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Low-temperature CO oxidation on CuO/CeO,
catalysts: the significant effect of copper
precursor and calcination temperature

Shuaishuai Sun,® Dongsen Mao,*® Jun Yu,? Zhigiang Yang,® Guanzhong Lu®

and Zhen MaP

CuO/CeO, catalysts for CO oxidation were prepared by impregnation using different Cu precursors
(acetate, nitrate, chloride, and sulfate) and calcined at 500 or 800 °C. Their physicochemical properties
were characterized by TG-DSC, XRD, TEM, N, adsorption, Raman, XPS, H,-TPR, CO-TPD, and DRIFTS. The
results show that CuO is the dominant Cu species in all cases except for copper sulfate calcined at 500 °C,
under which temperature some Cu,(OH)sCl are also obtained from copper chloride. CuO/CeO, prepared
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from copper acetate and calcined at 500 °C shows the best activity for CO oxidation, due to the presence
of more finely dispersed CuO and stronger synergistic effects. The synergistic effects can induce the
formation of Cu* (the better CO adsorption sites) and activate the lattice oxygen, thus exerting a crucial

role in the catalytic process. However, the residual Cl” and SO, have a negative effect on the synergistic

www.rsc.org/catalysis

1. Introduction

CuO-CeO, mixed oxides have attracted much attention
recently because of their low costs, high catalytic activities,
and wide applications in CO oxidation,"™* preferential CO
oxidation in a Hyrich stream,"*™” partial oxidation of meth-
ane,'® combustion of volatile organic compounds,'®** NO
reduction by CO,*' and water-gas shift reaction.”>** In partic-
ular, the activity of CuO-CeO, in CO oxidation can even be
comparable to that of supported Pt catalysts."” CeO, with
superior oxygen storage capacity can promote the dispersion
and thermal stability of CuO, and can interact with CuO, thus
changing their respective physicochemical properties.">*" It
is generally recognized that the better dispersion of CuO and
the strengthened synergistic effects can lead to higher cata-
lytic activities in CO oxidation,">"%>*

Preparation methods have a significant influence on the
particle size and dispersion of Cu species, as well as the
CuO-CeO, interaction.*"*>*?® Methods used for the prepara-
tion of CuO-CeO, catalysts include impregnation,>*81213:24
co-precipitation,®'*?*> sol-gel,>** deposition-precipitation,®
solvated metal atom impregnation,*’ inert gas condensation,’
urea-nitrate combustion,**° and hydrothermal synthesis.>*>°
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effects, resulting in low activity in CO oxidation.

Among them, impregnation is the most frequently used due
to its simplicity, convenience, and high efficiency.>*° For
instance, Luo et al’ reported that CuO/CeO, prepared by
impregnation was more active than the one prepared by co-
precipitation. Manzoli et al.*° found that CuO/CeO, prepared
by simple impregnation was as active as those prepared by
more complex methods.

As catalytic behavior strongly depends on the preparation
parameters, such as precursor, support, drying temperature/
time, and calcination temperature/time, a detailed study of
different factors is necessary. Attempts have been made to
modify the CeO, support to make better catalysts. For exam-
ple, Zheng et al.’?'>* synthesized a series of CeO, supports
via sol-gel, alcohol-thermal, and thermal decomposition
methods, and loaded CuO onto CeO, via impregnation. CeO,
with smaller particle sizes, better crystallinity, and larger sur-
face areas led to highly dispersed CuO responsible for high
activity in CO oxidation. Gamarra et al.'® synthesized CeO,
nanocubes, nanorods, and nanospheres via hydrothermal,
microemulsion, and precipitation methods, respectively, and
loaded CuO by impregnation. CuO/CeO, nanocubes exhibited
the highest activity in CO oxidation due to the highly dis-
persed CuO and the strong interaction between CuO and the
(100) faces of CeO,. Qi et al.'® investigated the effects of
cerium precursors, and found that catalysts from the Ce(m)
precursor displayed high reducibility and activities in CO oxi-
dation due to the high content of Ce*" and a stronger syner-
gistic effect. Although it was reported that the Cu precursors
played an important role in enhancing the dispersion of

This journal is © The Royal Society of Chemistry 2015
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active sites in other systems,""**7*° to the best of our knowl-
edge, the effect of different Cu precursors on the catalytic
activities of CuO/CeO, catalysts in CO oxidation has not been
investigated in detail so far.

Herein, a series of CuO/CeO, catalysts were prepared by
impregnating a commercial CeO, support with different Cu
precursors (acetate, nitrate, chloride, and sulfate), and the
effects of Cu precursor and calcination temperature on the
nature, dispersion, and redox properties of the obtained Cu
species as well as the interaction between Cu species and
CeO, were systematically investigated. CO oxidation was used
as a probe reaction to compare the catalytic activity. The
influence of residual anions on the catalytic activity was also
studied.

2. Experimental
2.1 Catalyst preparation

All chemicals were of analytical grade from Sinopharm
Chemical Reagent Co., Ltd (China) and used without further
purification. CuO/CeO, catalysts were prepared by impregnat-
ing a commercial CeO, support (Sggr = 11.1 m® g™') with an
aqueous solution of Cu(CH3COO),, Cu(NOj),, CuCl,, or
CuSO, to obtain a Cu loading of 10 wt.%. The CeO, support
was pre-treated at 120 °C for 4 h before use to remove the
impurity adsorbed on the surface. After being impregnated
quiescently at room temperature (RT) for 24 h, the sample
was dried at 90 °C for 24 h, followed by calcination in static
air at 500 or 800 °C for 4 h. For comparison, CuO was pre-
pared by thermal decomposition of Cu(NOj3), at 500 °C for 4
h. The prepared catalysts were denoted as CuO/CeO,(X)-Y,
where X and Y refer to precursor (A for acetate, N for nitrate,
C for chloride, and S for sulfate) and calcination temperature
(500 or 800 °C), respectively.

2.2 Catalyst characterization

Simultaneous thermogravimetric and differential scanning
calorimetric measurements (TG-DSC) were carried out using
a NETZSCH STA 449-F3 thermal analyzer made in Germany.
The experiments were performed under an air stream of 50
mL min™" from 30 to 1000 °C, at a heating rate of 10 °C
min .

The actual Cu contents of catalysts after calcination were
determined by atomic absorption spectroscopy (AAS) on acid-
digested samples, using a SpectrAA-220 atomic absorption
spectrometer (VARIAN).

Powder X-ray diffraction (XRD) patterns were recorded on
a PANalytical X'Pert instrument using Ni-filtered Cu Ko radia-
tion (4 = 0.15406 nm) at 40 kV and 40 mA. Two theta angles
ranged from 10° to 90° with a scanning rate of 6° per minute.
The crystallite sizes of CuO and CeO, were calculated from
the XRD patterns using the Scherrer equation. The lattice
parameter values were calculated by the standard cubic
indexation method using the intensity of the CeO, (111)
peak.

This journal is © The Royal Society of Chemistry 2015
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N, adsorption-desorption isotherms were obtained at
-196 °C on a Micrometrics ASAP-2020 adsorption apparatus,
after all samples were degassed under vacuum at 300 °C for
10 h. The specific surface areas (Sggr) were calculated from
the linear part of the Brunauer-Emmett-Teller (BET) plot.

Transmission electron microscopy (TEM) experiments
were carried out using a TECNAI microscope operated at 200
kv.

Raman spectra (at 4 cm ™" resolution) were obtained with a
DXR-Raman instrument (Thermo Fisher Scientific, America)
using the 532 nm excitation line (200 mW beam), 5 scans for
each spectrum.

The surface compositions and chemical states of the sam-
ples were investigated by X-ray photoelectron spectroscopy
(XPS, Kratos Axis Ultra DLD spectrometer), using Al Ko radia-
tion. All the binding energy values were calibrated by using C
1s = 284.6 €V as a reference.

H, temperature-programmed reduction (H,-TPR) was car-
ried out in a quartz micro-reactor. Firstly, 20 mg of the as-
prepared sample was pretreated at 400 °C in a N, stream for
1 h before the TPR measurement. Then the sample was
heated to 500 °C at a rate of 5 °C min™* under a flow of H,
(10 vol%)/N, (50 mL min™"). The effluent gas was analyzed by
an on-line GC equipped with a TCD.

The CO adsorption properties were measured by
temperature-programmed desorption of CO (CO-TPD). The
catalyst (0.1 g) was pretreated under He flow (50 mL min™")
with the temperature ramping from 25 to 400 °C at a rate of
10 °C min™", and then held at 400 °C for 1 h before being
cooled down to RT in He flow. The next step was CO adsorp-
tion at RT for 0.5 h, and then the gas was swept again with
He for 3 h. Subsequently, the sample was heated in flowing
He (40 mL min™) up to 500 °C at a rate of 10 °C min ™", while
the desorbed species was detected with a quadrupole mass
spectrometer (QMS, Balzers OmniStar 200).

In situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) data were collected using a Nicolet
6700 FT-IR spectrometer fitted with a MCT detector. The
DRIFTS cell (Harrick) was fitted with CaF, windows and a
heating cartridge. The sample in the cell was pretreated in N,
at 400 °C for 1 h, and then the background was scanned after
the cell cooled to 30 °C. After CO (1 vol% CO in Ar) was intro-
duced for 80 min, the IR spectrum of CO adsorbed on the
catalyst was recorded. The spectral resolution was 4 cm™ and
the number of scans was 64.

2.3 Catalytic activity tests

Prior to the catalytic measurements, the catalyst was pre-
treated in a N, stream (50 mL min™") at 200 °C for 1 h to
remove impurities, and then cooled to RT. The CO oxidation
activities of the catalysts were measured in a fixed micro-
reactor (6 mm i.d.) under atmospheric pressure with a gas
composition of 4 vol% CO, 10 vol% O,, and 86 vol% N, at a
space velocity of 9000 mL g™* h™". A 200 mg catalyst was used
for each measurement. The products were analyzed by an
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online GC equipped with a flame ionization detector (FID).
To allow for the detection of CO and CO, with FID, a
methanator was inserted between one GC column and the FID.

3. Results and discussion
3.1 Thermal behaviors of the catalyst precursors

The thermal decomposition behaviors of the uncalcined sam-
ples dried at 90 °C for 24 h were studied by TG-DSC. As
shown in Fig. 1, the course of weight loss is largely depen-
dent on the Cu precursors. The thermal evolution of the
CuO/CeO0,(A) precursor in air occurs in three steps. The first
step is the dehydration of CuAc,-H,O into anhydrous copper
acetate (from 30 to 135 °C, 0.6% weight loss, eqn (1)). The
second step is the decomposition of anhydrous acetate and
the formation of Cu,O (135-280 °C, 11.9% weight loss, close
to the theoretical value of 13.5%, eqn (2)). The last step is
from 280 to 460 °C with a mass increase of 0.6%, due to the
oxidation of Cu,O to CuO (eqn (3)).*’

For the CuO/CeO,(N) precursor, two mass losses can be
observed upon heating. The first endothermic peak from 30
to 200 °C with a mass loss of 0.5% is related to the staged
dehydration of Cu(NO;),-3H,0 into Cu(NO;), accompanied
by the thermohydrolysis of Cu(NO3),-2.5H,0 to Cu,(OH);NO3
(eqn. (4-1), (4-2) and (5)). The next endothermic peak (200-
380 °C) is assigned to the decomposition of Cu(NO;), and
Cu,(OH);NO; into CuO (eqn. (6) and (7)).***° The mass loss
(5.8%) is close to the theoretical loss (5.3%) of Cu,(OH);NO;
to CuO, suggesting that a large proportion of Cu species exist
as Cu,(OH);NO; after the CuO/CeO,(N) precursor is dried at
90 °C for 24 h.

For CuO/CeO,(A):

Cu(CH;3CO00), - H,0 — Cu(CH;CO0), + H,O'! (1)
Cu(CH;CO00), + 3.50, — 0.5Cu,0 + 3H,0 1
+3.5C0, 1 +0.5CO 1 (2)
Cu,0 + 0.50, — 2Cu0 (3)
For CuO/CeO,(N):

Cu(NO;3), - 3H,0 — Cu(NO3), - 2.5H,0 + 0.5H,0 (4-1)
Cu(NO3), - 2.5H,0 — Cu(NO3), + 2.5H,0 1 (4-2)
Cu(NO3), - 2.5H,0 — 0.5Cu,(OH);NO; + H,0O 1

+1.5HNO; 1 (5)
Cu(NOs), — CuO + 2NO, 1 + 0.50, 1 (6)
Cu,(OH);NO; — 2CuO + HNO; 1 + H,O ! (7)

The TG data for the CuO/CeO,(C) precursor in air show
four thermal events. Stage I (at about 50-100 °C, 3.5% weight
loss) corresponds to the release of coordination water
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Fig. 1 TG-DSC and DTG (differential thermal gravity, dash line) curves
of different CuO/CeO, precursors in air (the samples have been dried
at 90 °C for 24 h).

(eqn (8)). Stage II (100-435 °C, 3.8% weight loss) is attributed
to the formation of Cu,(OH);Cl from the reaction between
CuCl, and surface oxygen species (eqn (9))***' and the

This journal is © The Royal Society of Chemistry 2015
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conversion of CuCl, into CuCl and Cl, (eqn (10)); the pro-
duced Cl, leaves the sample immediately once formed. Stage
III (435-465 °C, 1.1% weight loss), which is absent in the TG
curve of pure CuCl,-2H,0, may be due to the partial decom-
position of Cu,(OH);Cl into CuO (eqn (11)). The last stage
(465-615 °C, 4.6% weight loss) results from the further
decomposition of Cu,(OH);Cl and the evaporation of CuCl
(eqn (12)).*>*

There are three obvious mass losses on the TG curve of
the CuO/CeO,(S) precursor. A mass loss of 2.1% at 50-85 °C
is ascribed to the staged dehydration of CuSO,-5H,O into
CuSO,-H,0 (eqn (13-1) and (13-2)); the mass loss is signifi-
cantly lower than the theoretical loss (10%), due to the loss
of water during the drying process. A mass loss (2.5%) at
215-270 °C is assigned to loss of the last water molecule (eqn
(14)).***> The last mass loss (10.1%) at 600-780 °C is attrib-
uted to the decomposition of CuSO, into CuO (theoretical
loss 10.3%, eqn (15)). Note that the weights of all samples
from different precursors do not change further after 800 °C,
as shown in Fig. 1.

For CuO/Ce0,(C):

CuCl, - 2H,0 — CuCl, + 2 H,O 1 (8)
CuCl, + 1.50H — 0.5Cu,(OH);Cl + 1.5CI” 9)
CuCl, — CuCl + 0.5Cl, 1 (10)
Cu,(OH);Cl — 2Cu0 + H,0 1 + HCI 1 (11)
nCuCl — (CuCl), 1 (12)

For CuO/CeO,(S):

CuSO, - 5H,0 — CuSO, - 3H,0 + 2H,0 1 (13-1)
CuSO, - 3H,0 — CuSO, - H,0 + 2H,0 1 (13-2)
CuSO, - H,0 — CuSO, + H,0 1 (14)
CuSO; — CuO + SO, | +0.50, 1 (15)

Therefore, it is clear that different Cu precursors lead to a
remarkable diversity in the thermal behaviors of the
uncalcined samples, and result in different final products.
From the TG-DSC data, we hypothesize that the Cu species
on CuO/Ce0,(A)-500, CuO/CeO,(A)-800, CuO/CeO,(N)-500,
CuO/Ce0,(N)-800, and CuO/Ce0,(S)-800 are just CuO, and
the Cu species on CuO/CeO,(S)-500 is only CuSO,, whereas
the nature of Cu species on CuO/CeO,(C)-500 and CuO/CeO,-
(C)-800 warrants further study.

3.2 XRD and TEM studies

To clarify the Cu species and crystal phases of the catalysts
prepared from different precursors before and after

This journal is © The Royal Society of Chemistry 2015
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calcination (at 500 or 800 °C), the samples were further iden-
tified by XRD. The calcination temperatures are determined
by thermal analysis data: 500 °C is commonly used for pre-
paring highly active CuO/Ce0,,”® and 800 °C is used to
ensure that all samples are in a stable state.

The XRD patterns of different samples prior to calcination
are displayed in Fig. 2. All samples exhibit strong diffraction
peaks corresponding to CeO, (JCPDS 34-0394). In addition, a
series of weak diffraction peaks assigned to Cu(CH;COO),-H,0
(JCPDS 27-0145), Cu,(OH);NO; (JCPDS 15-0041), CuCl,-2H,0
(JCPDS 33-0451), and CuSO,-5H,0 (JCPDS 11-0646) can be
observed on CuO/CeO,(A), CuO/CeO,(N), CuO/Ce0,(C), and
CuO/Ce0,(S) precursors, respectively. The presence of
Cu,(OH);NO; on the CuO/CeO,(N) precursor is consistent with
the second weight loss from the TG data (Fig. 1).

Fig. 3 presents the XRD patterns of CuO/CeO, obtained by
calcining different precursors at 500 or 800 °C. No CeO,
phase other than cubic CeO, can be observed for all of these
samples. The characteristic peaks assigned to CuO at 35.5
and 38.7° can be observed for almost all of these samples,
except that the Cu species on CuO/CeO,(S)-500 is actually
CuSO,, consistent with the conclusion drawn from the TG
analysis.

As shown in Fig. 3a, the characteristic peaks of CuO on
CuO/Ce0,(A)-500 and CuO/CeO,(N)-500 are broad and weak,
manifesting that the CuO on these two samples is present as
small crystallites and has a disordered structure. Referring to
CuO/Ce0,(C)-500, very weak peaks attributed to CuO and
Cu,(OH);Cl (JCPDS 50-1559) can be seen, suggesting that
most of the Cu species is amorphous or in the form of nano-
clusters that cannot be detected by XRD. In addition, the
presence of Cu,(OH);Cl and CuO confirms the second and
third loss stage on the TG curve of the CuO/CeO,(C) precur-
sor (Fig. 1).

XRD data for the four samples calcined at 800 °C are
shown in Fig. 3b. No other peaks can be observed except for
those attributed to CuO and CeO,. The diffraction peaks of

e Cu(CH3C00),Hy
¢Cuy(OH)3NO4
¢ CuCly-2H,0

VCUS0,-5H,0 (20
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Fig. 2 XRD patterns of the un-calcined samples from different

precursors.
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CuO on CuO/Ce0,(A)-800 and CuO/CeO,(N)-800 become
sharper than their counterparts calcined at 500 °C, indicating
the crystallite growth, particle sintering, and ordering of the
1622 The absence of peaks assigned to Cu,(OH);Cl
and CuSO; on CuO/Ce0O,(C)-800 and CuO/CeO,(S)-800,
respectively, may result from the decomposition of
Cu,(OH);Cl and CuSO, into CuO at high temperature. The
conversion of Cu,(OH);Cl was also reported by others,*®

structure.
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while the decomposition of CuSO, is demonstrated by our
TG-DSC data. However, the characteristic peaks assigned to
CuO on CuO/Ce0,(C)-800 are still very weak, probably due to
the significant loss of Cu content as shown in TG analysis
and determined by AAS (Table 1).

Table 1 lists the particle sizes of CuO and CeO, on the cat-
alysts estimated by the Scherrer formula. CuO particle size
on different catalysts increases approximately in the order of
Cu0/Ce0,(A)-500 < CuO/Ce0,(C)-500 < CuO/CeO,(N)-500 <
Cu0/Ce0,(N)-800 < CuO/Ce0,(C)-800 < CuO/CeO,(A)-800 <
CuO/Ce0,(S)-800. The smallest CuO particles can be obtained
on CuO/Ce0,(A)-500. In contrast, the largest CuO particles
exist on CuO/Ce0,(S)-800, implying that CuO species derived
from the thermal decomposition of CuSO, sinter easily.
CuO/Ce0,(A)-800 has the second largest CuO particles, indi-
cating that CuO from copper acetate is also very unstable as
the calcination temperature increases. The TEM images of
the CuO/CeO,(A) calcined at different temperatures are
shown in Fig. 4. It is clear that the particles are severely
agglomerated with calcination temperature rising from 500
to 800 °C. In addition, the catalyst from copper nitrate has
the largest CuO particles at low calcination temperature but a
minimal size when the calcination temperature is raised to
800 °C, suggesting that CuO crystals from copper nitrate are
more stable than those from other precursors.

The changes in the lattice parameter obtained from the
CeO, (111) are also shown in Table 1. It is clear that lattice
constriction has taken place on all the CuO/CeO, catalysts
comparing with pure CeO,, consistent with the results of
Martinez-Arias and Luo et al”®>* According to previous
research,”*® two factors affect the lattice parameter of CeO,:
(1) the substitution of larger Ce*" (0.097 nm) with smaller
Cu** (0.072 nm) contracts the CeO, cell; (2) the formation of
oxygen vacancies caused by the aliovalent doping (Ce*" by
Cu*") or creation of Ce*" (0.103 nm) sites has an opposite
effect. Therefore, it can be inferred that some Cu®* ions have
been incorporated into the CeO, lattice in our catalysts even
though these catalysts were prepared by impregnation.*>*

As presented in Table 1, CuO/Ce0,(A)-500 and CuO/CeO,-
(S)-500 exhibit more cell constriction of CeO, from 0.5414 to
0.5405 and 0.5399 nm, respectively. This may be related to a
large amount of highly dispersed CuO or CuSO, on them,

Table 1 Structural and textural properties of the support CeO, and the CuO/CeO, catalysts

Catalyst Cu species Cu content/mass% Dcyo®/mm DCcozb/nm Sper/(m” g™) Lattice parameterb/nm
Ce0,-500 — — — 37.9 11.05 0.5414
CuO/Ce0,(A)-500 CuO 10.24 24.2 38.8 10.19 0.5405
CuO/CeO,(N)-500 CuO 10.17 27.7 37.7 8.66 0.5411
Cu0/Ce0,(C)-500 CuO, Cu,(OH),Cl 9.85 26.0 39.8 8.54 0.5411
CuO/Ce0,(S)-500 CuSO, 10.08 — 33.1 10.62 0.5399
Cu0/Ce0,(A)-800 CuO 11.44 41.0 61.0 2.35 0.5411
CuO/Ce0,(N)-800 CuO 10.72 36.6 52.7 4.19 0.5411
CuO/Ce0,(C)-800 CuO 6.88 39.1 58.8 4.27 0.5411
Cu0/Ce0,(S)-800 CuO 10.40 47.3 57.5 2.79 0.5412

“ The particle size of CuO is the average of the calculated values based on CuO (002) and CuO (111). ” The particle size and lattice parameter
of CeO, are based on CeO, (111) plane.

3170 | Catal Sci. Technol., 2015, 5, 3166-3181
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a

100 nm

100 nm

Fig. 4 TEM images of different samples: (a) CuO/CeO,(A)-500 and (b)
CuO/CeO,(A)-800.

which facilitates the incorporation of Cu®* into the CeO, lat-
tice. However, there is no obvious constriction of the CeO,
cell in CuO/Ce0,(C)-500 with a lot of finely dispersed
Cu,(OH);Cl and CuO as well. According to the literature,*” it
can be hypothesized that a certain amount of Cu** has been
introduced into the CeO, lattice followed by the formation of
cell contraction and oxygen vacancies. However, the produced
oxygen vacancies are slightly substituted with the residual C1
ions (the ionic radius of CI", 0.181 nm, is significantly larger
than that of O*, 0.135 nm, in the CeO, lattice), leading to a
lattice expansion. Therefore, CuO/CeO,(C)-500 shows a slight
lattice contraction under the combined effects. However, no
CeOCl is observed on XRD patterns, perhaps because the
amount of oxygen vacancies and/or Cl" in our sample is too
low to form an adequate quantity of CeOCl that can be
detected by XRD. As we know, CuO particles prefer to
agglomerate on CeO, as the calcination temperature
increases, leading to only a small amount of Cu®" incorpo-
rated into the lattice, which gives rise to a slight lattice con-
striction (Table 1).

This journal is © The Royal Society of Chemistry 2015
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Therefore, it can be concluded that the Cu precursor and
calcination temperature have a significant influence on the
final products, including the composition of Cu species, the
dispersion capacity of Cu species and the lattice structure of
support CeO,. More specifically, when the samples are cal-
cined at 500 °C, CuO/CeO, is obtained from copper acetate,
copper nitrate, and copper chloride precursors. Moreover,
CuO from copper acetate shows a smaller particle size and
better dispersion. In addition, Cu,(OH);Cl can also be
obtained from copper chloride besides CuO. CuSO,/CeO, is
obtained using a copper sulfate precursor. Nevertheless,
when the samples are calcined at 800 °C, only CuO/CeO, can
be obtained from all the Cu precursors.

3.3 BET surface area measurements

The BET surface areas of the CeO, support and CuO/CeO,
catalysts are listed in Table 1. All catalysts exhibit lower spe-
cific surface areas than CeO, support, probably due to the
blocking of the pores of CeO, by Cu species.® Among them,
CuO/Ce0,(S)-500 shows the highest BET surface area, pre-
sumably resulting from the highly dispersed CuSO, and
smaller CeO, particles as exhibited in our XRD data.
CuO/Ce0,(A)-500 with smaller CuO particles has a relatively
big surface area as well. When the calcination temperature is
raised to 800 °C, the surface areas of all the catalysts decrease
significantly as a result of the growth of CeO, and CuO crys-
tallites. However, CuO/CeO,(C)-800 with large CuO and CeO,
particle sizes shows the highest surface area in all the cata-
lysts calcined at 800 °C, probably due to the lowest CuO con-
tent on it.

3.4 Raman analysis

Raman analysis is a potential tool to obtain additional struc-
tural information, because it is sensitive to crystalline sym-
metry and oxygen lattice vibrations*® in contrast to the XRD
results.

Fig. 5 shows the Raman spectra of CeO, and different cat-
alysts. In Fig. 5a, a strong peak at 460 cm ™, corresponding to
the F,, Raman vibration mode of fluorite CeO,,"*'**** can
be observed on all samples. Once the Cu species is intro-
duced, two new peaks at about 235 cm™' and 600 cm™
appear on the CuO/CeO, catalysts. The weak band at 235
cm' is attributed to the displacement of oxygen atoms from
their ideal fluorite lattice positions.'* The broad band at 600
em™ is often related to the presence of oxygen vacancies in
the CeO, lattice."”>*** In addition, the presence of a weak
peak at 300 cm™" on CuO/Ce0,(N)-500 is compatible with the
presence of larger CuO particles as shown in XRD data. The
appearance of oxygen vacancies on all catalysts indicates the
incorporation of Cu®>" into the CeO, lattice, in agreement
with the microstrain values observed for them as shown in
Table 1. The relatively higher intensity of the band at 600
em™" can be obtained for CuO/Ce0,(C)-500 and CuO/CeO,(S)-
500, indicating that more oxygen vacancies have been
formed. In addition, the high concentration of oxygen
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500 °C (a’ is the enlarged view of (a)) and (b) 800 °C.

vacancies on CuO/CeO,(C)-500 further supports the surmise
of the formation of CeOCl, as mentioned in XRD analysis.
Meanwhile, a small peak at 1000 cm™ assigned to CuSO,
(inset in Fig. 5a) can also be observed on CuO/CeO,(S)-500,
in agreement with the XRD results (Fig. 3a and Table 1).

On the other hand, a small redshift and broadening of the
F,; band are observed on all the catalysts compared with
pure CeO, (465.5 cm™"). This phenomenon may be due to the
incorporation of Cu in the CeO, lattice (which induces the
distortion of the lattice)."***%** However, the redshift and
broadening of the F,, band, ranked in the order of
CuO/Ce0,(S)-500 < CuO/Ce0,(C)-500 < CuO/Ce0,(N)-500 <
Cu0O/Ce0,(A)-500, change nonlinearly with the variation of
the lattice parameter and the amount of oxygen vacancies.
Especially, F,, bands of CuO/Ce0,(S)-500 (465.3 cm™') and
CuO/Ce0,(C)-500 (463.4 cm™") with more oxygen vacancies
and residual anions show a smaller redshift and broadening
than the F,, bands of CuO/CeO,(A)-500 (457.6 cm™') and
CuO/Ce0,(N)-500 (457.6 cm™ ') with only CuO particles. This
result indicates that different Cu species and CuO-CeO,
interaction may have an influence on the lattice structure of
CeO, as well. In fact, an earlier work” suggested that the Cu
species interacting with CeO, can also impact the micro-
strain values, thus influencing the position and full width at
half-maximum (FWHM) values of the F,, band. Thus, from
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the results mentioned above it can be inferred that interac-
tion between Cu species and CeO, can also affect the lattice
structure of CeO, and exerts a more important effect on the
main F,, mode band than the incorporation of Cu into the
CeO, lattice.

Fig. 5b presents the Raman spectra of the catalysts cal-
cined at 800 °C. The bands at 235 and 600 cm ™" almost dis-
appear for all catalysts due to the sintering and growth of
CuO and CeO, particles (which decrease the amount of Cu**
introduced into the CeO, lattice, thus leading to the reduc-
tion of oxygen vacancies). On the other hand, a small redshift
and broadening of the F,; band are also observed for all cata-
lysts compared with CeO, calcined at 800 °C, suggesting the
presence of residual oxygen vacancies and interaction
between CuO and CeO,. However, the peak position (at about
461 cm™') and FWHM of the F,, band for different catalysts
show similar values, attributed to similar CuO species and
metal-support interactions on them (Table 1). Noticeably, the
F,, bands of Cu0O/Ce0,(A)-800 and CuO/CeO,(N)-800 shift to
high wavenumbers, whereas those of CuO/CeO,(C)-800 and
CuO/Ce0,(S)-800 are redshifted compared to the ones pre-
pared by calcining the same precursors at 500 °C. The blue
shift is caused by the better crystallization and larger particle
sizes of CuO and CeO, (ref. 51) formed at a higher calcina-
tion temperature, and the redshift may be due to the conver-
sion of isolated Cu®>" to CuO and the disappearance of resid-
ual anions. This phenomenon further demonstrates that the
interaction between Cu species and CeO,, varying with differ-
ent Cu species and the residual anions, has an important
influence on the micro-strain values of CeO,.

Therefore, it is clear that different Cu precursors give rise
to various Cu species, resulting in different structures and
oxygen vacancies of the CeO, support. The disparity of Cu
species has a predominant influence on the formation of oxy-
gen vacancies, which indicates the amounts of Cu** doping
into the CeO, lattice. On the other hand, the metal-support
interaction, which may be affected by the residual anions,
can affect the lattice structure as well. The strength of metal-
support interaction may increase in the order CuO/CeO,(S)-
500 < CuO/Ce0,(C)-500 < CuO/Ce0,(N)-500 < CuO/CeO,(A)-
500, as reflected in the broadening and shift of the F,, band
for CeO,.

3.5 X-ray photoelectron spectroscopy

To further investigate the surface compositions and chemical
states of the catalysts, XPS experiments were carried out.
Table 2 displays the surface atomic compositions of different
catalysts. CuO/CeO,(N)-500 has more Cu species dispersed on
CeO, than the catalyst from copper acetate, demonstrated by
a higher Cu/Ce atomic ratio and stronger intensity of the Cu
2p peak,® whereas CuO/CeO,(A)-500 has more CeO, species,
as verified by higher intensity of the Ce 3d peak (Fig. 6¢). In
addition, it can be seen from the XPS spectra of different cat-
alysts (Fig. 6a) that residual CI~ and SO,>” are present on
Cu0/Ce0,(C)-500 and CuO/Ce0,(S)-500, respectively.
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Table 2 XPS data measured for CuO/CeO, catalysts from different Cu precursors

Atomic ratio
Catalyst Cu/Ce Ce/O Ce(mr) % Ojast %% Isat/Ippb Cu() %°
CuO/Ce0,(A)-500 0.5835 0.3778 15.6 6.1 0.54 51
CuO/CeO,(N)-500 0.7296 0.3077 15.0 1.7 0.56 50
CuO/Ce0,(C)-500 0.3706 0.3549 16.1 7.5 0.61 48
CuO/Ce0,(S)-500 0.1988 0.2708 17.2 15.3 0.66 0

“ The relative intensity of the third component to total O 1s peak. ” The ratio of the intensities of Cu 2p satellite peaks to those of the principal

peaks. ¢ The ratio of Cu* peak area to the total area in Cu LMM.

The O 1s, Ce 3d and Cu 2p XPS spectra are shown in
Fig. 6(b-d). There are three components on the O1s spectra
of different catalysts (Fig. 6b): the main component at about
529 eV is assigned to the lattice oxygen of metal oxides,'®>*
another one at about 531 €V is typical of absorbed oxygen or
hydroxide,” and the last one at 533.4 eV is assigned to the
organic oxygen or the presence of Ce*" surface defects.'®"
The lowest intensity of the main component on CuO/CeO,(S)-
500 further demonstrates the absence of CuO. The relative
intensity of the third component to the total O 1s peak
(denominated as Opg %) is listed in Table 2. The O %
increases in the order of CuO/Ce0,(N)-500 < CuO/CeO,(A)-
500 < CuO/Ce0,(C)-500 < CuO/Ce0,(S)-500. The relatively
higher Oy % suggests the presence of more Ce*" surface
defects that are accompanied by the formation of oxygen
vacancies, in good agreement with the XRD and Raman data.

The Ce 3d XPS data obtained from different catalysts cal-
cined at 500 °C are shown in Fig. 6¢c. Two sets of spin-orbital
multiplets related to 3d;, and 3ds/, are labelled as u and v,
respectively. According to previous research,'®>* the complex
spectrum of Ce 3d is decomposed into ten components.
Lines v, and 1’ are contributed to the Ce 3d° 4f> O* p° and
the Ce 3d° 4f' O® p® of Ce(m), respectively; and the same
assighment can also be applied to the u structures. However,
uy and v, are invisible in our samples, as also reported by Li
et al.'* Thus, an acceptable way to calculate the reduction
degree of CeO, is to consider the relative intensities of the v’
and v’ peaks to the total Ce 3d region.

100[ S(u')+S (V)]
2[()+(v)]

The calculated percentages of Ce(m) for different catalysts
are listed in Table 2. It can be seen that the reduction of
CeO, exists on all samples, and the Ce(m) % values increase
in the order of CuO/CeO,(N)-500 < CuO/CeO,(A)-500 <
Cu0/Ce0,(C)-500 < CuO/Ce0,(S)-500, consistent with the
Ce*" surface defects reflected in the O1s spectra. According to
Qi et al.,’° the presence of Ce*" can facilitate the electron
transfer process of Ce** + Cu®** — Ce** + Cu’ beneficial for
achieving high activities in CO oxidation. Additionally, the
values of Ce(m) % for these catalysts are about two times
higher than that of pure CeO, reported previously (Ce(m) =
6.75%),”> but the lattice parameters of these samples are

Ce(11) (%) =

This journal is © The Royal Society of Chemistry 2015

similar to the reported one. This may be due to the fact that
the sampling depth of XPS is below 10 nm, while the XRD
analysis, from which the lattice parameters are determined,
is a “bulk” technique. Therefore, large differences exist
between the two kinds of analytical tools. In fact, almost all
of CeO, in the bulk phase are still fully oxidized, thus, the
reduction level of CeO, observed from XPS has a negligible
influence on the lattice parameters. On the contrary, these
catalysts show slightly lower lattice parameters caused by the
incorporation of Cu”* into the CeO, lattice. A similar result
was also obtained by Li et al.**

Comparing the XPS spectra of Cu 2p for different sam-
ples, the Cu®>" component (showing the principal peaks at
934.3 eV and the satellite peaks at 938-948 eV) is observed
on all catalysts. Moreover, the Cu” or Cu’ component (at
932.4 eV) can also be found for the catalysts except for
CuO/Ce0,(S)-500. The reduced degree of Cu species can be
investigated by calculating the ratio of the intensities of the
satellite peaks to those of the principal peaks (Isa/Ipp,
shown in Table 2). The value of I/l is 0.66 in CuO/CeO,-
(S)-500, on which all of the Cu species are in the divalent
oxidation state. This value is lower on the other catalysts.
Therefore, a slightly reduced Cu phase is present on
Cu0/Ce0,(A)-500, CuO/Ce0,(N)-500, and CuO/CeO,(C)-500.
This phenomenon indicates that the strong interaction
between CuO and CeO, has induced the slight reduction of
surface Cu®" into Cu" (ref. 1, 10 and 52) regarded as the
better CO adsorption site in CO oxidation,’®** even at room
temperature. The absence of Cu’ on CuO/CeO,(S)-500 may
be due to the synergistic effects interdicted by the presence
of S0,%". It is well known that the Cu,p, XPS peaks cannot be
used to distinguish between Cu’ and Cu’, because they are
essentially identical. However, the Cu LMM Auger lines
of Cu” and Cu® are separated by about 2.0 eV, allowing easy
distinction between the two species. It is clear in Fig. 6e
that the reduced Cu species mainly exist as Cu’ (916.3
eV),’* except for CuO/Ce0,(S)-500, on which the relatively
lower kinetic energy of Cu LMM Auger lines may be related
to the presence of SO,>". The ratios of the Cu" area to the
total area (denoted as Cu(i) %), shown in Table 2, for
Cu0/Ce0,(A)-500, CuO/CeO,(N)-500 and CuO/CeO,(C)-500
are almost the same, suggesting that the Cu’ contents on
them are similar. Note that the Cu(1) % is just calculated for
comparison and does not represent the accurate content
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of Cu" on CuO/CeO, catalysts due to the lower Cu content
and the photoresolution in the spectrometer.

By comparing the XPS results of catalysts from different
Cu precursors, it can be observed that Cu precursors influ-
ence the Ce*" content of surface CeO,, which is associated
with the formation of oxygen vacancies. Additionally, strong
synergistic effects between CuO and CeO, can induce the
reduction of Cu®" to Cu" which is regarded as a more active
CO adsorption site. However, the presence of residual SO,
inhibits the synergistic effects, resulting in the absence of
Cu’ on CuO/Ce0,(S)-500.

3.6 H,-TPR characterization

H,-TPR experiments were conducted to investigate the reduc-
tion properties of CuO/CeO,. CuO obtained by thermal
decomposition of copper nitrate at 500 °C for 4 h shows a
single reduction peak at around 255 °C, attributed to the
complete reduction of Cu** to Cu® (inset in Fig. 7a). CeO, has
two reduction peaks at about 550 and 900 °C, ascribed to the
reduction of surface and bulk oxygen species, respectively.>®

a g 255
%
5 / 1% rémperature Oy 0
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Fig. 7 H,-TPR profiles of CuO/CeO, catalysts calcined at 500 °C (a)
and 800 °C (b).
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The H,-TPR curves of CuO/CeO, catalysts calcined at 500
°C are shown in Fig. 7a. Except for CuO/CeO,(S)-500, three
reduction peaks corresponding to three different types of Cu
species entities differing in their degree of interaction with
the support can be found on the other catalysts.>'* Peak a at
low temperature is ascribed to the reduction of finely dis-
persed Cu species strongly interacting with CeO,; peak B at
higher temperature is assigned to the reduction of larger par-
ticles of Cu species; peak v is attributed to the reduction of
bulk Cu species interacting weakly with Ce0,.">** The reduc-
ible Cu species on CuO/CeO,(A)-500 and CuO/CeO,(N)-500
are CuO only, while the reduction of Cu,(OH);Cl species also
contributes to the reduction peaks for CuO/Ce0,(C)-500.>"*
In addition, for CuO/Ce0O,(A)-500 and CuO/CeO,(C)-500, high
temperature peaks at 250 and 392 °C (peak §), respectively, are
required for satisfactory fitting of the profile. This may corre-
spond to the reduction of Cu®" in the CeO, lattice, which is
proposed to be the most difficult to reduce.”'® There are also
a series of peaks on the TPR profile of CuO/CeO,(S)-500,
maybe due to the complex reactions between CuSO, and H,,
which are not studied in detail in this paper.

Specifically, it can be seen from the profiles of CuO/CeO,-
(A)-500 that all of these reduction temperatures are lower
than that of pure CuO, indicating that the presence of CeO,
facilitates the reduction of CuO. On the other hand, by inte-
grating the area of the reduction peak, the H, uptake is calcu-
lated. The actual H, consumption of CuO/CeO, catalysts,
except for CuO/Ce0,(S)-500, during the TPR test up to 450 °C
is higher than that required for full reduction of Cu species,
indicating that the reduction of surface CeO, must also con-
tribute to the observed reduction peaks. The synergistic effect
between CuO and CeO, is believed to enhance their individ-
ual reducibility."”® The lower reduction temperature of CuO
and a large amount of excess H, uptake (219 pmol g™)
obtained on CuO/CeO,(A)-500 suggest stronger synergistic
effects and more reducible surface CeO, on it.

A quantitative attribution of the TPR peaks to different
species has been calculated and the results are shown in
Table 3. It is clear that CuO/CeO,(C)-500 has more finely dis-
persed Cu species (21%) than CuO/CeO,(A)-500 and
CuO/Ce0,(N)-500, consistent with the results obtained from
XRD. However, the reduction temperature of Cu species on

Table 3 Results of H,-TPR analysis
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CuO/Ce0,(C)-500 shifts to a higher temperature than that on
CuO/Ce0,(A)-500 and CuO/CeO,(N)-500. Especially, the
reduction temperature of bulk CuO on it (340 °C) is even sig-
nificantly higher than that of pure CuO particles (255 °C);
this may be caused by the presence of Cl", which inhibits the
reduction of Cu species. Additionally, the excess H, uptake
(56 umol g') of CuO/Ce0,(C)-500 is relatively lower. Thus, it
can be inferred that the presence of CI" has a negative influ-
ence on the synergistic effects between Cu species and CeO,,
leading to a poor reducibility of surface CeO, species.
According to Fajardie and Abid et al.,*”* the presence of CI”
could give rise to CeOCl located at the interface between
CeO, and CuO. The CeOCl phase will change the interaction
between CuO and CeO, and present a barrier to the hydrogen
spillover from highly dispersed CuO to CeQ,,*””® thus lead-
ing to an inhibiting effect on the reduction of the CeO, sur-
face. On the other hand, CuO/CeO,(A)-500 and CuO/CeO,(C)-
500 also show some Cu”* species in the CeO, lattice (4% and
5%, respectively), in agreement with the XRD and Raman
analyses. The absence of Cu”>" incorporated into the CeO, lat-
tice on CuO/CeO,(N)-500 suggests that almost all the CuO
exist on the CeO, surface, leading to a higher Cu/Ce atomic
ratio as shown in XPS data (Table 2).

It can be seen from Fig. 7b that only one reduction peak
at around 260 °C, corresponding to the reduction of bulk
CuO, can be observed on all CuO/CeO, catalysts calcined at
800 °C; and a similar peak position and shape may be related
to the same CuO phase and similar particle size on them as
reflected in XRD results (Table 1). In the case of CuO/CeO,-
(A)-800, the reduction of bulk CuO shifts to a higher tempera-
ture than that of the counterpart prepared by calcination at
500 °C, due to the sintering and growth of CuO and CeO,
particles as the temperature increases.'®*> Almost no change
happens on the reduction temperature of bulk CuO on
CuO/CeO,(N) samples with different calcination tempera-
tures, suggesting that the bulk CuO from copper nitrate is
more stable. Furthermore, the reduction of bulk CuO on
CuO/Ce0,(C)-800 shifts towards a lower temperature than
that on CuO/Ce0,(C)-500, probably due to the disappearance
of the inhibiting effects caused by Cl". Most of CI” ions may
have been eliminated when the catalyst is calcined in air
at 800 °C for 4 h.*” As for the two CuO/CeO,(S) catalysts

Reduction temperature (°C) and relative intensities® (%) Total H, Excess H,
consumption consumption

Sample o B Y 5 (umol g™ (umol g™
Cu0/Ce0,(A)-500 171 (12) 193 (39) 217 (45) 250 (4) 1444 194
CuO/Ce0,(N)-500 173 (4) 226 (30) 267 (66) — 1382 132
Cu0/Ce0,(C)-500 236 (21) 301 (14) 340 (60) 392 (5) 1219 56
Cu0/Ce0,(S)-500 — — — — — —
Cu0/Ce0,(A)-800 — — 263 — 1257 7
CuO/CeO,(N)-800 — — 248 — 1344 94
Cu0/Ce0,(C)-800 — — 252 — 933 73
CuO/CeO,(S)-800 — — 267 — 1290 40

“ Peak area in percentage of total area.

This journal is © The Royal Society of Chemistry 2015
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prepared at different temperatures, the distinction may come
from the different reducible properties of CuO and CuSO,.
CuO/Ce0,(C)-800 displays a minimum H, consumption,
resulting from the volatilization of CuCl during the calcina-
tion process as shown in TG analysis. Moreover, the excess
H, consumptions of CuO/Ce0,(A) and CuO/CeO,(N) decrease
obviously as the calcination temperature increases, attribut-
able to the decrease in active surface CeO,. According to the
literature,'® the agglomeration and growth of CuO and CeO,
particles will weaken the CuO-CeO, interaction, leading to a
poor reducibility of surface CeO,. The abnormality that hap-
pened on CuO/Ce0,(C) and CuO/CeO,(S) may be related to
the residual anions. The results mentioned above indicate
that the strong synergistic effect can promote the reducibility
of Cu species and surface CeO,, and the effect is significantly
affected by residual anions and the calcination temperature.

3.7 CO-TPD study

Typical TPD profiles of CO, after CO adsorption at 30 °C for
30 min on different catalysts are given in Fig. 8. Almost all
the adsorbed CO has been released after the sample is
purged under flowing He at room temperature. In the
heating process, the majority of adsorbed CO desorbs as CO,
resulting from different carbonate species produced by the
reaction of absorbed CO with lattice oxygen,>®® and only a
small quantity of CO desorbs from CuO/CeO,(C)-500 at low
temperatures with a peak at 58 °C as shown in Fig. 9. It can
be seen from Fig. 8(a) that there are two CO, desorption
peaks on CuO/Ce0,(A)-500 and CuO/Ce0,(N)-500, including a
main peak at around 130 °C and a shoulder peak at about
287 °C, consistent with the results of Avgouropoulos and
Toannides.®! According to the literature,’ the peaks may be
related to the different CO adsorption approach: a fraction of
CO has formed CO, at room temperature, which probably
reacts with the CeO, surface and adsorbed as carbonate, and
releases at about 100 °C; another fraction of the CO probably
develops into bidentate carbonate on the reactive sites, which
may evolve across intermediate species (maybe as CO,) when
the temperature increases and finally desorbs as CO, at
higher temperatures (200-400 °C).

The CO-TPD profile of CuO/Ce0O,(A)-500 shows the highest
intensity and the lowest temperature for CO, desorption at
129 °C, implying that there are more active lattice oxygen that
can interact with the adsorbed CO to form CO, at room tem-
perature and the produced carbonate species can desorb eas-
ily, beneficial for enhancing the catalytic activity.>*>®® The
enhanced activity of lattice oxygen may be resulted from
more finely dispersed CuO and the stronger CuO-CeO,, syner-
gistic effect. In contrast, drastic differences can be found on
Cu0/Ce0,(C)-500, CuO/Ce0,(S)-500, and Ce0,-500. As shown
in Fig. 8a, only one CO, desorption peak at around 270 °C
can be seen on CuO/Ce0,(C)-500; this peak may be related to
the second CO adsorption approach as discussed above and
suggests that almost no CO, formed at room temperature
(the first CO adsorption approach). For CuO/CeO,(S)-500 and
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Fig. 8 TPD profiles of CO, after CO adsorption at ambient

temperature for 30 min over CuO/CeO, catalysts calcined at 500 °C
(a) and 800 °C (b).

Ce0,-500, no peaks but a slight increase in CO, signal is
observed, indicating that only a small amount of bidentate
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Fig. 9 CO and CO, TPD profiles for CuO/CeO,(C) catalysts after
adsorbing CO at ambient temperature for 30 min.
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carbonate species formed on them.®' Importantly, CuO/CeO,-
(S)-500 even exhibits a smaller CO, desorption than pure
CeO, due to the absence of CO adsorption sites and the par-
tial coverage and poison of the CeO, surface by S0,>".

Fig. 8(b) presents the CO-TPD profiles of CuO/CeO, cata-
lysts calcined at 800 °C. All samples exhibit a CO, desorption
peak at about 143 °C as a result of similar CuO and CeO, spe-
cies on them. CuO and CeO, particles can sinter and enlarge
as the temperature increases, leading to a decrease in the dis-
persion of CuO and a weakening of the synergistic effects.
Thus, comparing with the counterparts calcined at 500 °C,
the intensity of CO, desorption peaks for the catalysts cal-
cined at 800 °C decreases considerably, as a result of the
reduction of active lattice oxygen that can react with CO at
room temperature, except for the catalyst obtained from the
copper sulfate precursor. The diversity observed with
CuO/Ce0,(S) is mainly due to the different profiles of CuO
and CuSO, and the inhibiting effect of SO,>" on the synergis-
tic effects. In addition, the low temperature CO, desorption
peak on CuO/CeO,(A)-800 shifts to a higher temperature than
that on CuO/Ce0,(A)-500 as a result of the sintering of CuO,
whereas no obvious shift can be observed for CuO/CeO,(N),
suggesting that CuO particles from copper acetate are less
stable than those from copper nitrate as the calcination tem-
perature increases.

The CO and CO, signals derived simultaneously from CO-
TPD of CuO/CeO,(C) calcined at different temperatures are
shown in Fig. 9. Notably, a very weak peak for CO desorption
is visible at 58 °C on CuO/CeO,(C)-500, while it is absent on
other catalysts (not shown here); this peak may be related to
the desorption of CO adsorbed on the finely dispersed Cu
species. The adsorbed CO can be removed easily, but cannot
be oxidized by lattice oxygen at room temperature. This phe-
nomenon further confirms the speculation that the presence
of CI” decreases the activity of lattice oxygen species. When
the calcination temperature rises to 800 °C, highly dispersed
Cu species have almost disappeared, leading to the absence
of the corresponding CO desorption peak. What is more,
most of Cl” ions have been eliminated, thus, the inhibiting
effect on the CuO-CeO, interaction has disappeared and lat-
tice oxygen becomes more active under the synergistic effects.
As a result, a fraction of adsorbed CO can react with lattice
oxygen to form CO, at lower temperature, and the low tem-
perature CO, desorption peak (the first CO adsorption
approach) appears on CuO/CeO,(C)-800 in contrast to
Cu0/Ce0,(C)-500.

Thus, it can be concluded that different Cu precursors
and calcination temperatures affect the CO adsorption
approach and the activity of lattice oxygen, which is regarded
as more active than gas-phase oxygen,>'®*® and may lead to
different CO oxidation abilities.

3.8 In situ DRIFTS study

In situ DRIFTS experiments of CO as a probe molecule were
conducted to further investigate the influence of Cu

This journal is © The Royal Society of Chemistry 2015
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precursors on the CO adsorption properties of the CuO/CeO,
catalysts. As shown in Fig. 10, CuO/Ce0O,(A)-500, CuO/CeO,-
(N)-500, and CuO/CeO,(C)-500 show a strong peak at about
2108-2125 cm™ " assigned to the linear CO adsorbed on Cu*
sites (Cu’-CO0),">"***°%% in agreement with the Cu() % cal-
culated from XPS spectra. Nevertheless, this peak is invisible
on CeO, and negligible on CuO/Ce0,(S)-500 and CuO. Thus,
the inhibition of the synergistic effect by SO,> has led to the
lower CO adsorption properties for CuO/CeO,(S)-500. Addi-
tionally, considering that the Cu'-CO species detected on
pure Cu,O gives a main IR adsorption band at about 2127
ecm™ (ref. 66) and the interaction between copper and CeO,
can make the band shift to lower wavenumbers according to
previous contributions,">® it can be concluded that the
strengths of synergistic effects, based on the peak position of
the Cu’™-CO band, follow the sequence of CuO/Ce0,(C)-500 <
CuO/Ce0,(N)-500 < CuO/Ce0,(A)-500. The relatively higher
wavenumber of the IR adsorption band for Cu’-CO species
and weaker synergistic effects on CuO/CeO,(C)-500 may
result from the presence of CI™ at the CuO-CeO, interface.
The spectral zone below 1600 cm ™" presents several peaks
ascribed to carbonate or formate species chemisorbed on
Ce0,. The peak at about 1470 cm™' is attributed to the anti-
symmetric stretching of the terminal CO bonds in poly- or
mono-dentate carbonates;*>®” the peaks at 1385 and 1318
em™ are ascribed to formate'®®® and bidentate carbonates
associated with Ce0,,"””*! respectively. The generation of car-
bonate or formate species can be found obviously on
CuO/Ce0,(A)-500, CuO/Ce0,(N)-500, and CeO,. The forma-
tion of carbonate is basically related to the reaction between
lattice oxygen on the CeO, surface and CO, formed by CO
oxidation."” Thus, the relatively higher intensity of carbonate
on CuO/Ce0,(A)-500 indicates that plentiful CO, have been
formed by the reaction between CO and CuO or CeO, and

2114
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Fig. 10 DRIFTS spectra recorded after introducing CO for different
CuO/CeO; catalysts calcined at 500 °C (the spectra were recorded at
30 °C after introducing 1 vol% CO in He mixture).
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the lattice oxygen on the CeO, surface is more active caused
by the stronger synergistic effects, while the absence of car-
bonate on CuO/Ce0,(S)-500 suggests that no CO, is produced
and the CeO, surface (partly covered by SO,>) is less active.
On the other hand, carbonate species are also invisible on
Cu0/Ce0,(C)-500; this may be due to the presence of CI that
lowers the activity of lattice oxygen on the CeO, surface (thus
inhibiting the formation of these species).

Therefore, it can be concluded that Cu® formed under the
synergistic effects is the better CO adsorption site than Cu**
Moreover, the CO adsorption properties and activity of lattice
oxygen on the CeO, surface for different catalysts are seri-
ously affected by the Cu precursors and ranked in the order
of CuO/Ce0,(S)-500 < CuO/Ce0,(C)-500 < CuO/CeO,(N)-500 <
CuO/Ce0,(A)-500, in agreement with the result of CO-TPD
analysis described above.

3.9 Catalytic activity for CO oxidation

The activity data for different CuO/CeO, catalysts for CO oxi-
dation are shown in Fig. 11. The catalytic activity of either
CuO (not shown here) or CeO, is quite low, but when CuO
species are introduced on the CeO, surface, the activity
increases dramatically. This phenomenon may be mainly
attributed to the improved CuO dispersion and the CuO-
CeO, interaction resulting from the incorporation of a little
bit of Cu®" into the CeO, lattice and the stronger synergistic
effects. Upon calcination at 500 °C, the catalytic activity of
different catalysts increases in the order of CuO/CeO,(S)-500
< CeO, < CuO/Ce0,(C)-500 < CuO/CeO,(N)-500 <
CuO/Ce0,(A)-500, consistent with the strength of the syner-
gistic effects reflected in Raman, H,-TPR, and DRIFTS analy-
ses. This phenomenon suggests that synergistic effects play
an important role in the activity process of CO oxidation.
More specifically, the Too (the temperature at which 99% CO
conversion) for CuO/Ce0,(A)-500 is 117 °C, while the CO con-
version on CuO/CeO,(S)-500 is only 92.5% even when the
reaction temperature reaches 500 °C. This result indicates
that the catalytic activities are extremely sensitive to Cu pre-
cursors, from which different compositions and dispersions
are obtained as shown in TG-DSC, XRD and Raman analyses.
As a result, catalysts possessing different active sites and
physicochemical properties exhibit disparate ability for CO
oxidation.

The mechanism of conversion of CO to CO, on CuO/CeO,
catalyst has been proposed to involve a redox cycle,> %8 as
shown in Scheme 1. At first, CO adsorbs on the active CuO
species, mainly on Cu’. In step 2, the adsorbed CO reacts
with lattice oxygen giving rise to CO,, accompanied by the
formation of surface oxygen vacancies, Ce®" and active
adsorption sites Cu’. The oxygen vacancies are replenished
by gas-phase oxygen, leading to the re-oxidation of Cu" and
Ce®" in step 3. According to this reaction mechanism, it can
be surmised that the highest activity observed for CuO/CeO,-
(A)-500 may be related to more highly dispersed active CuO
(shown clearly in H,-TPR analysis) and stronger synergistic
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Fig. 11 Effect of Cu precursors on CO oxidation activity over CuO/
CeO, catalysts calcined at 500 °C (a) and 800 °C (b).

effects between CuO and CeO, (reflected in Raman, H,-TPR,
and DRIFTS analyses); the former provides the sites for
adsorbing CO and promotes the incorporation of Cu®* into
the CeO, lattice resulting in the formation of Ce*" and oxygen
vacancies, and the latter produces better CO adsorption sites
Cu' and activates the lattice oxygen. In addition, the
improved dispersion of CuO is also beneficial to strengthen
the synergistic effects. This can be seen clearly from the
results of CuO/Ce0,(A)-500 and CuO/CeO,(N)-500, on which
the differences in synergistic effects and activity for CO

co Gaseous phase
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CuOi u*
React

Cet*- 02 -Cuz*
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\)D Oxygen vacancy ‘h o
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Scheme 1 Reaction models of CO oxidation over CuO/CeQ, catalyst.
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oxidation originate directly from the different dispersion of
CuO. CuO/Ce0,(A)-500 with more highly dispersed CuO pos-
sesses stronger synergistic effects. Although CuO/CeO,(C)-500
also has numerous highly dispersed Cu species, oxygen
vacancies, Ce®" and reduction degree of Cu", it shows a lower
activity than CuO/Ce0,(A)-500 and CuO/CeO,(N)-500. This
can be ascribed to the presence of Cu,(OH);Cl and CI': the
former leads to a decreased amount of active CuO, while the
latter inhibits the synergistic effects, making the activation of
adsorbed CO and lattice oxygen more difficult. So, step 2 in
the reaction process has been blocked. The catalytic activity of
CuO/Ce0,(8)-500 with highly dispersed CuSO, and more Ce**
is even lower than that of CeO, (Fig. 11a), probably because
the presence of SO,  completely interdicts the synergistic
effects and makes the formation of better CO adsorption sites
Cu" and the activation of lattice oxygen impossible at low tem-
perature as reflected in CO-TPD and DRIFTS measurements.

Upon calcination at 800 °C, the catalytic activities of CuO/
CeO, prepared from different Cu precursors increase in the
following order: CuO/CeO,(A)-800 < CuO/Ce0,(S)-800 <
Cu0/Ce0,(C)-800 < CuO/Ce0,(N)-800. Compared with the
counterparts calcined at 500 °C, the catalytic activities of all
CuO/CeO0, catalysts except for CuO/CeO,(S)-800 decrease obvi-
ously due to the sintering of both CuO and CeO,. According
to the literature, highly dispersed CuO shows a significantly
higher activity for CO oxidation than the bulk Cu0Q.>*%%%%
Thus, the sintering of highly dispersed CuO into bulk CuO
leads to the formation of less active catalysts. On the con-
trary, CuO/CeO,(S)-800 shows a higher activity than
Cu0/Ce0,(S)-500, due to the complete conversion of inactive
CuSO, to CuO. What is more, the activity of CuO/CeO,(S)-800
with largest CuO particles is higher than that of CuO/CeO,-
(A)-800; it may be related to the larger CeO, particles on
CuO/Ce0,(A)-800. It is worth noting that CuO/CeO,(A)-800
shows the lowest activity, while the highest activity is
obtained on CuO/Ce0,(A)-500, suggesting that the active Cu
species and CeO, on CuO/CeO,(A) are less stable as the tem-
perature increases. Moreover, CuO/CeO,(C)-800 with a rela-
tively lower Cu content (as shown in Table 1) shows a similar
catalytic activity with CuO/CeO,(N)-800, further suggesting
that the redundant bulk CuO species only have a little contri-
bution to the catalytic activity,>>%>3%87°

4. Conclusions

The effects of Cu precursors (used in impregnation) and cal-
cination temperatures on the physicochemical properties and
catalytic activities of CuO/CeO,, catalysts in CO oxidation were
investigated in detail. When the samples are calcined at 500
°C, CuO is the dominant Cu species. The only exception is
that for CuO/CeO,(S)-500, in which CuSO, is dominant
instead. CuO/Ce0,(A)-500 prepared using copper acetate
shows the highest activity due to the better dispersion of
CuO as well as enhanced CuO-CeO,, synergistic effects. The
stronger synergistic effects can lead to the reduction of CuO
to Cu" species, which have better CO adsorptive properties
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and make the lattice oxygen more active, playing an impor-
tant role in the improvement of the reducibility and activity
for CO oxidation. The increased number of highly dispersed
CuO can provide active CO adsorption sites (Cu" species) and
strengthen the synergistic effects. However, the synergistic
effects are significantly affected by the residual anions. The
presence of CI” and SO,>” inhibits the synergistic effect, lead-
ing to a reduced activity. Comparing with CuO/CeO,(A)-500,
the CuO species on CuO/CeO,(N)-500 prefers to aggregate on
the CeO, surface, and the redundant bulk CuO species have
almost no interaction with CeO, and contribute little to cata-
Iytic activity. On the other hand, the formation of oxygen
vacancies and Ce®" caused by the incorporation of Cu** into
the CeO, lattice is predominantly affected by the disparity of
Cu species: the more highly dispersed Cu species are, the
more oxygen vacancies and Ce*" are produced. The incorpo-
ration of Cu®" into the CeO, lattice changes its lattice param-
eters (determined by XRD) by inducing the lattice to distort.
In addition, the strong interaction between CuO and CeO,
also has a significant influence on the structure of CeO,, as
reflected by the main F,, mode band observed by Raman
spectroscopy.

Upon calcination at 800 °C, the Cu species obtained from
all Cu precursors are basically bulk CuO, which shows a little
activity. So, the catalytic activities of these catalysts are signif-
icantly lower than those calcined at 500 °C, except that
CuO/Ce0,(S)-800 is even more active than CuO/CeO,(S)-500
due to the formation of CuO from the decomposition of inac-
tive CuSO,4 and the elimination of site-blocking SO,>” species.
CuO/Ce0,(C)-800 with lower Cu content shows better cata-
Iytic activity than CuO/CeO,(A)-800 and CuO/CeO,(S)-800 fur-
ther demonstrating that the bulk CuO has only a little contri-
bution to the catalytic activity.
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