
Nanoscale
Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 4

/1
0/

20
26

 1
0:

17
:3

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Robust 2 nm-size
aCollege of Science, Inner Mongolia Agricul

E-mail: qqshi@imau.edu.cn
bState Key Laboratory of Catalysis, Dalian

Academy of Sciences, Dalian 116023

samibarkaoui501@gmail.com
cKey Laboratory of Biofuels and Biochemica

Institute of Petroleum and Petrochemicals C
dUniversity of Chinese Academy of Sciences,
eInner Mongolia Key Laboratory of Soil

Laboratory of Agricultural Ecological S

Universities of Inner Mongolia Autonomous,

† Electronic supplementary informa
https://doi.org/10.1039/d3na00561e

Cite this: Nanoscale Adv., 2023, 5,
5385

Received 26th July 2023
Accepted 5th September 2023

DOI: 10.1039/d3na00561e

rsc.li/nanoscale-advances

© 2023 The Author(s). Published by
d gold nanoclusters on Co3O4 for
CO oxidation†

Quanquan Shi,*ae Zhiwen Li,bd Changhai Cao,c Gao Li *bd and Sami Barkaoui*b

In this study, gold nanoparticles were dispersed on Co3O4 nanoplates, forming a specific Au–Co3O4

interface. Upon calcination at 300 °C in air, aberration-corrected STEM images evidenced that the gold

nanoclusters (NCs) on Co3O4{111} were maintained at ca. 2.2 nm, which is similar to the size of the

parent Au colloidal particles, demonstrating the stronger metal-support interaction (SMSI) on Co3O4{111}.

Au/Co3O4{111} showed good catalytic activity (a full CO conversion achieved at 80 °C) and durability

(over 10 hours) in CO oxidation, which was mainly due to the promotion by the surface oxygen

vacancies and intrinsic defects of Co3O4{111} for activating O2 and by Au0, Aud+, and Au+ species on the

surface of gold NCs for CO activation, as evidenced by Raman and Fourier-transform infrared (FT-IR)

spectroscopy analysis. Au/Co3O4 catalyzed CO oxidation obeyed the Langmuir–Hinshelwood

mechanism at low temperatures.
Introduction

Carbon monoxide (CO), emitted from mobile and stationary
combustion sources, is one of the major air pollutants, and its
presence even in traceable amounts may cause serious envi-
ronmental and health problems. Therefore, the elimination
of CO, via oxidation by air, acts as one of the important
technologies for air cleanup. Gold nanoparticles (NPs) at the
size range of 2–5 nm, supported on reducible oxides, have
been demonstrated to be extremely active for CO oxidation
even at room temperature.1,2 However, the chemical nature of
gold particle sizes and the identication of active sites is still
being debated. There are several parameters, including the
chemical state of Au, the size of the Au-NPs, and the gold–
support interface, that can intensely affect the activity of CO
oxidation on gold catalysts.3–7 To date, the interfacial perim-
eter of the Au NPs and oxide supports is popularly proposed
as the active site for CO oxidation, where the reaction occurs
via a redox mechanism. For example, on Au/TiO2 (ref. 4 and 5)
and Au/Fe2O3,7 CO is proposed to be chemically adsorbed on
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gold NPs and the O2 gas is activated on the oxygen vacancy at
the interface. Therefore, identication of the atomic structure
of the active gold-oxide is of critical importance for the design
of highly active gold catalysts. The geometrical structure of
the gold-supported interface at the atomic scale is less
studied.

Reducible oxides, such as Fe2O3, TiO2, CeO2, and Co3O4,
oen exhibit exceptionally high activity for CO oxidation,
when they are used to support gold nanoparticles.8–14 This is
primarily because these oxides could create oxygen vacancies
on their surfaces close to the Au particles, forming strong
metal-support interactions (SMSI). In this context, Au/Co3O4

catalyst has attracted particular attention because of their
exceptionally high activities for low-temperature CO oxida-
tion.15 The key function of cobalt oxide is to disperse and
stabilize gold NPs through its surface oxygen vacancies that
strongly depend on the size and shape of cobalt oxide crys-
tallites. The dispersion of gold NPs on high surface area
support is expected to promote catalytic activity and stability,
as it not only increases the gold loading but also improves its
dispersion, which would be benecial to avoid the sintering
of Au NPs.16,17

Herein, we prepared a nanoplate-shaped Co3O4 oxide with
the preferential exposure of Co3O4{111} as the support to
disperse gold nanoclusters (NCs) with a uniform size of
∼2 nm. The atomic arrangements of Au{111} were obtained by
aberration-corrected STEM technology, which formed
a strong metal-support interaction. The resulting Au/Co3O4

catalysts, exhibiting surface oxygen vacancies and intrinsic
defects of Co3O4{111} and the Au0, Aud+, and Au+ species on
the surface of gold NCs, showed signicant activities in the
CO oxidation at low reaction temperatures. The catalyzed CO
Nanoscale Adv., 2023, 5, 5385–5389 | 5385
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oxidation over Au/Co3O4 obeyed the Langmuir–Hinshelwood
mechanism at low temperatures.
Experimental
Synthesis of Co3O4 oxides

Co3O4 was synthesized following typical procedures reported in
the literature.18,19 CoCl2$6H2O was dissolved in deionized water,
and triethylamine was added. Aer 10 min stirring, the solution
was transferred and reacted at 180 °C for 20 h in an autoclave. The
precipitates were ltered and washed with deionized water, fol-
lowed by calcination at 350 °C for 3 h, which was then used to
support the gold particles.
Preparation of Au/Co3O4 catalysts

Au/Co3O4 catalysts were prepared by an immobilizationmethod of
Co3O4 oxides with Au:PVP (polyvinyl alcohol) colloids of ∼2 nm,
which were prepared by a typical procedure.7 Typically, Co3O4

oxides were added into the aqueous solution containing the fresh
Au:PVP colloids, which were stirred at room temperature for 3 h.
The solid was collected by ltration and washed with distilled
water. The solid sample was dried at 80 °C and calcined at 300 °C
for 2 h in air to remove all the PVP ligands. Furthermore, the
analysis of inductively coupled plasma mass spectroscopy (ICP-
MS) showed that the actual loading of Au was 0.65 wt% in the
prepared Au/Co3O4.
Fig. 1 Powder XRD of the Au/Co3O4 sample.
Characterization

X-ray powder diffraction patterns were recorded on a Rigaku D/
MAX-2500PC with Cu Ka radiation (l 1.5418 Å) at 40 kV and 200
mA. Transmission electron microscopy (TEM) images were
recorded on a Hitachi 7700 microscope operated at 120 kV.
Aberration-corrected scanning transmission electron microscopy
(AC-STEM) images were obtained on a JEM-ARM200F at 200 kV.
The specimen was prepared by ultrasonically dispersing the
sample powder into ethanol, and drops of the suspension were
deposited on a carbon-coated copper grid and dried at room
temperature. Raman spectra were collected using a Renishaw
inVia Raman microscope with a laser wavelength of 785 nm and
a laser power of 3 mW and were taken under the same conditions
aer 60 seconds of exposure. TPO analysis was performed with an
AutoChem II 2920 instrument (Micromeritics) and analyzed with
a thermal conductor detector (TCD). Before analysis, 50 mg of the
samples were pre-treated at 200 °C for 1 h in He gas to clean the
surface of the samples. Aer cooling to room temperature, 5% of
O2/He (30 mLmin−1) was used as a feed gas to perform TPO from
RT to 600 °C. The infrared Fourier transform spectra were recor-
ded using a Vertex 70v spectrometer (Bruker). Spectra were
recorded at 4 cm−1 spectral resolution and 60 kHz scanning
velocity. Au/Co3O4 samples were pretreated at 300 °C in an Ar
atmosphere for one hour. Aer the system was cooled to room
temperature, the ow was switched to a feed gas of 1% CO/Ar, and
the infrared spectra were in situ recorded. Visible Raman spectra
were collected on a Jobin-Yvon U1000 scanning double mono-
chromator with a 532 nm single-frequency laser.
5386 | Nanoscale Adv., 2023, 5, 5385–5389
Catalytic test

CO oxidation was performed in a ow reactor. Preliminary
reactions were carried out with ∼0.200 g Au/Co3O4 or pristine
Co3O4 catalysts were taken in the form of 40–60 mesh particles.
Before the reactions, the samples were activated at 300 °C for
1 h in the presence of 20% O2/N2 gas. When the reactor was
cooled to room temperature, a feed gas (1% CO/20% O2/N2) was
passed over the catalysts at a ow rate of 30 mL min−1. The
amounts of CO, CO2, and O2 in the inlet and outlet streams were
analyzed using an online gas chromatograph. The CO conver-
sion (XCO, %) was calculated on the basis of CO consumption
and CO2 formation by eqn (1):

XCO = (C0 − C1)/C0 × 100% (1)

where, C0 and C1 represent the CO concentrations at the inlet
and outlet of the reactor, respectively.
Results and discussion
Characterization of Au/Co3O4

The XRD pattern of the as-prepared Au/Co3O4 catalyst is shown
in Fig. 1. The diffraction peaks of Co3O4 were observed at 19.0°,
31.3°, 36.8°, 44.8°, 55.7°, 59.4°, and 65.2°, which can be
assigned to the (111), (220), (311), (222), (400), (422), (511), and
(440) planes of the Co3O4 phase (JPDS No. 00-042-1467),
respectively, with a space group of Fd3m.20 The high peak
intensities conrmed the high crystallization of the Co3O4

support. Another XRD peak at ∼38.5° corresponds to the
Au(111) phase, clearly suggesting the existence of gold NCs in
the Au/Co3O4 sample.21

Furthermore, the morphology of gold NCs and Co3O4 oxides
and the size of Au particles were characterized by TEMmethods.
TEM images showed that the Co3O4 oxide had a hexagonal
shape, with an average edge length of∼160 nm and thickness of
∼25 nm. As shown in the AC-STEM image, Au NCs of the Au/
Co3O4 showed a particle size of 2.2 ± 0.6 nm (Fig. 2a). Au
particles were uniformly loaded onto the surface of the
Co3O4{111} plane, based on the lattice fringes with an inter-
planar spacing of 0.46 nm, which can be attributed to the
Co3O4{111} of Co3O4 (Fig. 2b).18,22

To study the chemical state of the surface gold atoms on the
gold nanoparticles, Fourier-transform infrared (FT-IR)
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) AC-STEM images of Au/Co3O4 sample. (b) The Au particle
on Co3O4{111}. Statistics in (a) were performed by counting 202
particles.

Fig. 3 (a) CO-FTIR of Au/Co3O4 catalysts. The adsorption bands at
2105 cm−1, 2120 cm−1, and 2142 cm−1 are assigned to the Au0–CO,
Aud+–CO (0 < d < 1), and Au+-CO species, respectively. (b) Raman
spectra of the bare Co3O4 oxides and the as-prepared Au/Co3O4

catalysts.
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spectroscopy for the CO adsorption on the Au/Co3O4 catalyst
was employed at room temperature. As shown in Fig. 3a, the CO
adsorption on Au/Co3O4 results in the appearance of three
bands in the carbonyl stretching region, with their maxima
Fig. 4 (a) Catalytic activity of Co3O4 oxides and Au/Co3O4 for CO oxida
was composed of 1% CO/20% O2/N2 (vol.) with a flow rate of 30 mL min−

for CO oxidation reaction over Au/Co3O4 catalysts. (c) Durability tests of A
and 60 °C (40 mg of catalyst). Tests conditions: 1% CO/20% O2/N2 with
range of 25% to 45%.

© 2023 The Author(s). Published by the Royal Society of Chemistry
located at 2106 cm−1, 2120 cm−1, and 2142 cm−1. The adsorp-
tion band at 2106 cm−1 is assigned to CO absorbed linearly on
metallic gold particles (Au0–CO).23,24 It can be predicted that this
band characterizes weakly adsorbed species because it easily
disappeared even aer a short time of 2 min. The band observed
at 2120 cm−1 can be attributed to Aud+–CO (0 < d < 1). The
2142 cm−1 band frequency region can be assigned to CO
adsorbed on gold exposed at the surface of the particles where
gold sites are to some extent, made electropositive by the
adsorbed oxygen (Au+–CO).23 Thus, Aud+ and Au+ species coexist
on the surface of the gold particles, which facilitates the
nanogold-catalyzed CO oxidation for the adsorption and acti-
vation of CO molecules.

Furthermore, Raman analysis was carried out to clearly
identify the surface oxygen vacancies of the bare Co3O4 oxides
and Au/Co3O4 catalyst. As presented in Fig. 3b, the bare Co3O4

and Au/Co3O4 displayed similar Raman features: four vibration
peaks (i.e., A1g + Eg + 2 F2g) in the range of 400–800 cm−1. The
Raman peaks at 484 cm−1, 523 cm−1, and 622 cm−1 are assigned
to the Eg, F2g

(2), and F(1)2g symmetry, respectively. Another peak at
691 cm−1 with A1g symmetry is attributed to the characteristics
of the octahedral CoO6 sites, corresponding to the unique
characteristics of the spinel-type cubic Co3O4 phase, in good
agreement with the reported literature25,26 Furthermore, the
ratio of the surface oxygen vacancies to surface lattice oxygen
was calculated to be 0.46 on the Co3O4 support and 0.52 ion Au/
Co3O4, based on the full width at half-maximum of A1g peaks.25

Thus, Au/Co3O4 exhibits obviously high defective structures,
induced by the anchored Au nanoclusters, which can promote
the oxidation, as the defective structures can largely promote
the adsorption and activation of oxygen species during the
catalytic CO oxidation.27
Catalytic performance

Furthermore, Au/Co3O4 catalysts were evaluated in the CO
oxidation reactions. As shown in Fig. 4a, the bare Co3O4 oxide
tion as the function of temperature. Reaction conditions: the gas flow
1, and 50 mg catalysts were used. (b) Arrhenius plots of the rate vs.(1/T)
u/Co3O4 catalysts in the CO oxidation at 25 °C (using 50mg of catalyst)
a flow rate of 30 mL min−1. The CO conversion were measured in the

Nanoscale Adv., 2023, 5, 5385–5389 | 5387

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3na00561e


Fig. 5 (a) TEM image and (b) TPO analysis of the spent Au/Co3O4 after
CO oxidation. The statistical analysis was performed by counting over
100 gold particles.
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was inactive at low reaction temperatures of 20–60 °C and
showed a 31% CO conversion at 80 °C and a full conversion at
120 °C. While, the Au/Co3O4 catalyst gave a promising CO
conversion (35%) at a low temperature of 20 °C, and the full CO
conversion was achieved at 80 °C, Fig. 4a, green line. Therefore,
the introduction of Au NCs largely promoted the catalytic
activity in CO oxidation. The activation energy for CO oxidation
was calculated to be 15.49 kJ mol−1 for Au/Co3O4, in good
agreement with that reported in the early literature.28 Therefore,
we deduce that the Au/Co3O4-catalyzed CO oxidation should
obey the Langmuir–Hinshelwood mechanism at low tempera-
tures (20–60 °C), as the oxygen molecules and CO should be
adsorbed and activated over the surface oxygen vacancies and
gold particles, respectively, rather than on the surface lattice
oxygen sites.29,30

Furthermore, the durability of the Au/Co3O4 catalysts was
investigated at 25 and 60 °C. As depicted in Fig. 4c, the activity
of the Au/Co3O4 catalysts was dropped from 2.92 to 1.87 mol-

reacted CO gAu
−1 s−1 during the 12 h reaction in the CO oxidation

(red line). While, Au/Co3O4 gave a stable activity performance of
5.26–5.39 molreacted CO gAu

−1 s−1 during the test (9 h, black line),
which is higher than the reported value over the oxide-
supported gold NCs catalysts, as shown in Table S1.†8–12 Over-
all, the results indicated that Au/Co3O4 catalysts exhibited
excellent durability for CO oxidation. No apparent sintering of
Au NCs was observed in TEM analysis of the spent Au/Co3O4

catalysts (Fig. 5a), demonstrating that the slight activity loss was
not caused by the aggregation of gold particles. The CO2 species
were clearly observed in the TPO tests of the spent Au/Co3O4

catalysts, compared with the pristine one, as shown in Fig. 5b.
Hence, the slight deactivation at low reaction temperature (e.g.,
25 °C) should be associated with the formation and accumu-
lation of carbonate-like and H2O/OH

− species at the support
interface, resulting in the blockage of active sites during the CO
oxidation reaction.31–34
Conclusions

In summary, gold nanoclusters of ca. 2.2 nm immobilized on
the nanoplate-shaped Co3O4 oxides were synthesized by
a simple impregnation of gold colloids and oxides. STEM
analysis identied that the Au particles of Au{111} and Au{100}
5388 | Nanoscale Adv., 2023, 5, 5385–5389
exposures interacted with Co3O4{111}. Au/Co3O4{111} exhibited
good catalytic activity and durability in the CO oxidation, which
may be due to the strong metal-support interaction. FT-IR and
Raman spectroscopy analyses conrmed that the surface
oxygen vacancies and intrinsic defects on Co3O4{111} and Aud+

and Au+ species on the surface of gold NCs are responsible for
the high catalytic behavior in the CO oxidation.
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