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a b s t r a c t

TixSn1 − xO2 mixed oxides were synthesized by the coprecipitation method. CuO/TixSn1 − xO2 catalysts
were then prepared by wetness impregnation of the mixed oxides with Cu(NO3)2. These catalysts
were characterized using X-ray diffraction (XRD), laser Raman spectroscopy (LRS), H2-temperature-
programmed reduction (TPR), O2-temperature-programmed desorption (TPD), X-ray photoelectron
spectroscopy (XPS), and in situ Fourier transform infrared (FT-IR) techniques. The activities of the cata-
lysts during CO oxidation were evaluated. The following observations were made: (1) CuO species can be
highly dispersed on the TixSn1 − xO2 supports, such that several surface Cu+ ions and oxygen vacancies are
formed. (2) Among the prepared catalysts, the 5CuO/Ti0.75Sn0.25O2-600 ◦C catalyst exhibits the highest
reducing property, which arises from the difference in electronegativity between Ti and Sn. (3) The CO
species can adsorb on Cu+ and O2 on the oxygen vacancy, which forms O2

− species. The in situ FT-IR
results show that the Cu+–(CO)2 species and O2

− adsorbed on the catalyst play a key role in CO oxidation.
(4) The resistance of the catalysts to H2O is related to the Brunauer–Emmett–Teller (BET) surface area and
the H2O adsorption on the catalyst surface. Furthermore, a possible reaction mechanism is tentatively
proposed to understand this reaction.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The catalytic oxidation of carbon monoxide has been of consid-
erable interest because of its significance in deep sea diving, human
safety measures in mines, space exploration, CO sensing, and air
cleaning [1,2]. Moreover, CO oxidation is a side reaction observed
in some industrial processes such as methanol production [3] and
water–gas shift reaction [4–6]. Noble metal-based catalysts are effi-
cient for low-temperature CO oxidation [7–9], but the high cost of
precious metals limits their applications. Thus, researchers have
turned to the study of non-noble metal-based catalysts, especially
copper oxide [10–12]. Although supported copper oxides [13–23]
are highly active for CO oxidation, the reaction usually takes place at
elevated temperatures (>200 ◦C). The systems of interests include
CuO/CeO2 [13–15,18–20], CuO/TiO2 [21–23], CuO/SnO2 [15,16],
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CuO/Al2O3 [24,25], etc. Among these, CuO/TiO2 catalysts have been
studied intensively because they show promising activity for CO
oxidation [21–23]. However, pure TiO2 is reported to have poor
thermal stability [26]. Tin is widely used to improve the stability of
TiO2. TiO2–SnO2 mixed oxides are more resistant to thermal aging
and better redox agents than pure TiO2, because the Sn4+ → Sn2+

reaction occurs at relatively lower temperatures [27,28]. Recent
studies have found that copper oxide supported on TiO2–SnO2
mixed oxide is more favorable for CO oxidation than those sup-
ported on pure TiO2 and SnO2 [29,30]. However, the intrinsic factors
that enhance these activities is still not clear. Specifically, the effect
of the Ti/Sn ratio and the thermal treatment of the mixed oxide on
the catalyst activity remains to be studied.

Previous research has focused on correlating the surface struc-
ture and composition of supported CuO catalysts with their
catalytic behavior [13–34], thus suggesting that the locus of
catalytic activity for CO oxidation is a copper center. Although sup-
ported oxidic [13–25] and metallic [31,32] copper catalysts have
been studied frequently and extensively, the specific nature of the
active sites is still uncertain. In these studies, highly dispersed sur-
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face Cu+ species are reported to be the most active compared with
Cu2+ and Cu0 [11,13,25,33,34]. Lopez Agudo studied CO oxidation
over alumina-supported copper oxide catalysts and found that Cu+

and/or Cu0 were the active sites for CO oxidation [35]. Jernigan
and Somorjai [36] showed that the rate of CO oxidation at 300 ◦C
decreased with increasing copper oxidation state. Qin et al. [37]
suggested that Cu2+ was the active site in the CuO–CeO2 system.
Nina Perkas et al. [38] indicated that metallic Cu0 deposited on TiO2
would enhance its activity in CO oxidation, with the Cu0 metal serv-
ing as both an effective co-catalyst for CO oxidation and a reducing
species to react with CO. In the literature, the most active Cu species
for a CuO/TiO2–SnO2 system in CO oxidation are still under under
debate.

Many studies have focused on the reaction mechanism of
CO oxidation over copper catalysts. Habraken et al. studied the
CO–O2 interaction on Cu (1 1 0), (1 1 1), and (1 0 0) single crys-
tals, concluding that the CO oxidation reaction proceeded via a
Langmuir–Hinshelwood (LH) mechanism involving adsorbed CO
molecules and oxygen atoms [39,40]. This is supported by the
results obtained by Choi and Vannice [32]. They proposed that the
catalyst surface is a thin overlayer (two or three monolayers) of
Cu2O with O2 vacancies under reaction conditions, which allows
the adsorption of CO on exposed CuO species, or possibly on
Cu2O/Cu interface sites, while O2 interacts with Cu atoms to main-
tain the Cu2O layer. By contrast, Boon et al. emphasized the oxygen
vacancies in copper oxide for the oxidation of CO [41]. However,
studies on the reaction mechanism of rutile-type oxygen-ion-
conducting oxide supports with base metal catalytic agents for CO
oxidation are lacking. As a result, although studies have proven
that CO oxidation activity over copper supported on TiO2–SnO2 is
significantly enhanced, its mechanism remains poorly understood.

Our group has been working on this topic for many years,
by systematically studying the coordination states and reduction
properties of CuO/WO3/CeO2, CuO/Fe2O3, CuO/Ti0.5Sn0.5O2, and
CuO/t–ZrO2 catalysts [25,42–44]. Accordingly, the present work
elucidates the structural characteristics; the dispersion, reduc-
tion, and adsorption/desorption behaviors; and the activity of the
representative CuO/TiO2–SnO2 catalysts. The following aspects
were studied in detail: (1) the dispersion and state of copper
oxide on the TixSn1 − xO2 surface; (2) the surface structure of the
CuO/TixSn1 − xO2 catalysts and the structure–property relationship;
(3) the interaction of CO and/or O2 with the copper-based cata-
lyst, to understand the influence of SnO2 doping on the variation of
copper species and adsorbed CO and/or O2 species; and (4) compar-
ison of CO conversion in the presence and absence of water vapor.
These results would help illustrate CO oxidation over copper oxide
supported on TiO2–SnO2.

2. Experimental

2.1. Catalyst preparation

TixSnyO2 mixed oxides were prepared by coprecipitation. The
requisite amounts of TiCl4 and SnCl4·5H2O (the molar ratio of
Ti/Sn = 1:3, 1:1, and 3:1) solutions were mixed. Ammonia solution
was added dropwise to these solutions while stirring vigorously.
The resulting precipitate was dried at 110 ◦C for 12 h, and it was
then calcined at 450, 600, 850, and 1200 ◦C for 4 h in flowing air.

The CuO/TixSn1 − xO2 samples were prepared by impregnat-
ing TixSn1 − xO2 with an aqueous solution containing 5 wt.% of
Cu(NO3)2. The samples were dried at 110 ◦C for 12 h and then
calcined in air at 450 ◦C for 4 h. For simplicity, these synthesized
samples were denoted as 5CuTxSy-T. For example, 5CuT3S1-600
represented a molar ratio of Ti/Sn of 3:1, a calcination temperature
of 600 ◦C, and a CuO loading of 5 wt.%.

2.2. Catalyst characterization

2.2.1. X-ray diffraction
X-ray diffraction (XRD) patterns were obtained with a Philips

X’pert Pro diffractometer equipped with a high-temperature cham-
ber using Ni-filtered CuK� radiation (0.15418 nm). The X-ray tube
was operated at 40 kV and 40 mA.

2.2.2. Brunauer–Emmett–Teller surface areas
The Brunauer–Emmett–Teller (BET) surface areas were mea-

sured by nitrogen adsorption at 77 K on a Micromeritics ASAP-2020
adsorption apparatus.

2.2.3. Laser Raman spectra
Laser Raman spectroscopy (LRS) was performed with a Ren-

ishaw Invia Raman spectrometer. An Ar+ laser was used to produce
Raman excitation at 514.5 nm. Raman spectra were obtained by
co-adding three scans of 20 s at a resolution of 4 cm−1 and a laser
power of 20 mW under ambient conditions.

2.2.4. Temperature-programmed reduction
H2-temperature-programmed reduction (TPR) was carried out

in a quartz U-tube reactor, and 50 mg of the sample was used for
each measurement. Before reduction, the sample was pretreated
in a N2 stream at 100 ◦C for 1 h and then cooled to room temper-
ature. Then the sample was passed through a H2–Ar mixture (7%
H2 by volume), with a linear increase in temperature at a rate of
10 ◦C min−1. H2 consumption was analyzed using a thermal con-
ductivity detector.

2.2.5. Temperature-programmed desorption
O2-temperature-programmed desorption (TPD) was also car-

ried out in the fixed-bed flow reactor. The catalyst (100 mg) was
pretreated in helium at 200 ◦C for 1 h, and then oxygen adsorption
was conducted under an O2–He mixture (20% O2 by volume) at
200 ◦C for 0.5 h. After cooling to room temperature, the system was
purged in He (60 ml min−1) for 1 h. After the treatment, the tem-
perature was raised to 700 ◦C at a rate of 10 ◦C min−1 in the helium
flow (60 ml min−1), and the effluent gases from the reactor were
analyzed with a Balzers Omnistar benchtop mass spectrometer.

2.2.6. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) experiments were per-

formed on a PHI 5000 Versa Probe high-performance electron
spectrometer, using monochromatic Al K� radiation (1486.6 eV) at
an accelerating power of 15 kW. Before the measurement, the sam-
ple was outgassed at room temperature in an ultrahigh-vacuum
(UHV) chamber (<5 × 10−7 Pa). The sample charging effects were
compensated by calibrating all binding energies (BEs) with the
adventitious C 1s peak at 284.6 eV. This reference gave BE values
with an accuracy of ±0.1 eV.

2.2.7. In situ Fourier transform infrared spectroscopy
Fourier transform infrared (FT-IR) spectroscopy was performed

using a Nicolet 5700 FT-IR spectrometer at a spectral resolution
of 4.0 cm−1. CO and/or O2 adsorption was carried out by exposing
a self-supporting wafer of a catalyst (about 10 mg), mounted in a
commercial controlled environment chamber (HTC-3), to a stream
of CO–N2 (10% CO by volume) and/or O2–N2 (20% O2 by volume) at
a rate of 5.0 ml min−1 for 30 min. The IR spectra were recorded at
various target temperatures.

2.3. Activity measurement for CO oxidation

The activities of the 5CuTxSy catalysts in the CO + O2 reaction
were measured in a flow micro-reactor with a gas composition of
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Fig. 1. CO conversion (%) over (a) 5CuTxSy-600 ◦C, (b) 5CuT3S1-T catalysts, (c) 5CuTxSy-600 ◦C in the presence of water vapor, and (d) 5CuT3S1-T catalysts in the presence
of water vapor at various operating temperatures (50–250 ◦C). x, y, and T are shown in the figure.

1.6% CO, 20.8% O2, and 77.6% N2 by volume at a space velocity
of 30,000 mL g−1 h−1; 25 mg of catalyst was used for each mea-
surement. The catalysts were pretreated in a N2 stream at 100 ◦C
for 1 h before being passed through the reaction gas stream. The
tail gas was analyzed using a gas chromatograph with a thermal
conductivity detector. Two columns were used for gas separa-
tion: one was packed with a 13X molecular sieve (30–60 M) for
separating O2, N2, and CO, the other was packed with Porapak
Q for separating CO2. In addition, the activities of each catalyst
were tested in the absence and presence of 10 vol.% of water
vapor. The water vapor (10 vol.%) was introduced into the reaction
mixture when studying the effect of H2O on the catalytic perfor-
mance.

3. Results and discussion

3.1. Activities of catalysts

The activities of the Cu/TixSn1 − xO2 catalysts are shown in
Fig. 1. The activities of the catalysts are closely related to
the titanium oxide content, and they decrease in the order of
5CuT3S1 > 5CuT1S1 > 5CuT1S3 > 5CuT > 5CuS, as shown in Fig. 1a.

For the 5CuT3S1 catalysts, the activities decrease in the order
of 5CuT3S1-600 > 5CuT3S1-850 > 5CuT3S1-450 > 5CuT3S1-1200, as
shown in Fig. 1b. The 5CuT3S1-600 catalyst showed the best
reactivity for the catalytic oxidation of CO, providing a total CO oxi-
dation at 200 ◦C. Due to the lower copper oxide loading (5% CuO),
higher temperatures were observed than in the relevant studies
[29,30].

Conversely, large amounts of water vapor (10–15%) are present
in the exhaust gas from natural gas vehicles, which strongly affect
the activity of the catalyst. Therefore, it is essential to test the per-
formance of these catalysts in the presence of H2O in the stream.
Fig. 1c,d show the CO conversions of CuO/TiO2–SnO2 catalysts with
the addition of H2O. As can be seen, the activity of all catalysts
substantially decreases at lower temperatures (≤150 ◦C). At higher
temperatures, the CO conversion decreases more slowly. These
results suggest that H2O vapor over CuO/TiO2–SnO2 catalysts has a
negative effect at lower temperatures (≤150 ◦C). At higher temper-
atures (≥175 ◦C), the catalyst shows good resistance to H2O during
CO oxidation. To further study the reason underlying the difference
in catalytic performance, a series of characterizations were carried
out for these samples, and the corresponding results are given in
the following sections.
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Fig. 2. XRD patterns of (a) TxSy-600 ◦C, (b) 5CuTxSy-600 ◦C, (c) T3S1-T, and (d) 5CuT3S1-T catalysts. x, y, and T are shown in the figure.

3.2. Structural and textural characteristics (XRD and LRS)

Fig. 2 displays the XRD patterns of the TxSy-600 and 5CuTxSy-
600 samples along with pure SnO2 and TiO2 (rutile). For the TxSy
samples calcined at 600 ◦C, only the broad diffraction lines of
SnO2 and/or TiO2 (rutile) are detected. Furthermore, the diffraction
peaks of TxSy-600 are slightly shifted to lower angles com-
pared with TiO2 (rutile), indicating that the interplanar distance
increases according to the Bragg equation, 2d sin� = n�. This is con-
sistent with the increase in lattice parameters (Table 1), which
is attributed to the substitution of larger-size Sn4+ (0.071 nm) for
Ti4+ (0.068 nm). These results indicate the successful incorporation
of Sn4+ the TiO2 lattice to form a uniform solid solution (con-
taining –Ti4+–O–Sn4+–species) while maintaining the rutile-type
structure, which is in agreement with the literature [45]. Moreover,
compared with the SnO2 and TiO2 (rutile) samples, the diffraction
peaks of these TxSy-600 mixed oxides are broadened, suggesting
smaller particle sizes of crystallites for TxSy-600 mixed oxides, as
tabulated in Table 1. For the CuO-containing catalyst (Fig. 2b), for
example, the 5CuT sample, weak diffraction peaks for crystalline
CuO (typically at 38.7 ◦C) (JCPDS (Card No. 41-0254)) appear, indi-
cating the formation of some crystalline CuO on the surface of TiO2.
The diffraction peaks are not observed in other patterns, indicat-

ing that the copper oxide species are highly dispersed and/or are
present as small clusters that cannot be easily detected by XRD.
This can be attributed to the high surface area of the TxSy support,
as shown in Table 1.

Fig. 2c shows the XRD patterns of the T3S1-T samples calcined at
various temperatures. The intensities of the diffraction of the rutile
structure increased remarkably with the increase in calcination
temperature, a result of better crystallization and fewer defects. It
is worth noting that the typical diffraction peaks of TiO2 (anatase)
are observed at 450 ◦C. This indicates that the anatase phase does
not completely transform into the rutile phase at low tempera-
tures. Phase separation and indexing of these diffraction patterns
are observed at 850 and 1200 ◦C, suggesting the formation of two
phases. These two phases can be assigned to the individual SnO2
and the single-phase mixed oxides. Moreover, the lattice parameter
of the T3S1-850 and T3S1-1200 samples decreases slightly, further
confirming the SnO2 precipitation. Consequently, we conclude that
TiSnO2 mixed oxides are unstable and undergo spinodal decompo-
sition at high temperatures, for example, 850 and 1200 ◦C, in this
study. The XRD patterns of the 5CuT3S1-T samples are shown in
Fig. 2d. For samples calcined at 450, 600, and 850 ◦C, only the peaks
associated with the corresponding T3S1 samples are detected in the
XRD patterns, which implies that copper oxide is well dispersed on
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Table 1
Crystallite size, lattice parameter, and BET surface area of these TxSy samples.

Samples Crystalline size (nm) Lattice parameter a = b, c (nm) Lattice volume (nm3) BET surface area (m2 g−1)

TiO2 105.5 a = 0.4587 c = 0.2953 0.0621 16
T3S1 23.9 a = 0.4608 c = 0.3008 0.0638 67
T1S1 16.2 a = 0.4663 c = 0.3044 0.0662 80
T1S3 27.5 a = 0.4706 c = 0.3124 0.0692 71
SnO2 28.1 a = 0.4740 c = 0.3188 0.0716 42
T3S1-450 20.7 a = 0.4656 c = 0.3040 0.0659 85
T3S1-850 147.2 a = 0.4600 c = 0.2997 0.0634 23
T3S1-1200 200.3 a = 0.4595 c = 0.2995 0.0632 9

Fig. 3. Raman spectra of (a) TxSy-600 ◦C, (b) 5CuTxSy-600 ◦C, (c) T3S1-T, and (d)
5CuTxSy-600 ◦C catalysts. x, y, and T are shown in the figure.

the T3S1 support. However, the diffraction peaks for crystalline CuO
appear in the sample calcined at 1200 ◦C, suggesting that CuO is dis-
persed less because of its considerably smaller BET area (Table 1).
Combined with the activity results, the low activity in the 5CuT3S1-
450 sample may be explained by the formation of TiO2 (anatase).
Copper oxide loaded on the TiO2 (rutile) exhibits a higher activity
than that on TiO2 (anatase) [46]. The low activity in the 5CuT3S1-
850 and 5CuT3S1-1200 samples may be a result of the small BET
area and the spinodal decomposition at high temperatures.

Among the catalysts, the 5CuT3S1-1200 and 5CuT catalysts
exhibit the best H2O resistance, whereas the 5CuT3S1-450 and
5CuT1S1 samples show the worst H2O resistance. As Table 1 has
shown that the 5CuT3S1-1200 and 5CuT catalysts possess small
BET surface area, we attribute their H2O resistance to the BET sur-
face area. In addition, the 5CuT3S1-450 and 5CuT1S1 samples with
larger BET area show the worst activity, proving that small BET sur-
face area enhances H2O resistance. This has also been reported in
previous studies [47].

Fig. 3a shows the laser Raman spectra of the TxSy-600 samples.
The Raman spectrum of TiO2 (rutile) exhibits three very intense
bands at 237, 448, and 610 cm−1 (B1g, Eg, and A1g, respectively).
The T3S1 and T1S1 spectra are very similar to that of the pure
TiO2, confirming the formation of mixed oxides (e.g., solid solu-
tion). However, the bands assigned to the SnO2 phase at 309 and
771 cm−1 (see SnO2 spectrum) appears in the spectrum of the
T1S3 sample. These bands can still be observed after CuO load-
ing, but their intensities decrease and the peaks broaden compared
with those of pure supports, as shown in Fig. 3b. This may be
attributed to the interaction with copper oxide species and the dis-
order in the oxygen sublattice [48]. In addition, the Raman shift of
Eg decreases significantly from 448, 431, 431, and 448 to 433, 402,
402, and 443 cm−1 for the 5CuTiO2, 5CuT3S1, 5CuT1S1, 5CuT1S3,

5CuSnO2 samples, and the 5CuT3S1 and 5CuT1S1 spectra exhibit
the largest shifts. However, the Raman shift of A1g (610 cm−1) is
almost unchanged. Simultaneously, the intensity of Eg increases
and that of A1g decreases relatively. This phenomenon may be
explained as follows: the two oxygen ions positioned at C4 axis of
the oxygen octahedron are related to the Eg vibration mode (insert
of Fig. 3b). Because one or two oxygen ions can be easily lost under
reduction conditions [28], the variation frequency and intensity of
the Eg mode may be seriously affected. Accordingly, we suggest
that the presence of more oxygen vacancies on the surface of the
5CuTxSy samples.

The profiles of the heat-treated samples at different tempera-
tures (Fig. 3c) are very similar to those of the T3S1-600 sample. For
the sample calcined at 450 ◦C, a very intense band of the anatase
phase appears at 154 cm−1, indicating that the anatase and rutile
phase coexist at this temperature. For the 850 and 1200 ◦C sam-
ples, the Raman peaks of A1g (610 cm−1) are shifted from 610 to
616 cm−1, suggesting the formation of crystal SnO2, which is in
good agreement with the XRD results. When the copper oxide is
introduced, the Raman shifts and intensities of Eg and A1g are sim-
ilar to the 5CuT3S1-600 sample, and the Eg peak of the 600 ◦C
sample shifts the most. These results indicate that the surface of
TxSy-T supports have several oxygen vacancies, and the oxygen of
CuO occupies these vacancies after the introduction of CuO. The
Cu O Ti (Sn) band is thus formed, which may result in the trans-
fer of electrons between Cu and Ti (Sn) ions. The the larger the Eg
peak shift, the more Cu O Ti (Sn) bands are formed.

3.3. Redox behaviors and O2-TPD studies

The reducing properties of the Cu/TixSn1 − xO2 samples are char-
acterized by H2-TPR, and the results are shown in Fig. 4. The shapes
of these TPR profiles are very similar. To further investigate the
surface copper oxide species, all the profiles are fitted by Gauss-
ian function, which are also shown in Fig. 4. All of them can be
divided into three reduction peaks (labeled as H1, H2, and H3).
The two peaks at the low-temperature region (H1 and H2) are
mainly attributed to the stepwise reduction of surface-dispersed
copper oxide species, that is, Cu2+ → Cu+ and Cu+ → Cu0 [42,43,49],
whereas the other peak at the high-temperature region (H3) may
be mainly assigned to the reduction of the surface Ti4+ (Sn4+) of
supports, crystalline CuO, or the CuO that interacts strongly with
the support [50].

The detailed information of these reduction peaks is sum-
marized in Table 2. The temperature of the reduction peaks H1
of the 5CuTxSy-600 samples increases in the following order:
5CuT = 5CuT3S1 < 5CuT1S1 < 5CuT1S3 < 5CuS. Meanwhile, the tem-
perature of the reduction peaks H2 increases in the order of
5CuT3S1 < 5CuT = 5CuT1S1 < 5CuT1S3 < 5CuS. It follows then that
the presence of SnO2 diminishes the reducing property of the
catalysts, due to the different interactions between copper oxide
species and the corresponding support, that is, the formation of the
Cu O Ti (Sn) band. Intrinsically, because the electronegativity of
the elements present in the samples are in the order of Ti (1.54) < Cu
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Fig. 4. TPR profiles of (a) 5CuTxSy-600 ◦C and (b) 5CuT3S1-T catalysts. x, y, and T are shown in the figure.

Table 2
The information of H2-TPR and O2-TPD over these TxSy catalysts.

Samples TH1 (◦C) TH2 (◦C) TH3 (◦C) Area of peaks H1 + H2 TO2 (◦C) Area of peaks O1 Area of peaks O2

5CuS 163 189 252 21.4 158.9 24.2 25.7
5CuT1S3 144 205 240 36.3 158.9 48.0 45.8
5CuT1S1 132 171 232 38.2 198.4 66.6 56.7
5CuT3S1 131 147 214 59.5 150.5 42.3 61.6
5CuT 131 171 211 19.0 190.0 19.8 25.8
5CuT3S1(450) 142 167 239 31.9 147.0 72..3 45.3
5CuT3S1(850) 139 192 231 34.3 381.2 10.3 47.7
5CuT3S1(1200) 170 252 346 25.3 – – –

(1.9) < Sn (1.96), the electrons can be captured by Cu2+ in these sam-
ples through the Cu O Ti link, while the electrons are donated to
Sn4+; consequently, the reduction of CuO in 5CuS is very difficult.
Moreover, it is worth noting that the peak areas of H1 + H2 decrease
in the order of 5CuT3S1 > 5CuT1S1 > 5CuT1S3 > 5CuS > 5CuT, sug-
gesting that more CuO is reduced and more O2 is adsorbed on the
oxygen vacancies in the 5CuT3S1 sample than the other samples.
This further illustrates the presence of more oxygen vacancies on
the surface of the T3S1-600 support. These results are in good agree-
ment with the LRS results, and the oxygen of CuO occupying the
oxygen vacancy is more easily reduced.

Table 2 also shows that the 5CuT3S1-T samples calcined at
various temperatures present three reduction peaks, but the reduc-
tion of surface CuO is weakened at low temperatures due to
high-temperature calcination. As a result, few defect sites are
present on the surface of the samples, that is, the surface oxygen
vacancy. Interestingly, the temperature of the reduction peaks of
the 5CuT3S1-450 sample is higher than that of the 5CuT3S1-600
sample, which is attributed to the presence of anatase TiO2 in the
5CuT3S1-450 sample; as reported previously, the CuO cannot be
easily reduced on the surface of anatase [46].

The O2-TPD experiments were carried out to gain insight into
the nature of the surface oxygen species possibly involved in CO
oxidation. According to the literature [51], the desorption peaks at
temperatures lower than 500 ◦C are generally ascribed to super-
ficial oxygen species that are weakly bound to the surface. Such
species are known to participate in oxidation reactions by means

of a superficial mechanism [52]. As shown in Fig. 5, except the
5CuT3S1-1200 sample, all the other samples display three promi-
nent characteristic peaks centered at ca. 100, 200, and 300 ◦C,
respectively. The first peak, often referred to as O1-oxygen, is
ascribed to the physically adsorbed oxygen species weakly bound
to the surface, which are easily desorbed at low temperatures [53].
The second peak, O2-oxygen, is associated with O2

− species formed
by the adsorbed O2 on the surface vacancies [52]. The third peak,
O3-oxygen, possibly results from the lattice oxygen O2− species on
the sample surface [52]. The former two desorption peaks must be
investigated further, as they are likely to participate in the oxidation
reactions.

The oxygen-supplying ability depends on the number of
oxygen-supplying centers and activity [44]. The information of
these desorption peaks is summarized in Table 2. No regu-
lar trend in change is observed in the amount of O1-oxygen
species, but it is sequentially consistent with the BET area,
suggesting that the large specific surface area aids in the
adsorption of O2 as physically adsorbed oxygen. However,
the amount of O2-oxygen species decreases in the order of
5CuT3S1 > 5CuT1S1 > 5CuT1S3 > 5CuT > 5CuS. Noticeably, a close
correlation between the catalytic activity and the concentration
of O2

− oxygen species indicates that the large amount of reac-
tive O2

− oxygen species is chiefly responsible for enhanced CO
oxidation activity. For the 5CuT3S1-T samples (see Fig. 5b), with
increasing the calcination temperature, the O2-oxygen species
peak significantly decreases with increasing calcination temper-
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Fig. 5. O2-TPD spectra of (a) 5CuTxSy-600 ◦C and (b) 5CuT3S1-T catalysts. x, y, and
T are shown in the figure.

ature. Moreover, the amount of O2
− species released from the

5CuT3S1-1200 sample is almost undetectable.
In fact, many researchers have proposed electrophilic oxygen

species to be the key oxidant in CO oxidation [54]. However, the
results seem contradictory to the general notion of lattice oxygen
oxidizing CO. In this work, the adsorbed O2

− species is considered
to be the main species responsible for enhancing the activity of the
5CuT3S1-600 sample at very low temperatures (150 ◦C). It is clear
that the present synthesis processing (Sn addition) can allow the
effective creation of high density of surface oxygen vacancy, which
might play an important role in accelerating the activation and the
formation of chemisorbed O2

− species.

3.4. Chemical states analysis (XPS)

The surface composition and elementary oxidation states are
analyzed by XPS. Fig. 6 shows the XPS spectra of Ti 2p, Sn 3d, Cu
2p, and O 1s for the 5CuTxSy-600 sample. The BE of Sn 3d5/2 and
Sn 3d3/2 was observed at ∼486.1 and ∼494.6 eV, respectively, indi-
cating that Sn mainly existed as Sn4+ [48]. Interestingly, the BEs
of Sn 3d5/2 and Sn 3d3/2 shifted to lower values after the addition
of Ti4+. This shift proves the existence of Sn with lower valence
resulting from the oxygen vacancies. The XPS spectra of Ti 2p are
given in Fig. 6. Two peaks corresponding to Ti 2p3/2 and Ti 2p1/2 are
observed. The peak position corresponding to Ti 2p3/2 is located

between Ti 2p3/2 in Ti4+ (458.7 eV) and Ti 2p3/2 in Ti3+ (457.8 eV),
and the BEs of Ti 2p3/2 shifted to lower values with the increase of
TiO2, further confirming the existence of oxygen vacancies. These
results are in agreement with the LRS and O2-TPD results, that is,
the presence of oxygen vacancies on the surface of the samples.
Furthermore, for all the samples, the bulk compositions of these
Cu/TixSn1 − xO2 catalysts were determined by X-ray fluorescence
(XRF), and the results are summarized in Table S1. In compari-
son with the results shown in Table 3, the Ti/Sn ratios by XPS are
observed to be slightly higher than those of the bulk composition,
suggesting that the surface is enriched with titanium [16]. This, in
turn, leads to more oxygen vacancies.

The Cu 2p spectra mostly show Cu2+ and a small amount of
Cu+, located at 933.2 and 930.8 eV, respectively [50]. The oxygen
vacancy may result in the generation of Cu+, and the oxygen of CuO
occupies the vacancy and forms the Cu O Ti (Sn) band. It is worth
noting that the molar ratio of Cu2+/Cu+ is the least in 5CuT3S1 sam-
ples (see Table 3), indicating the presence of more Cu+ ions on this
sample surface.

The high-resolution spectrum for the O 1s ionization features
is numerically fitted with the Gaussian features, representing the
primary O 1s ionization feature and chemically shifted O 1s fea-
tures from the chemisorbed surface species. The strong band O′

(529.9 eV) is attributed to the characteristic O2− of the metal oxide
surface [54], whereas the shoulder O′′ with higher BE (532.1 eV)
resulted from the chemisorbed oxygen that formed the O2

− species
[54], which is in accordance with the O2-TPD results. However, the
BE of O 1s in these samples is higher than that of 5CuT. This may be
because the electronegativity of Sn (1.96) is larger than that of Ti
(1.62); that is, the electron-capturing ability of Sn is stronger than
that of Ti, which leads to the higher BE of O 1s with the addition of
SnO2.

For further investigating surface interaction and the chemical
state of elements in the near-surface region, XPS is performed on
the T3S1-T support calcined at different temperatures. As shown
in Fig. 7, for all samples, the valence of tin and titanium is pre-
dominantly 4+, and a chemical shift occurred in Sn 3d and Ti 2p
with an increase in temperature. Especially for the 5CuT3S1-850
and 5CuT3S1-1200 samples, the Sn 3d and Ti 2p signals shifted
chemically to higher BE. These phenomena suggest that calcina-
tion has a significant effect on the valence of tin and titanium, such
that the sample surface has fewer oxygen vacancies with increas-
ing temperature. It is reasonable that the samples are sintered at
increasing temperatures, resulting in fewer defects and oxygen
vacancies. Interestingly, calcination leads not only to the chem-
ical shift of Cu 2p3/2 and Cu 2p1/2 signals to low BE but also to
the decrease in the shake-up peak due to the characteristic Cu2+.
In addition, except for 5CuT3S1-1200, a shoulder peak appears at
930.3 eV, which is assigned to the reduced state of copper species
[50].

Besides the O′ (529.9 eV) and O′′ (532.1 eV) peaks in the O 1s
spectra (Fig. 7), a peak O′′′ (533.0 eV) appears on the surface due to
the formation of oxygen from CO3

2− during calcination. Although
no chemical shift was found in the O 1s feature with change in the
calcination temperature, the intensity of O2

− gradually increases in
the following order: 600 > 450 > 850 > 1200. This may be caused by
the presence of an oxygen vacancy on the oxide surface. This is in
accordance with the O2-TPD results discussed earlier, most likely
because the density of lattice oxygen vacancy is lessened.

3.5. CO and/or O2 interaction with these samples (in situ FT-IR)

To further investigate the effects of the support on the surface-
dispersed copper oxide species, the in situ FT-IR spectra of CO
adsorption are recorded, as shown in Fig. 8. Generally, the adsorp-
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Fig. 6. XPS spectra (Sn 3d, Ti 2p, Cu 2p, and O1s) of 5CuTxSy-600 ◦C catalysts. x and y are shown in the figure.

Table 3
The surface compositions of the samples obtained by XPS analysis.

Samples C1s O1s Ti2p Sn3d5 Cu2p3 Ti/Sn Cu2+/Cu+

5CuSn 16.5 54.6 23.2 5.7 7.5
5CuTi 20.2 59.3 17.3 3.2 8.0
CuT3S1(450) 20.5 52.3 15.8 3.6 7.9 4.4 20
CuT3S1(600) 24.0 54.8 13.7 4.1 3.5 3.3 1.3
CuT3S1(850) 32.8 48.1 11.3 3.8 4.1 3.0 80
CuT3S1(1200) 40.6 44.0 7.9 3.2 4.4 2.5 100
CuT1S3(600) 17.7 54.4 7.2 15.5 5.3 0.5 4.0
CuT1S1(600) 19.4 45.5 12.2 9.1 4.9 1.3 2.0

tion of CO molecules on Cu2+, Cu+, and Cu0 gives rise to peaks
with characteristic vibrational frequencies at about 2220–2150,
2160–2080, and below 2130 cm−1, respectively; at the ambient
temperature, Cu+–CO adsorbs most stably [48]. For all supports, no
CO adsorption is observed at 2200–2050 cm−1 (not shown); thus,
the peak at about 2110 cm−1 in the spectra should be attributed to
the vibration of Cu+–CO at room temperature. The same features are
observed for all samples excluding 5CuT3S1-1200. The peaks of CO
adsorption on Cu+ are evident at room temperature and at higher
temperatures. The peak intensities increase gradually and then
decrease until they finally disappear. The Cu+–CO adsorption peaks
at room temperature indicate the presence of some Cu+ species in

the samples at ambient temperatures. This is in agreement with the
XPS results, which suggest the presence of Cu+ ions on the sample
surface. With increasing temperature, the Cu2+ species are reduced
gradually and more Cu+ ions are formed on the surface of samples,
with a resulting gradual increase in peak intensity. As the temper-
ature increases continuously, Cu+ ions are further reduced to Cu0,
and the peak intensity decreases gradually until their disappear-
ance. Simultaneously, the CO adsorption peak shifts to a higher
wave number (2100 cm−1 at 25 ◦C and 2120 cm−1 at higher tem-
peratures), which can be attributed to the Cu+–(CO)2 adsorption
[55]. The initial formation of Cu+–CO is followed by insertion of a
second CO in the coordination sphere of monocoordinated Cu+ ions
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Fig. 7. XPS spectra (Sn 3d, Ti 2p, Cu 2p, and O1s) of 5CuT3S1-T catalysts. T is shown in the figure.

[55]. However, the desorption temperatures of the Cu+–CO peaks
differ with Ti/Sn ratio and temperature. For the 5CuT, 5CuT1S3, and
5CuT1S1 samples, the maximum peak area of CO adsorption on Cu+

appears at about 150 ◦C and disappears completely at 300 ◦C. For
the 5CuT3S1 sample, the maximum peak area of CO adsorption on
Cu+ appears at about 150 ◦C, and the desorption process is very
slow, which can be observed even at 300 ◦C. For the 5CuS sample,
the peak intensity remains unchanged at lower temperatures, but
it disappears completely at 250 ◦C. It can be concluded that the CO
adsorption on 5CuT3S1 is much more stable than others; that is,
Cu+ is much more stable in 5CuT3S1, which can provide more CO
adsorption sites, than in the other samples. For the 5CuT3S1-450
and 5CuT3S1-850 samples, the maximum peak area of CO adsorp-
tion on Cu+ appears at about 150 ◦C and disappears completely at
300 ◦C. However, for the 5CuT3S1-1200 sample, no CO adsorption
appears, indicating that the reduction of Cu2+ to Cu+ is difficult,
which is in agreement with the H2-TPR results.

In order to study the surface reaction mechanism further, the
in situ FT-IR spectra of CO and O2 co-adsorption are recorded while
simulating the CO + O2 reaction, as shown in Fig. 9. Taking the 5CuS,
5CuT3S1-600, 5CuT, and 5CuT3S1-1200 as examples, all samples
are found to differ. For the 5CuS, 5CuT3S1-600, and 5CuT samples,
the peaks of CO adsorption on Cu+ appear at room temperature, as

indicated by the peak at 2110 cm−1. However, the peak is weaker in
intensity than that of CO adsorption, indicating that O2 molecules
preferentially adsorb on the surface of the sample, thus occupying
surface vacancies. As such, the adsorption of CO is inhibited. In this
situation, free gaseous CO can react with the adsorbed O2

− species
slowly. Furthermore, the band for CO2 (2360 cm−1) is very weak,
suggesting that the reaction activity may be very low. The peak at
2110 cm−1 suddenly disappears with the increase in temperature,
and a new peak appears at around 2142 cm−1 due to the Cu+–(CO)2
adsorption, indicating that Cu+–(CO)2 species can be formed in the
presence of the reaction gas, which may contribute to the activity
of the CO + O2 reaction. It is also worth noting that the band for
CO2 (2360 cm−1) shows an obvious increase, suggesting the rapid-
ity of the reaction. The intensity of the band for CO2 (2360 cm−1)
increases significantly with a further increase in temperature, sug-
gesting that a possible increase in reaction activity. These results
further explain why Cu+–(CO)2 species play a very important role
in the CO + O2 reaction. Interestingly, for the 5CuS, 5CuT3S1-600,
and 5CuT samples, Cu+–(CO)2 species are formed at 200, 150, and
200 ◦C, respectively. This is in agreement with the activity results.
The 5CuT3S1-600 sample exhibits high activity at 150 ◦C, and the
CO conversion reaches ca. 50%. By contrast, the activities of the 5CuS
and 5CuT samples reach ca. 50% at higher temperatures.
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Fig. 8. IR spectra following an exposure of 5CuTxSy-600 ◦C and 5CuT3S1-T catalysts to CO stream at different temperatures. The samples and the adsorption temperatures
are shown in the figure.

Fig. 9. IR spectra following an exposure of representative 5CuTxSy catalysts to CO + O2 stream at different temperatures. The samples and the adsorption temperatures are
shown in the figure.
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Fig. 10. (a) IR spectra following an exposure of 5CuT3S1-600 ◦C catalysts to CO + H2O
stream at different temperatures; (b) IR spectra following an exposure of 5CuT3S1-
600 ◦C catalyst to different gas streams and pretreated conditions.

At the temperature adopted here, no Cu+–CO species can be
detected in the 5CuT3S1-1200 sample, indicating that no Cu+

species exists on the sample surface. In other words, during the
reaction, the CO cannot adsorb on the surface, resulting in low activ-
ity. In line with this, no significant change is observed in the band
for CO2 (2360 cm−1).

To further investigate the effects of water vapor on CO oxidation,
the in situ FT-IR spectra of CO + H2O co-adsorption in the 5CuT3S1-
600 sample are recorded, as shown in Fig. 10a. In the presence of
H2O, the peaks of H2O adsorption appear at 1630 cm−1, and no CO
adsorption peak is observed. The competitive adsorption of H2O
and CO on the catalysts and the blockage of the active sites by water
vapor possibly explain the decrease in activity in the presence of
H2O. However, when the reaction temperature is increased, the
H2O peak gradually decreases and disappears. Simultaneously, the
CO peak appears and rises steadily. This result suggests that H2O
addition limits the adsorption of CO, in turn leading to a decrease
in catalytic activity at lower temperatures. Gurbani et al. [56] pro-
posed the poisoning effect of H2O on CO oxidation catalysts.

3.6. Possible reaction mechanism of CO oxidation over the
5CuTxSy catalysts

For investigating the reaction mechanism further, the FT-IR
experiments (shown in Fig. 10b) were continuously performed over
the 5CuT3S1-600 sample with the following scheme:

The spectrum (b) of Cu+–CO is observed at 2107 cm−1 when the
sample is exposed to the CO stream at 25 ◦C for 1 h. However, the
Cu+–CO peak weakens in comparison with spectrum b when the
sample is exposed to the CO + O2 stream at 25 ◦C for 1 h. This indi-
cates that O2 first adsorbs on the surface of the catalyst and then
forms the O2

− species, resulting in the conversion of Cu+ to Cu2+, in

Fig. 11. Possible reaction mechanism for CO oxidation over 5CuTxSy-T catalysts.

turn weakening the CO adsorption. Conversely, adsorbed O2 pre-
vents the adsorption of CO. To further explain this phenomenon,
the FT-IR spectroscopy of CO and CO + O2 adsorption was performed
after pretreatment of the sample at 300 ◦C under a N2 atmosphere.
It can be seen that the peak of CO adsorption for the spectra c and
d is obviously stronger than the fresh sample. Meanwhile, the peak
of CO + O2 co-adsorption is similar to the non-pretreated sample.
This result further proves that O2 first adsorbs on the surface of the
catalyst, and then it forms the O2

− species, ultimately weakening
the CO adsorption.

Following the previous characterizations, a possible reaction
mechanism (schematic diagram) of CO oxidation under the current
conditions is proposed to further illustrate this reaction (Fig. 11).
Based on the in situ FT-IR results of CO and O2 co-adsorption, the
reaction of CO + O2 over these 5CuTxSy-T samples proceeds via the
same reaction pathway, which is an LH mechanism. In addition, the
results in this study indicate that the 5CuT3S1-600 sample is bet-
ter than the other samples for the CO + O2 reaction. As a result, with
the 5CuT3S1-600 sample as an example, the electrons can migrate
from Ti4+ and Sn4+ to Cu2+ for generation of Cu+ at room temper-
ature (25 ◦C). This is because the electronegativity of Cu is larger
than that of Ti, which is supported by the in situ FT-IR results of
XPS and CO adsorption. When the catalyst is exposed to a gas mix-

ture of CO and O2 at 25 ◦C, O2 molecules are preferentially adsorbed
on the surface of the catalyst to form O2

− species in the oxygen
vacancy. This behavior inhibits the adsorption of CO species, thus
weakening the CO adsorption peak. Furthermore, below 150 ◦C, the
CO molecules adsorbed on Cu+ can react with the O2

− species to
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produce small amounts of CO2. On increasing the temperature up
to 150 ◦C, Cu+–(CO)2 species are formed and more CO molecules
are adsorbed on the surface of the catalyst. The adsorbed CO can
quickly react with O2

− species to produce more CO2, which is in
agreement with the in situ FT-IR results on the catalytic activity
and CO + O2 co-adsorption.

4. Conclusions

In this work, a series of CuO/ TixSn1 − xO2 catalysts were prepared
to investigate the relationships between surface structure and the
catalytic performance of the CO oxidation reaction. The following
major conclusions were obtained:

(1) For the TixSn1 − xO2 mixed oxides, the incorporation of Sn4+

into the lattice of TiO2 leads to a decrease in the crystallite size of
TiO2 and an increase in lattice strain. CuO species can be highly dis-
persed on TixSn1 − xO2 supports, forming many surface Cu+ ions and
oxygen vacancies, which are important for catalytic performance.

(2) The reducing property of the catalysts (mainly CuO species)
is affected by the Ti/Sn ratio and the thermal treatment of the sup-
ports. The CuO/Ti0.75Sn0.25O2 catalyst calcined at 600 ◦C exhibits
better reducing ability, resulting in more surface Cu+ species and
oxygen vacancies being formed in the reaction atmosphere, thus
showing the best catalytic activity.

(3) CO species can adsorb on Cu+ forming Cu+–(CO)2, and O2
−

is formed by the adsorption of O2 on the oxygen vacancy. The
adsorbed CO reacts with O2

− to produce CO2.
(4) The H2O-resistant activity of catalysts is dependent on the

BET surface area and the ability of H2O to adsorb on the surface of
catalysts.
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