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CO2-to-CO via enriched oxygen
vacancies at gold/ceria interfaces†
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The carbon dioxide electroreduction reaction (CO2RR) to carbon

monoxide (CO) is a promising avenue to store renewable energy. Gold

(Au) is a critical component of catalysts for CO production in the

CO2RR. Still, the high cost of Au together with the low mass activity

hinders its potential towards practical CO2RR application. Here we

report a strategy of catalyst design, oxygen vacancy modulation via

controlling Au/ceria interface structures, to promote Au mass activity
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for CO production (jCO,mass) in the CO2RR. Through ceria-nanocube-

supported Au nanoparticle fabrication, we construct Au/CeO2{100}

interfaces with high concentration of oxygen vacancies facilitating

CO2 adsorption and activation. We achieve, at 200 mA cm−2, a record

jCO,mass of 678 mA mgAu
−1 in the CO2RR, a 1.3× improvement relative

to the best prior reports.
Introduction

The CO2 electroreduction reaction (CO2RR) provides a promising
avenue to store intermittent renewable energy in the form of
feedstocks and chemicals.1,2 Carbon monoxide (CO), the
simplest carbonaceous product in the CO2RR and a widely used
feedstock to generate high-value added products, is of particular
interest.3–6 Gold (Au) nanoparticles are reported to be the most
promising CO2-to-CO electrocatalysts, theoretically ascribed to
the optimal binding energy of the key intermediate carbon-
bound *COOH for CO production on the Au surface.7–11

However, the high cost of Au limits its potential practical appli-
cation as a CO2RR electrocatalyst.12 In this regard, improving the
mass activity of Au is highly desirable yet remains challenging.

The construction of a metal–oxide interface is a strategy to
regulate the activity of the catalysts.13–15 Bao et al. reported that
Au–CeOx showed higher activity and CO selectivity compared to
bare Au and CeOx;16 recent studies showed that Cu–BaO
promoted CO2-to-alcohol selectivity due to the interfacial Cu
stabilizing hydroxy-containing intermediates.17 These prior
CO2RR studies explored the effect of metal–oxide interfaces
with different components on the performance. In addition, it
is reported that metal nanoparticles loaded on oxide supports
with different surface structures delivered different activities in
heterogeneous catalysis such as the water gas shi reaction and
steam reforming of methanol.18,19 Taken together, we took the
view that CO2RR selectivity/activity would be promoted by
controlling the structure of metal–oxide interfaces.

To validate this hypothesis, in this work, we used ceria-
supported Au (Au/CeO2) catalysts with different interfacial
structures – Au/CeO2{111}, Au/CeO2{100}, and Au/CeO2{110}
This journal is © The Royal Society of Chemistry 2024
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through loading Au nanoparticles onto ceria with different
morphologies – as a model study for CO2-to-CO electrolysis.
Among all the Au/CeO2 catalysts, ceria-nanocube-supported Au
(Au/c-CeO2) catalysts with the interface Au/CeO2{100} deliver
the highest Faradaic efficiency (FE) of 89% towards CO in the
CO2RR, due to their abundant oxygen vacancies promoting CO2

adsorption and activation. We have achieved a mass activity of
678 mA mgAu

−1 on Au/c-CeO2 catalysts, a 1.3× improvement
relative to the best prior reports (Table S1†).4,20–23
Results and discussion

To investigate the Au/CeO2 interfacial effect on the CO2RR, we
sought to prepare ceria-supported Au catalysts with different
Fig. 1 (a and b) TEM andHRTEM images of Au/c-CeO2 catalysts. (c) High-an
STEM) image of Au/c-CeO2 catalysts and the corresponding EDX elemental m
catalysts. (f) HAADF-STEM image of Au/r-CeO2 catalysts and the correspond
images of Au/o-CeO2 catalysts. (i) HAADF-STEM image of Au/o-CeO2 catal

This journal is © The Royal Society of Chemistry 2024
interface structures. We rst prepared three types of CeO2 with
different morphologies (Fig. S1 and S2†) – including rods
enclosed by {110} and {100} facets, cubes enclosed by {100}
facets, and octahedra enclosed by {111} facets (denoted as r-
CeO2, c-CeO2, and o-CeO2, respectively) – using modied
hydrothermal protocols reported previously (see the ESI†).24,25

We then prepared Au/CeO2 using a modied deposition–
precipitation method.26 HAuCl4 aqueous solution was added
dropwise to the CeO2 slurry solution, followed by adding
aqueous ammonia slowly. The mixture was then kept in a water
bath at 60 °C for 4 hours with constant stirring. The collected
light-yellow precipitates were further calcined at 200 °C for 1
hour in air and then we obtained Au–CeO2 catalysts (Fig. 1).
gle annular dark-field scanning transmission electronmicroscopy (HAADF-
apping of Ce, Au, andO. (d and e) TEM and HRTEM images of Au/r-CeO2

ing EDX elemental mapping of Ce, Au, and O. (g and h) TEM and HRTEM
ysts and the corresponding EDX elemental mapping of Ce, Au, and O.

J. Mater. Chem. A, 2024, 12, 21716–21722 | 21717
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Fig. 2 (a) XRD patterns of Au/CeO2 catalysts. (b) Au 4f XPS spectra of Au/CeO2 catalysts.
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The transmission electron microscope (TEM) images of
three different Au–CeO2 catalysts and their energy-dispersive X-
ray spectroscopy (EDX) elemental mapping of Au, Ce, and O
show Au nanoparticles distributed evenly on the surfaces of c-
CeO2, r-CeO2, and o-CeO2 (Fig. 1), generating interface struc-
tures of Au/CeO2{100}, Au/CeO2{110}, and Au/CeO2{111}. The
lattice spacings of 0.23 and 0.31 nm in high-resolution trans-
mission electron microscope (HRTEM) images correspond to
the (111) lattice plane of Au and the (111) lattice plane of CeO2,
respectively (Fig. 1b). The average sizes of Au nanoparticles on
CeO2 cubes, rods, and octahedra are close to each other, cor-
responding to 2.4, 2.3, and 2.8 nm, respectively (Fig. S3†). The
powder X-ray diffraction (XRD) results further demonstrate the
existence of CeO2 and Au in the as-prepared catalysts (Fig. 2a).
X-ray photoelectron spectroscopy (XPS) conrms that Au
nanoparticles in the as-prepared Au/c-CeO2, Au/r-CeO2, and Au/
o-CeO2 catalysts are in the metallic state (Fig. 2b). On the basis
of inductively coupled plasma mass spectrometry (ICP-MS)
analysis, the weight percentage (wt%) of Au in the three as-
prepared Au/CeO2 catalysts are similar, 7.8 wt%, 8.1 wt%, and
7.9 wt% for Au/c-CeO2, Au/r-CeO2, and Au/o-CeO2,
respectively. N 1s XPS spectra show that there is no N element in
Au/c-CeO2, Au/r-CeO2, and Au/o-CeO2 catalysts aer annealing
treatment (Fig. S4†).

We then investigated the CO2RR performance of Au/c-CeO2,
Au/r-CeO2, and Au/o-CeO2 catalysts in a ow cell reactor (Fig. 3
and Table S2†). The cathodes were prepared by depositing Au/
CeO2 nanocatalysts onto a carbon-based gas diffusion layer
(GDL) using spray-coating to get gas diffusion electrodes
(GDEs). Only the products H2, CO, and formate were detected
on Au/CeO2 catalysts in the CO2RR (Fig. 3 and Table S2†).
Fig. 3a–c show FEs of gas products quantied using gas chro-
matography on different Au/CeO2 catalysts as a function of total
current densities using 1 M KOH electrolyte in the CO2RR. The
main carbonaceous product during the CO2RR on Au/CeO2
21718 | J. Mater. Chem. A, 2024, 12, 21716–21722
catalysts is CO. CO FEs on different electrodes follow the
sequence Au/c-CeO2 > Au/r-CeO2 > Au/o-CeO2. The highest CO
FE on Au/c-CeO2 catalysts is 89% at 50 mA cm−2. At an indus-
trially relevant current density of 100 mA cm−2, Au/c-CeO2

catalysts deliver a CO FE of 78% (Fig. 3a). We further normal-
ized the partial CO current density by using Au mass to obtain
mass activity for CO production (jCO,mass) in the CO2RR (Fig. 3d).
The jCO,mass on Au/c-CeO2 is higher than those on Au/r-CeO2 and
Au/o-CeO2, respectively, suggesting that the interface Au/
CeO2{100} promotes the CO selectivity in the CO2RR. At 200 mA
cm−2, the jCO,mass on Au/c-CeO2 reaches 678 mA mgAu

−1 – rep-
resenting a 1.3× improvement compared to the best value re-
ported (Table S1†). The liquid product formate following the
CO2RR was also detected and all the Au/CeO2 catalysts deliver
similar formate FEs of 2–4% quantied by high-performance
liquid chromatography (HPLC) in the current density range of
50–200 mA cm−2 (Table S2†).

As controls, we also prepared gas diffusion electrodes of c-
CeO2, r-CeO2, and o-CeO2 using spray-coating and measured
their CO2RR performance in the range of 50–200 mA cm−2

(Fig. S5 and Table S3†). The c-CeO2, r-CeO2, and o-CeO2 catalysts
deliver CO with a FE below 10% –much lower than that of Au/c-
CeO2, Au/r-CeO2, and Au/o-CeO2 catalysts – and the competing
hydrogen evolution reaction (HER) is dominant with a H2 FE
above 86%, suggesting that the Au–CeO2 interface rather than
CeO2 is the active site for CO2 electroreduction and Au/CeO2

catalysts with different Au–CeO2 interface structures prompt
different CO selectivities in the CO2RR.

To investigate the surface/interface structure of Au/c-CeO2,
Au/r-CeO2, and Au/o-CeO2 catalysts, we performed XPS
measurements. As shown in Fig. 3a–c, the Ce 3d XPS spectra are
deconvoluted into two groups of peaks, demonstrating the
mixture of Ce4+ and Ce3+ in Au/c-CeO2, Au/r-CeO2, and Au/o-
CeO2 catalysts.27 The Ce3+ atomic fractions – determined by
tting Ce 3d peaks – in Au/c-CeO2, Au/r-CeO2, and Au/o-CeO2
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 CO2RR gas product distribution on (a) Au/c-CeO2, (b) Au/r-CeO2, and (c) Au/o-CeO2 GDEs. (d) Mass activity for CO production on
different Au/CeO2 GDEs. Error bars refer to the standard deviation based on the three repeated experiments.
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catalysts are 33%, 29%, and 24%, respectively. Compared to Au/
r-CeO2 and Au/o-CeO2 catalysts, a higher ratio of Ce3+ in Au/c-
CeO2 catalysts indicates higher concentration of oxygen vacancy
defects.16,28

To quantify oxygen vacancy defects of different Au/CeO2

catalysts, we analyzed O 1s XPS spectra of the catalysts. For every
sample, each O 1s XPS spectrum can be decomposed into three
Gaussian components centered at 529.1, 530.9, and 532.5 eV
(Fig. 3d) aer Gaussian tting, corresponding to lattice oxygen
(OL) of CeO2, the oxygen species associated with oxygen vacan-
cies (OV) within the CeO2 matrix, and chemisorbed and disso-
ciated oxygen species or OH (OC), respectively.29 The OL, OV, and
OC components of O 1s spectra are associated with O2− ions in
the CeO2 lattices, oxygen vacancy defects within the CeO2

matrix, and chemisorbed and dissociated oxygen species or OH,
respectively.29 The OV components of different catalysts follow
the sequence Au/c-CeO2 (30%) > Au/r-CeO2 (26%) > Au/o-CeO2

(23%). As controls, we also carried out XPS measurements on
different CeO2 catalysts (Fig. S6†). The analysis of the O 1s XPS
spectra of CeO2 catalysts shows that the density of OV decreases
in the order of c-CeO2 (20%), r-CeO2 (16%), and o-CeO2 (15%),
indicating that the density of OV is associated with facet
This journal is © The Royal Society of Chemistry 2024
exposure of CeO2. The introduction of Au onto CeO2 catalysts
further increases OV densities (Fig. 4 and S6†), arising from the
interaction between Au and CeO2.30–35

To probe the oxygen vacancies further among different
catalysts, we also carried out ultraviolet (UV) Raman spectros-
copy measurement. As shown in Fig. 5, two main peaks are
observed in the Au/CeO2 spectra in the region of 300–800 cm−1.
The strong F2g vibrational peak located at∼458 cm−1 is ascribed
to the symmetric stretching mode of the Ce–O8 crystal unit and
the vibrational peak at ∼594 cm−1 is associated with oxygen
vacancy defects (D mode).36 The oxygen vacancy concentrations
of CeO2 in Au–CeO2 catalysts are estimated through the calcu-
lation of integrating peak area ratios (ID/F2g).37 The ID/IF2g values
of Au/c-CeO2, Au/r-CeO2, and Au/o-CeO2 catalysts are 0.55, 0.32,
and 0.17, respectively, suggesting that the oxygen vacancy
concentrations of the catalysts increase in the order of Au/o-
CeO2, Au/r-CeO2, and Au/c-CeO2, consistent with XPS analysis
results. We also measured UV Raman spectra of o-CeO2, r-CeO2,
and c-CeO2 catalysts as controls (Fig. S7†). We nd that, at
∼594 cm−1, all the CeO2 catalysts do not have obvious peaks
while Au/CeO2 catalysts have peaks, indicating that the increase
in oxygen vacancies on Au/CeO2 catalysts is induced by the
J. Mater. Chem. A, 2024, 12, 21716–21722 | 21719
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Fig. 4 Ce 3d XPS spectra of (a) Au/c-CeO2, (b) Au/r-CeO2, and (c) Au/o-CeO2 catalysts. (d) O 1s XPS spectra of Au/CeO2 catalysts.

Fig. 5 UV Raman spectra of Au/CeO2 catalysts.
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construction of Au/CeO2 interface structures. Thus, we conclude
that the concentrations of OV induced by the interaction
between Au and CeO2 are modulated through the construction
21720 | J. Mater. Chem. A, 2024, 12, 21716–21722
of different Au–CeO2 interface structures. Prior studies showed
that the OV induced by the metal–oxide interaction could
promote CO2 adsorption and activation for the key intermediate
*COOH generation in CO2-to-CO electrolysis.38 Among Au/o-
CeO2, Au/r-CeO2, and Au/c-CeO2 catalysts, Au/c-CeO2 catalysts
with Au/CeO2{100} interfaces show the highest concentration of
OV induced by the Au–CeO2 interaction, thereby facilitating CO2

adsorption and activation, thus promoting CO2

electroreduction.
Conclusions

In summary, we have fabricated three types of Au/CeO2 catalysts
with different interface structures and have investigated the Au/
CeO2 interfacial effect on the CO2RR. Compared to Au/r-CeO2

and Au/o-CeO2 catalysts, the Au/c-CeO2 catalyst with the inter-
face Au/CeO2{111} exhibited the highest CO FE of 89% in the
CO2RR. The enhanced CO selectivity on the Au/c-CeO2 catalyst
is ascribed to the increase in oxygen vacancies – resulting from
the interface structure of Au/CeO2{111} – which facilitates CO2

adsorption and activation in the CO2RR. Specically, at an
industrially relevant current density of 200 mA cm−2, we achieve
This journal is © The Royal Society of Chemistry 2024
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a mass activity of 678 mA mgAu
−1 for CO production. This work

paves a way to improve the selectivity and activity in the CO2RR
by design and control of metal–oxide interface structures.
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