascribed 
to the catalyst itself rather than to any substantive increase in elec-
trochemically active surface area.

We then sought a way to engineer the reaction environment to 
work in tandem with the CSVE catalyst to suppress ethylene and 
boost multi-carbon alcohol production. At a high pH, the concen-
tration of OH− will be increased proximate to the catalyst surface 
affecting the bound O* intermediate along the ethylene pathway 
(equation (2)), but is expected to leave the ethanol pathway largely 
unaffected. We turned to a flow-cell configuration that allowed 
us to operate in alkaline KOH electrolyte without compromising 
CO2 availability. We chose highly alkaline KOH as the electro-
lyte to increase the pH and electrolyte conductivity, and further 
enhance CO2 reduction reaction kinetics by suppressing hydrogen 
evolution44–46. The configuration bypasses the low CO2 solubil-
ity in KOH via the diffusion of CO2 across a gas–liquid interface 
adjacent to the catalyst surface (Fig. 5a)47. We first deposited the 
catalyst by spray-coating a nanoparticle ink onto a carbon gas-
diffusion electrode (details in Supplementary Methods). Linear 
sweep voltammetry curves (Fig. 5b) of the three catalysts show 

the lower overpotentials of the CSVE-Cu catalyst at fixed current 
densities highlighting the improved activity.

We then evaluated the CO2 reduction reaction activity in the 
current density range 200–600 mA cm−2 in 1 M KOH (Fig. 5c, 
Supplementary Fig. 18 and Supplementary Table 10), a range 
enabled by the use of a flow cell and the alkaline electrolyte. For 
the CSVE-Cu catalyst, we achieved a Faradaic efficiency of 32% for 
multi-carbon alcohols (C2H5OH 25 ±  1% and C3H7OH 7 ±  0.5%). 
The partial current density exceeded 120 mA cm−2 for multi-carbon 
alcohols.

The Faradaic efficiency and partial current density exceeded, by a 
factor of two, those of control catalysts, including both Cu2S without 
vacancy, and also pure Cu (Supplementary Fig. 19). The C2+ alcohol 
partial current density versus maximum C2+ alcohol Faradaic effi-
ciency for a range of catalysts reported in the literature is provided 
in Fig. 5d, Supplementary Fig. 20 and Supplementary Table 11.

Conclusions
By incorporating sulfur atoms in the catalyst core, and copper 
vacancies in its shell, we realized Cu2S–Cu-V core–shell nanopar-
ticles that enhance CO2 reduction to multi-carbon alcohols. DFT 
calculations suggested the Cu2S–Cu-V structure steers products 
beyond alkenes and towards alcohols. Structural characterization, 
X-ray studies and electrochemical measurements attest to the role 
of CSVE in improving catalytic performance. These findings indi-
cate an alternative catalytic approach that targets the suppression 
of unwanted C2, rather than just C1, products. This works offers 
avenues to the design of efficient catalysts that selectively produce 
higher-carbon liquid alcohols.

Methods
Computational details. The projected augmented wave approach48,49 and the 
generalized gradient approximation of Perdew, Burke and Ernzerhof50 with the 
DFT-D3 method for van der Waals correction51 employed in the Vienna ab initio 
Simulation Package52 were used to perform all the plane wave DFT computations.
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V-Cu2S nanoparticle synthesis. Synthesis of the copper(i) sulfide nanocrystals 
with controlled copper vacancies was performed according to a slightly modified 
version of a previously reported method35. In a typical procedure, 130 mg 
Cu(acetylacetone)2 was dissolved by 30 ml dodecanethiol in a three-neck flask 
with magnetic stirring under the protection of nitrogen gas and heated at 240 °C 
for 20 min. The resulting V-Cu2S nanoparticles were collected by centrifugation, 
washed with acetone and hexane three times and dried within a vacuum chamber.

Cu2S nanoparticle synthesis. The copper(i) sulfide nanoparticles without copper 
vacancies were prepared using a previously reported method53. 1.25 mmol of 
ammonium diethyldithiocarbamate was mixed with 10 ml of dodecanethiol 
and 17 ml of oleic acid in a three-neck flask. The solution was heated up to 
110 °C under argon flow followed by a quick injection of a suspension of 1 mmol 
copper(ii) acetylacetonate and 3 ml oleic acid. The solution was then quickly 
heated up to 180 °C and kept at that temperature for 20 min. The resulting Cu2S 
nanoparticles were collected by centrifugation, washed with acetone and hexane 
three times and further dried in a vacuum chamber.

Cu nanoparticle synthesis. In a typical synthesis of metallic copper 
nanoparticles54, 1.2 mmol CuBr and 15 ml oleylamine were mixed in a  
three-neck flask under stirring at 80 °C for 30 min under nitrogen protection, 
then 1 mmol trioctylphosphine was added and reacted at 80 °C until a colourless 
solution was obtained. The mixed solution was heated to 260 °C quickly and 
kept for 1 h. The resulting Cu nanoparticles were precipitated by centrifugation, 
purified with acetone and hexane three times and further dried in a  
vacuum chamber.

Electrochemical measurements. Electrocatalytic measurements were carried 
out in a three-electrode system at an electrochemical station (AUT50517). All 
potentials were measured against an Ag/AgCl reference electrode (3 M KCl, BASi) 
and converted to the RHE reference scale using:

= ∕ + . + . ×E E V(vs RHE) (vs Ag AgCl) 0 197 0 0591 pH

where E represents the potential, and V reprensents volt, the unit of the potential.

CO2 reduction electrolysis and product analysis. Electrolysis was performed in 
a two-compartment electrochemical H-cell with a proton exchange membrane 
(Nafion 117) as the separator and a flow-cell configuration consisting of a gas-
diffusion layer with an anion exchange membrane.

Additional details. Sample characterizations as well as the electrochemical 
measurements and computational simulation details are provided in the 
Supplementary Information.

Data availability. The data that support the plots within this paper and other 
findings of this study are available from the corresponding author upon reasonable 
request.
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