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a one-step hydrothermal method and their
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Cu—Ce/graphene catalysts show high dispersion of metal particles and excellent activity and stability for
catalytic oxidation. In this study, a hydrothermal method was used to synthesize a series of bimetallic
Cu-Ce/graphene catalysts, and the effects of the proportions of Cu and Ce on CO oxidation were
investigated in detail. Indispensable characterizations such as XPS, XRD, TEM, BET, and H,-TPR were
conducted to explore the effect of the Cu/Ce molar ratio and the metal valence on the activity and
determine the structure—performance relationship. The results showed that bimetallic supported
catalysts, such as 3Cu5Ce/graphene, 1CulCe/graphene, and 5Cu3Ce/graphene, possessed significant
catalytic activity. Especially, the 5Cu3Ce/graphene catalyst showed highest catalytic activity for CO
oxidation, the Tigo value was 132 °C, and the apparent activation energy was 68.03 kJ mol™.

Furthermore, the stability of the 5Cu3Ce/graphene catalyst was outstanding, which could be maintained
Received 23rd October 2017

Accepted 13th Decernber 2017 for at least 12 h. Moreover, the CeO, particles were well crystalline with the size 5-9 nm in these

catalysts, and the CuO nanoparticles were well dispersed on CeO, and graphene. Notably, the ratio of

DOI: 10.1039/c7ral1676d Cu/Ce in the catalyst was higher, the interaction between the Ce species and the graphene was
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1. Introduction

With the rapid development of economy and the increase in
human activities, environmental pollution is becoming a highly
serious problem, and CO is one of the main pollutants. Noble
metal catalysts, such as Au, Pt, and Pd catalysts, have excellent
catalytic oxidation activity and selectivity for CO oxidation, but
they have short service life and high cost and are easily poisoned
by sulfide." As an alternative noble metal-free catalyst, CuO-
CeO, shows excellent catalytic performance for CO oxidation
since CeO, has the ability to store and release oxygen by redox
shift between Ce*" and Ce®*.2

Jia et al.® synthesized highly ordered mesoporous Cu-Ce-O
catalysts using ordered mesoporous silica KIT-6 as a hard
template. When the Cu concentrations were higher than
20 mol%, total CO conversion could be achieved at 160 °C, and
they found that direct loading of CuO on the surface of meso-
porous CeO, resulted in large CuO crystals and correspondingly
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stronger, and the Cu species were more easily reduced; this was beneficial for the oxidation of CO.

low activity. Wang et al.* synthesized nanosized Cu-CeO,
composites using a hydrothermal method. It was discovered
that the Cu content played a key role in promoting the activity of
the Cu/CeO, catalyst because Cu accelerated the modulation
between the cycle transition of Ce**/Ce®", oxygen vacancy, and
surface area. The nanosized Cu-CeO, catalyst showed high
catalytic activity for selective oxidation of CO at relatively low
temperatures. Wang et al.® prepared CuO/CeO, catalysts via an
improved wetness impregnation method. They changed the
content of Cu and found that the catalyst with 10.0 wt% CuO
loading had high activity and stability for CO-PROX that was
related to the strong interaction of fine-dispersed CuO species
with the CeO, support. Although the Cu-Ce oxide catalysts
showed good initial activity, stability was still lacking.

To improve the stability of a catalyst, the active component is
usually dispersed and anchored on the support. The support
plays an important role in promoting the dispersion of the
metal via enhancing the interaction between Cu-Ce. Dong et al.®
prepared CuO-CeO,/SBA-15 catalysts by a solid-state impreg-
nation method, which had well dispersed and reduced ceria
particle size. Moreover, solid-state impregnation could increase
interfacial CuO-CeO, entities and strengthen the interaction
between CuO and CeO,. Araya et al.” investigated the effect of
the support on the activity of CuO-CeO, catalysts in CO oxida-
tion. They found that the support had a strong influence on the
activity of catalysts, which had noticeable synergistic effects and
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could strengthen the interaction between the highly dispersed
Cu and 3D particles of CeO,.

Notably, graphene has a large specific surface area, which
can increase the metal dispersion, and the large pore structure
can also provide a transport channel for the reactants and
products;*? this characteristic makes it an ideal support for
catalytic reaction. Hou et al.*® prepared sandwich-like N-doped
graphene/Co;0, catalysts via a one-pot hydrothermal method
for selective oxidation of olefins and alcohols. This catalyst
exhibited superior activity and stability for the epoxidation of
styrene and high compatibility with various olefins and alcohols
with good conversion and high selectivity. Liu et al.** used the
conventional impregnation and hydrogen reduction method to
prepare Pd/graphene for CO oxidation. The nanoparticles were
highly dispersed on the graphene support, and the catalyst
showed superior catalytic activity and stability for CO oxidation.

To date, graphene is used as a promising catalytic support to
obtain ideal CO catalytic oxidation results due to its large
surface area, pore structure, and excellent electric conductivity.
However, the distribution, interaction of metal oxides on gra-
phene, and their catalytic performance is still unknown. In this
study, a facile one-step hydrothermal method was used to
synthesize a series of Cu-Ce/graphene catalysts. Furthermore,
the effect of the Cu/Ce molar ratio was investigated in detail,
and a series of characterizations (such as XRD, TEM, FTIR and
Raman spectroscopy, XPS, and H,-TPR) was conducted to
explore the structure-performance relationship.

2. Experimental details
2.1 Synthesis of Cu-Ce/graphene

GO was prepared using a modified Hummers method.*> The
typical route of Cu-Ce/graphene synthesis when the mass ratio
of metal is 10% is as follows: 0.06 g Cu(NOj3),-3H,0 and 0.06 g
Ce(NO;);-6H,0 were added to 200 ml of 2 mg ml~* GO aqueous
dispersion and then completely mixed until a homogenous
solution was obtained. The 0.5 M Na,CO; aqueous solution was
added dropwise to the mixture until the pH = 9. The mixture
was stirred at room temperature for 1 hour. It was then carefully
transferred into a 300 ml Teflon-lined stainless steel autoclave.
The mixture was heated to 180 °C and maintained at this
temperature for 24 h. Subsequently, the autoclave was cooled
down to room temperature. The obtained sample was washed
with deionized water several times and dried at 60 °C in air.
Finally, the sample was calcined at 400 °C for 5 hours under a N,
atmosphere. This product was labeled as 5Cu3Ce/graphene. For
comparison, the molar ratios of Cu and Ce were changed to
1:0,1:1, 3:5, and 0:1, and the products were labeled as
Cu/graphene, 4Cu4Ce/graphene, 3Cu5Ce/graphene, and
Ce/graphene, respectively.

2.2 Characterization tests

XRD analysis was performed to verify the crystallographic phase
present in the Cu-Ce/graphene catalysts. The XRD patterns of
the samples were obtained using a Rigaku D/MAX-RB X-ray
diffractometer with a target Cu Ko operated at 60 kv and 55
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mA at a scanning speed of 0.5° min . The 26 value of the wide-
angle ranged from 10° to 80°.

TEM experiments were conducted using a JEOL JEM-2010
transmission electron microscope equipped with an Oxford
energy-dispersive X-ray (EDX) spectrometer attachment oper-
ating at 200 kv.

A Fourier transform infrared spectroscope (FTIR, Nexus
870FT-IR) was used for obtaining the FTIR spectra of the sample
in the range from 400 to 4000 cm™ .

Raman scattering was performed using an RM 2000 micro-
scope confocal Raman spectrometer (Renishaw PLC) with
532 nm laser.

The chemical states of the atoms on the catalyst surface were
investigated by X-ray photoelectron spectroscopy (XPS) using
a VG ESCALAB 210 Electron Spectrometer (Mg Ko radiation;
hm = 1253.6 eV). XPS data were calibrated using the binding
energy of C 1s (284.6 eV) as the standard.

Temperature programmed reduction by H, (H,-TPR) was per-
formed using an online GC-78901I gas chromatograph equipped
with a thermal conductivity detector (TCD). The reducing gas was
5 vol% H, balanced by nitrogen, and a flow rate of 40 ml min "
was used. The quartz tube reactor was loaded with an 80 mg
sample in powder form. The test was carried out from room

temperature to 800 °C at a heating rate of 10 °C min™".

2.3 Measurements of catalytic performance

Catalytic activity tests were performed using a continuous-flow
fixed-bed microreactor. A glass tube with an inner diameter of
6 mm was chosen as the reactor tube. About 150 mg catalyst
with an average diameter of 20-40 mesh was placed in the tube.
The reaction gas mixture consisting of 1 vol% CO balanced with
air was passed through the catalyst bed at a total flow rate of 25
ml min~". The typical weight hourly space velocity (WHSV) was
10 000 ml g~ h™". The composition of the influent and effluent
gasses was detected using an online GC-7890II gas chromato-
graph equipped with a TCD. In this study, this change of moles
was neglected. Therefore, the CO conversion was calculated
based on the outlet CO:

[COJ;, — [COLoy

Xco = = L % 100% 1
©= o, W
the [CO]J;, and [CO],y¢ are the CO concentrations (vol%) in the
gas mixture before and after CO oxidation reaction,

respectively.

The oxidation rate of CO was calculated by
N X
p— €O~ 2CO X dco [mol g™ h_l} (2)
WC?\I

N¢o is the CO molar flow rate, X is the conversion rate of CO
based on CO, formation, and W,, is the mass of the catalyst in
the reactor bed. When the CO conversion was <15%, the influ-
ence of the produced CO, and H,O on the reaction rate could be
ignored, and the composition of the reactant gas remained
essentially unchanged; therefore, In A, xIn Pco, and yln Po,
could be approximately considered as constants. The empirical
equation of the activation energy is as follows:

This journal is © The Royal Society of Chemistry 2018
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Inr=InA4+ xIn Pco +yln Py, — EJ/RT (4)
Inr=—E/RT+ C (5)

A is the pre-exponential factor, R is the ideal gas constant, T is
the reaction temperature, Pco is the partial pressure of CO, Pg,
is the partial pressure of O,, and C is a constant, which is equal
toInA + xIn Poo +y In Py, under the CO conversion of <15%.

3. Results and discussion

3.1 Physicochemical properties of Cu-Ce/graphene catalysts

3.1.1 X-ray diffraction studies. The XRD patterns of the Cu-
Ce/graphene catalysts with different molar ratios are presented
in Fig. 1. It can be seen that all the catalysts exhibit seven
reflections at the 26 values of 28.53°, 33.16°, 47.53°, 56.58°,
69.58°, 76.75°, and 79.32°, which correspond to the (111), (200),
(220), (311), (400), (331), and (420) planes ascribed to the face-
centered cubic (FCC) fluorite structure of CeO, (JCPDS 34-
0394). The crystalline mean particle sizes of CeO, have been
determined by the X-ray broadening technique employing the
Scherrer equation as follows:*?

0.92
FWHM cos 6

where 1 is the X-ray wavelength (15.406 nm), FWHM (in Rad) is
the full width at half maximum of the characteristic peak (111) of
CeO,, and the § is the diffraction angle for the (111) plane. The
average calculated crystalline sizes of CeO, were 5.7 nm, 7.2 nm,
and 8.9 nm for 3Cu5Ce/graphene, 4Cu4Ce/graphene, and
5Cu3Ce/graphene, respectively. There were two planes of (111)
43.37° and (200) 50.54° attributed to Cu (JCPDS 65-9026), whereas

dXRD =

Intensity(a.u.)

T T T T T T T T T T T

10 20 30 40 50 60 70 80
20(degree)

Fig. 1 XRD patterns of the 3Cu5Ce/graphene (1), 4Cu4Ce/graphene
(2), and 5Cu3Ce/graphene (3) catalysts.
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no diffraction peaks belonging to the CuO species were observed;
this was because a part of carbon atoms on the surface of gra-
phene as a reductant made CuO transform to Cu in the calci-
nation process.'* Moreover, the redox course: Ce** + Cu*>" « Ce*"
+ Cu*/Cu® could generate the reduced state of Cu particles.

3.1.2 Morphological characterizations. Fig. S11 exhibits the
SEM, TEM, and HRTEM images of Cu-Ce/graphene catalysts. As
can be seen from Fig. S1(a—c),} the Cu-Ce/graphene catalysts
show excellent fine structures, and the Ce and Cu species are
highly dispersed on graphene. It could be clearly observed from
Fig. S1(d-g)t that the interplanar spacing d was about 0.32 and
0.27 nm, which was attributed to the (111) and (200) crystal
facets of CeO,, respectively. There was no large accumulation of
Cu species particles, as shown in the HRTEM image; this
further indicated that Cu species were highly dispersed on the
surface of graphene or CeO,. The STEM-EDS mapping analysis
of the 5Cu3Ce/graphene catalyst further indicated the well-
defined spatial distribution of the elements C, O, Ce, and Cu
in the catalyst, and the result was consistent with the XRD
results.

3.1.3 FTIR spectroscopy. The FTIR spectra of Cu-Ce/
graphene catalysts are shown in Fig. 2a. Obviously, the
absorption peaks at about 3434, 2957, 1730, 1579, 1281, and
1074 cm ™" were attributed to the stretching vibrations of O-H,
C-H, C=0, C=C, C-OH, and C-O, respectively.">'® During the
calcination process, CuO was reduced by the thermal decom-
position of graphene, such that part of CuO was converted into
metal Cu, and the oxygen released during the CuO reduction
process oxidized graphene. Therefore, the higher ratio of Cu/Ce
in the catalysts led to a higher content of oxygen-containing
functional groups in graphene. This result was consistent
with the conclusions of the XRD analysis. Additionally, the
abundant oxygen-containing groups were beneficial for
bonding with metal particles and promoting the catalytic
oxidation reaction.

3.1.4 Raman spectroscopy. Raman spectroscopy was used
to provide the evidence of oxygen vacancy and defects due to the
change in the vibrational structure of the CeO, lattice.”” As
shown in Fig. 2b, all catalysts exhibited a strong F,, Raman
vibration mode of the CeO, fluorite phase at 479 cm ™' with the
weak bands at about 595 cm™ ', corresponding to the non-
degenerate LO mode of ceria due to the relaxation of
symmetry rules, which was often linked to oxygen vacancy in the
ceria lattice.’®'® The Asqo/As60 value could reflect the relative
concentration of oxygen vacancy.” It could be seen that the
strength of the 4,6, band decreased gradually with an increase
in the Ce species content. However, the strength of the Asq
band was almost unchanged; therefore, the value of the Asqy/
Ayeo increased with a decrease in the Ce species content in the
catalysts; this illustrated that the oxygen vacancy in the catalysts
increased gradually.

3.1.5 BET analysis. The N, adsorption/desorption
isotherms and pore size distribution of graphite oxide and
Cu-Ce/graphene catalysts are shown in Fig. 3. It could be seen
from Fig. 4, that graphite oxide did not show the isotherms and
the pore structure. The Cu-Ce/graphene catalysts presented
type IV isotherms with an H,-type hysteresis loop, which was the

RSC Adv., 2018, 8, 1583-1592 | 1585
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Fig. 2 FTIR spectra (a) and Raman spectra (b): 3Cu5Ce/graphene (1), 4Cu4Ce/graphene (2), and 5Cu3Ce/graphene (3).

—m— Graphite Oxide
—eo— 5Cu3Ce/graphene v__'__','.v__v _""yi
—A—4CudCe/graphene
—_ —v— 3Cu5Ce/graphene / v/
=5 / /A._A—A-—A-A—A-A—A—"‘A‘
é« ¢ / a A /A,M
T ;5/ A aA
£ {' A — —4.‘.......}
= o ,A//AA/A o—0—0—0—0 °es
'g vvv /‘//AA o e o®®
s o s o
L) AN o0
g | e e
= & e~ e e
S
o
.'. i
.- -IIII-““H—I—I—H—I—H—II-III-III

0.0 0.2 04 0.6 (L8 1 .0

Relative Pressure(P/P%)

—a— Graphite Oxide

—a— 5Cu3Ce/graphene
—a—4Cu4Ce/graphene
—ao— 3Cu5Ce/graphene

dV/dD(a.u.)

T T T T
20 40 60 80 100

Pore diameter(d)

120

Fig. 3 N, adsorption and desorption isotherms and BJH measure-
ments of graphite oxide and Cu—Ce/graphene catalyst.
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typical feature of mesoporous materials, and the pore size
distribution was centered at 3.2 nm. Table 1 shows the result of
the BET analysis. Apparently, the 3Cu5Ce/graphene catalyst
possesses largest specific surface area and large pore volume
and would increase the number of reaction active sites and
enhance the catalytic activity. With an increase in the Cu/Ce
ratio, the specific surface area and pore volume decreased
gradually. This indicated that the increase in the Cu/Ce ratio
caused the blocking of pores in graphene, and a higher Cu/Ce
ratio meant higher redox degree during the calcination
process that further decreased the specific surface area and pore
volume to a greater extent.

3.1.6 XPS analysis. X-photoelectron spectroscopy analysis
was used to examine the surface composition and the chemical
state of the elements present in the Cu-Ce/graphene catalysts.
The O 1s spectra of the Cu-Ce/graphene catalysts are shown in
Fig. 4. It could be seen that three O 1s peaks appeared in the Cu-
Ce/graphene catalysts. The peak at about 529 eV was attributed
to the characteristic lattice oxygen of metal oxides, which was
named as O,. The main peaks at about 531 eV named as Og
corresponded to the surface adsorbed oxygen such as O~ or
OH ", whereas the peaks at about 533 eV were associated with
adsorbed molecular water and named O,.** Table 1 shows the
binding energy of O 1s, and the relative percentages of the
adsorbed activity O species have been quantified based on the
area of their XPS peaks. With an increase in the Cu/Ce molar
ratio in these catalysts, the content of the surface adsorbed
oxygen in the catalyst increased gradually, which was consid-
ered as the active sites to promote the conversion of CO. The
more the number of surface adsorbed oxygen, the better the
activity of the catalytic oxidation reaction.

The spectra of Cu 2p are shown in Fig. 4. All Cu-Ce/graphene
catalysts presented the peaks of Cu 2p;/, at about 932 eV, Cu
2p1/, at about 953.06 €V, and the satellite peak at 940-945 eV.
Each Cu 2p peak could be deconvoluted into two pairs of
doublets: the doublet peaks at about 932 eV and 951 eV were
assigned to metallic Cu® or Cu”, and another doublet peaks at

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 O 1s Ce 3d and Cu 2p XPS spectra of 3Cu5Ce/graphene (1), 4Cu4Ce/graphene (2), 5Cu3Ce/graphene (3), Ce/graphene (4), and Cu/

graphene (5) catalysts.

Table 1 BET result of graphite oxide and Cu-Ce/graphene catalyst

Catalysts Sper (m> g™ 1) Vp (em® g ™) D, (nm)
Graphite oxide 3.59 0.025 38.7
5Cu3Ce/graphene 206.50 0.187 3.5
4Cu4Ce/graphene 298.91 0.221 3.2
3Cu5Ce/graphene 367.00 0.262 3.2

about 934 eV and 953 eV corresponded to Cu”*. According to the
literature,* the absence of peaks at about 932 eV was charac-
teristic of the reduced copper species, which included Cu® and
Cu’. Khan et al.®® attributed the peak at about 932 eV to the
presence of Cu’. However, Chen et al.** reported that Cu’ was
only the intermediate transition state, which was beneficial for
promoting the conversion of Cu®>" to Cu® at high temperatures.
The copper species of these catalysts was consistent with the
results of XRD. Therefore, it was concluded that the Cu® and Cu*

Table 2 XPS results analysis of the Cu—Ce/graphene catalysts

species were present in this series of catalysts. Further, the
content of Cu®* in the catalysts was calculated, as shown in the
Table 2. The results verified that the Cu®**/(Cu° + Cu* + Cu®")
values were in the order 3Cu5Ce/graphene < 4Cu4Ce/graphene
< 5Cu3Ce/graphene.

The Ce 3d spectra are shown in Fig. 4, and two groups of
spin-orbital multiplets corresponding to Ce 3d;,, and Ce 3ds),
have been denoted as u and v, respectively. The bands labeled as
u, u”, and u” and v, v/, and v"" were related to Ce*', whereas the
other two bands labeled as u’ and v’ corresponded to Ce**. This
indicated that cerium on the surface of graphene was present in
two different oxidation states: Ce*" and Ce**. The presence of
Ce*" was due to the oxidation of Ce®" during the calcination
process, and a part of Ce** was originated from the redox: Ce*" +
Cu”" © Ce'™ + Cu'/Cu’. As observed from Table 2 and the XPS
of Cu/graphene and Ce/graphene catalysts, the contents of Cu**
and Ce*" in single metal catalysts are much more than those on
the bimetallic catalyst. This means that a part of Ce*" and Cu>*

Samples Ce/graphene 3Cu5Ce/graphene 4Cu4Ce/graphene 5Cu3Ce/graphene Cu/graphene Used 5Cu3Ce/graphene
cu* (%) — 38.24 41.44 45.41 76.37 42.10
ce® (%) 21.25 11.85 15.02 16.87 — 25.48

This journal is © The Royal Society of Chemistry 2018
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was reduced by graphene. This further proved that the redox
reaction occurred during the calcination process. The presence
of the abovementioned reaction was attributed to the inter-
connection between Ce and Cu.*® In addition, the calculated
percentages of Ce*" for different Cu-Ce/graphene catalysts are
shown in Table 2, and the Ce**/(Ce*" + Ce®*) values increased
with an increase in the Cu/Ce molar ratio. This law of change in
the Ce species was consistent with the change in Cu species.
Especially, a higher concentration of Ce®* means that the rich
oxygen vacancy was better than that in the CO oxidation reac-
tion. As shown in Fig. 5, the Og/O,y; and Ce**/Ce,y, Cu>*/Cuyy
had a great linear relationship. With an increase in Og/O,, the
ratio of Ce**/Ce,y;, Cu®'/Cuy; increased.

3.1.7 H,-TPR characterization. To investigate the reduc-
ibility of this series of Cu-Ce/graphene catalysts, H,-TPR char-
acterization was carried out. The results are shown in Fig. 6, and
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Fig. 6 H,-TPR patterns of 3Cu5Ce/graphene (1), 4Cu4Ce/graphene
(2), 5Cu3Ce/graphene (3), Ce/graphene (4), and Cu/graphene (5)
catalysts.
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the position of the peaks is given in Table S2.f The Cu-Ce/
graphene catalysts showed a strong peak (o) at 200-250 °C,
which could be attributed to the reduction of Cu** to Cu’.2®
With an increase in the Cu/Ce molar ratio, the peak position
moved towards a lower temperature. This phenomenon meant
that it was easier to form small particles of Cu, which was more
easily reduced and beneficial for the CO catalytic oxidation
reaction. The peak (B) at 379-515 °C was assigned to the
reduction of poorly dispersed CuO on graphene.*” The peak ()
at 533-576 °C could be assigned to the reduction of Ce*" to
Ce*".?* Similar to the case of CuO, the peak position moved
towards a low temperature with a continuous increase in the
Cu/Ce molar ratio in the catalyst. Compared to the Ce/graphene
catalyst, the addition of Cu species promoted the reduction of
CeO,. The peak (6) at 614-671 °C corresponded to the hydro-
genation of carbon atoms in graphene.” The better the
combination of the active ingredient with graphene, the less
easy the reduction of graphene.

100
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Fig. 7 Catalytic activity of the 3Cu5Ce/graphene, 4Cu4Ce/graphene,
5Cu3Ce/graphene, Ce/graphene, and Cu/graphene catalysts for CO
oxidation.
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Fig. 9 CO conversion at different CO concentration (0.5 and 1%) over
5Cu3Ce/graphene in the CO oxidation reaction.
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3.2 Activity test and kinetic study of CO oxidation over Cu-
Ce/graphene catalysts

The Cu-Ce/graphene catalysts with different Cu/Ce molar ratios
were evaluated for CO oxidation reaction, and the results are
shown in Fig. 7. As can be seen in Fig. 7, the total conversion
temperature (T;00) of the 3Cu5Ce/graphene, 4Cu4Ce/graphene,
and 5Cu3Ce/graphene catalysts is 145 °C, 132 °C, and 130 °C,
respectively. Notably, the catalytic activity of the Cu/graphene
and Ce/graphene catalysts was poor as compared to that of
the Cu-Ce/graphene catalysts, especially for Ce/graphene,
which showed low activity, and the conversion of CO was only
6.16% at 150 °C. Among all the catalysts, the 5Cu3Ce/graphene
catalyst exhibited highest activity. Keeping Pco and Po,
constant, the reaction rates of 3Cu5Ce/graphene, 4Cu4Ce/
graphene, and 5Cu3Ce/graphene catalysts at the nearly
conversion rate were calculated by changing the reaction
temperatures, and the result is exhibited in Fig. S2.t

As observed in Fig. S2,1 the three catalysts had different
apparent activation energies. The activation energies of three
catalysts were as follow: 48.03 k] mol " (4Cu4Ce/graphene) >
68.03 kJ mol ' (5Cu3Ce/graphene) > 109.98 kJ mol " (3Cu5Ce/
graphene). Generally, the change in apparent activation energy
was not consistent with the change in the CO conversion rate. In
view of the abovementioned analysis, the higher the proportion
of surface active oxygen in the catalyst, the higher the content of
Ce*" and the higher the content of Cu*/Cu®, which are more
favorable for CO catalytic oxidation. However, in the 3D Cu-Ce/
graphene, the changes in the proportion of surface active
oxygen were different from the changes in the content of Ce**
and Cu’/Cu’. It might result in a difference in the activation
energy of these catalysts. Consequently, Fig. 8 confirmed the
effect of space velocity on the CO oxidation. In summary, CO
conversion at 130 °C increased with a decrease in GHSV: 10 000
(94.93%) > 20 000 (75.13%) > 30 000 (56.25%). The CO conver-
sion rate was determined by changing the CO concentration, as
shown in Fig. 9. When the CO concentration changed to 0.5%,
the whole process of the reaction was accelerated, and the
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Fig. 10 (a) Time-dependent CO oxidation over the 5Cu3Ce/graphene catalyst. Reaction conditions: 1% CO balance air, WHSV =10 000 ml h™!
g~ (b) The effect of moisture on CO oxidation over the 5Cu3Ce/graphene catalyst. Reaction conditions: under moisture and 1% CO balance air,

WHSV =10 000 mlh~* g%,
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Fig. 11 The patterns of CO oxidation reaction mechanism over the surface of graphene.

complete conversion temperature was only 90 °C. This indi-
cated that the 5Cu3Ce/graphene-catalyzed CO oxidation reac-
tion should have a negative order.* In other words, the decrease
in CO concentration would promote the reaction process.

Furthermore, we investigated the long-term stability of the
5Cu3Ce/graphene catalyst and its stability in moisture. As
shown in Fig. 10a, at the reaction temperature of 100 °C, the
conversion of CO was about 24%. When the temperature was
maintained at 100 °C in the reaction process, the conversion
rate was stable, and CO conversion remained at about 24%.
When the temperature was increased to 132 °C, the conversion
rate still remained at 100%. Taking into account the negative
impact of moisture on the CO oxidation reaction, we tested the
Cu-Ce/graphene catalyst stability under the conditions of
moisture at 132 °C. According to Fig. 10b, it could be seen that
100% conversion of CO could be retained at 132 °C, and after
12 h, it remained stable. This indicated that the 5Cu3Ce/
graphene catalyst had great thermal stability and hydro-
thermal stability.

3.3 Reaction mechanism

The CO catalytic oxidation pathway was proposed, as shown in
the Fig. 11.3%** CO could react with the adsorbed oxygen species
or active lattice oxygen on graphene and active component. The
reaction pathways for CO oxidation included the surface reac-
tions at the Cu-Ce interface, where CO was adsorbed onto
metallic copper and reacted with the nearby adsorbed reactive
oxygen species. The defective sites and oxygen-containing
functional groups on graphene could activate O, at the inter-
face around the copper particles. The activated superoxide ions

1590 | RSC Adv., 2018, 8, 1583-1592

(0*7) or the lattice oxygen from cerium oxide produced at the
Cu-Ce interface could react with the adsorbed CO to form CO,.
The activation of the interface played a decisive role, and Cu"
effectively adsorbed CO and CeO, as the interface of the oxygen
molecular dissociation center. The oxygen vacancy near the
copper species could accept oxygen from the volume diffusion
of the lattice oxygen or gaseous oxygen once the surface oxygen
was consumed. The electron transformation of the redox pair
Cu**/Cu” and Ce*"/Ce®* could promote the activation of lattice
oxygen near the copper material. Moreover, during the reaction,
the trace of water from air increased the composition of the
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(2)
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T
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T T T T
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Fig. 12 FTIR spectra over the fresh 5Cu3Ce/graphene (1) and spent
5Cu3Ce/graphene (2) catalysts.
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Fig. 13 O 1s Cu 2p and Ce 3d XPS spectra of the 5Cu3Ce/graphene (1) and spent 5Cu3Ce/graphene (2) catalysts.

surface active oxygen. According to the XPS analysis, the Ce**
species changed to Ce** by lose of lattice oxygen in the reaction;
this could promote the conversion of CO.

3.4 Properties of the spent catalysts

3.4.1 FTIR spectroscopy. The FTIR spectra of fresh 5Cu3Ce/
graphene and used 5Cu3Ce/graphene composites are shown in
Fig. 12. From Fig. 12, we could see that after the hydrothermal
stability test, the absorption bands of O-H, C=C, and C-O band
at 3434, 1579, and 1074 cm ™' were strengthened, and the other
bands of C-H, C=0, and C-OH band at 2957, 1730, and
1281 cm™ ' became weak after the reaction. The water added to
the reaction system altered the content of O-H on the surface of
graphene and generated the C-O and C=C bonds to enhance
the oxygen defected site in the graphene layer; the C=0 and C-
OH bonds could provide an active oxygen species to promote
the oxidation of CO. Both the active oxygen species and oxygen
defected site promoted the progress of the reaction.

3.4.2 XPS analysis. The surface compositions
elemental states of the used 5Cu3Ce/graphene sample after 12 h
hydrothermal stability test were examined by XPS, as shown in
Fig. 13. Tables 2 and S17f provide the data on O, Cu, and Ce on
catalysts analyzed before and after the reaction. With the
progress of the reaction, the content of O,, Og, and Cu>* was
decreased, whereas the content of O, and Ce*" gradually

and

This journal is © The Royal Society of Chemistry 2018

increased. This result was consistent with the FTIR spectros-
copy results. The increase in Ce** might be due to the reduction
of Ce*" at graphene during the reaction. As can be observed
from the equation: Ce** + Cu®>" & Ce** + Cu"/Cu’, the increase
in Ce®" and Cu*/Cu® promotes the redox reaction cycle, which is
beneficial for accelerating the conversion of CO oxidation. In
addition, the rich adsorbed oxygen of the catalyst surface could
promote CO oxidation. Therefore, although the content of
surface active oxygen reduced, the catalyst still had superior
catalytic activity and long-term stability.

4. Conclusions

In summary, experiments were conducted by modulating the
molar ratio of Cu/Ce to regulate the number of active species
and also to control the number of oxygen-containing functional
groups on the surface of the graphene. Single metal-supported
catalysts, such as Cu/graphene and Ce/graphene, showed very
poor activity, whereas the bimetallic supported catalysts, such
as 3Cu5Ce/graphene, 4Cu4Ce/graphene, and 5Cu3Ce/graphene,
exhibited excellent activity. As the ratio of Cu/Cu was increased,
the catalytic activity enhanced. Especially, the 5Cu3Ce/
graphene catalyst showed a highest catalytic activity for CO
oxidation, and the T, value was 132 °C. The calcination of the
apparent activation energy also verified the outstanding activity
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of the 5Cu3Ce/graphene catalyst, and the apparent activation
energy was 68.03 kJ mol~'. Furthermore, the stability of the
5Cu3Ce/graphene catalyst was also good, which could be
maintained for at least 12 h. The XRD analysis showed that the
CeO, particles were highly crystalline with size 5-9 nm, and the
CuO nanoparticles were highly dispersed on CeO, and gra-
phene. With the enhancement of the Cu/Ce molar ratio in these
catalysts, the number of oxygen-containing groups and active
species was increased. According to the analysis, the interaction
between the Ce species and graphene was stronger, and the Cu
species were more easily reduced to expose more active sites
and promote the conversion of CO. With the progress of the
reaction, the surface adsorbed oxygen gradually decreased, but
the oxygen defected site and the content of Ce** and Cu'/Cu®
increased. In line with the equation: Ce*" + Cu®*" « Ce*" +
Cu*/Cu’, this change was beneficial for promoting the oxidation
of CO.
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