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A series of CuO/Ce;_4TiyO, catalysts used for low-temperature CO oxidation were prepared by impreg-
nation with the support derived from surfactant-assisted co-precipitation. The techniques of N,
adsorption/desorption, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and temperature-
programmed reduction by H, (H,-TPR) were employed for catalyst characterization. It is found that the
support CeO, prepared by the surfactant-assisted method possesses much larger specific surface area than
the one obtained from conventional precipitation. Doping Ti in the support with Ti/Ce atomic ratio of 1:9

Is(ﬁj:ggtrgfn or 3:7 can further increase the surface area of CeO, and decrease its crystallite size. As a result, the active
Cu0/Ce0; Cu species possess higher dispersion on the support Ce;_,TiyO, than on pure CeO,. The strong interaction
Ti doping between the dispersed Cu species and the support Ce;_TiyO, makes the catalysts possess much higher
CO oxidation oxidation activity and thermal stability. However, when the ratio of Ti/Ce reaches 5:5, opposite effect

is found, due to the highest surface concentration of Ti and the lack of surface highly dispersed copper

species.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Environment pollution has been a troublesome problem for
many years. Carbon monoxide emitted from automobile exhausts
and many industrial processes, has become a major air pollutant.
Noble metals, such as Pt, have been considered to be effective cat-
alysts for low-temperature CO oxidation [1]; however, the high
prices limit their wide use. In the past several years, much attention
has been paid to base metals, especially to copper [2-4].

It is known that ceria possesses high oxygen storage capacity
provided by the redox couple Ce*"/Ce3* [5]. In CuO-CeO, binary
oxides, a strong catalytic synergy effect between copper oxide and
ceria has ever been found [6]. Furthermore, if a third component
such as Zr or Sn, was introduced into CuO-CeO, system, better ther-
mal stability and redox property can be achieved [7-9]. Luo et al.
[10] have found that the addition of Ti atoms into CeO, can signif-
icantly improve the storage capacity of mobile oxygen of CeO, by
increasing the reduction extent of the mixed oxides. Zhu et al. [11]
studied the supported catalyst of Pd on CeO,-TiO, mixed oxide
used for CO oxidation and found that the special Pd-Ce-Ti inter-
action is favorable to the reduction of PdO and interfacial CeO,
species. However, as far as we know, copper supported on Ce-Ti-O
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mixed oxides used for low-temperature CO oxidation is scarcely
reported. The modified storage capacity of CeO, by TiO, may also
promote the activity of supported Cu species for CO oxidation.
Therefore, this work focuses on the copper catalysts supported on
a series of Ce1_,TixO; oxides.

It is well known that a high specific surface area of the sup-
port is helpful to disperse the component impregnated on it. In
our previous studies [12-14], it is found that when surfactants are
involved in the precipitation process, much higher surface areas
can be obtained. So a modified co-precipitation method was used
for the preparation of Ce-Ti—-O mixed oxide, in which the surfactant
P123 (HO(CHzCHzO)zo(CHzCH(CH3 )O)70(CH2CH20)20H) was used
as a template. The techniques of nitrogen adsorption/desorption
(BET), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), and the temperature-programmed reduction by H, (H,-TPR)
were used for catalyst characterization. The effect of Ti/Ce ratio on
the structures and properties of the supported copper catalysts was
discussed in detail.

2. Experimental
2.1. Catalyst preparation
The mixed oxide supports were prepared by co-precipitation

involving the surfactant Pluronic P123 (HO(CH,CH50);09(CH,
CH(CH3)0)70(CH,CH,0),9H) participated in the process. Take
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the sample with Ti/Ce ratio of 5:5 as an example, 0.02 mol of
Ce(NO3)3-6H50, 0.02 mol of TiCl4 and 0.001 mol of P123 were dis-
solved in 100 mL distilled H, O, respectively. Then the three kinds of
solutions were mixed under stirring, giving a clear homogeneous
solution, which was continuously stirred for 2 h. Afterwards, about
15 mLammonia was quickly added under vigorous stirring to form a
solid precipitate. The pH was adjusted to around 9.5. The resulting
gel mixture was stirred for 4h at room temperature and subse-
quently transferred to Teflon autoclaves, which was kept at 80 °C for
24 h to increase the degree of condensation. The solid product was
filtered, washed with water and ethanol, dried in air at 110°C and
finally calcined in air at 500 °C for 4 h. The other supports with dif-
ferent Ti/Ce ratios were prepared in a similar way, keeping the total
amount of Ti and Ce unchanged. For comparison, the two kinds of
pure CeO, supports were also prepared by the surfactant-assisted
co-precipitation above and the conventional precipitation, which
are denoted as CeO,-MP and CeO,-P, respectively. The prepared
Ti-containing supports were denoted as Ce;_,TixO,, hereby the
x/(1 — x) represents the atomic ratio of Ti to Ce. The CuO/Ce;_5TixO,
catalysts were prepared by incipient wetness impregnation, giving
Cu content of 6 wt%. The fresh samples were calcined at 500°C
in air for 4h, while the aged samples were additionally treated
at 700°C in air for 4h, which are denoted as CuO/Ce;_4TixO;
(A).

2.2. Catalyst characterization

The measurement of the specific surface area (Sger) and
the pore diameter distribution was carried out at 77K on
Quantachrome QuadraSorb SI instrument by using the nitro-
gen adsorption/desorption method. The samples were pretreated
in vacuum at 300°C for 8h before experiments. The Sggr
was determined from the linear part of the BET curve. The
pore diameter distribution was calculated from the desorp-
tion branch of N, adsorption/desorption isotherms using the
Barrett-Joyner-Halenda (BJH) formula.

XRD patterns were recorded on an X'pert Pro diffractometer
(PANAlytical Company) with a rotating anode using Co Ka as radi-
ation source (A =0.1790nm) at 40kV and 40 mA. The data of 20
from 10° to 90° range were collected with the step size of 0.02°.
Diffraction peaks of crystalline phases were compared with those
of standard compounds reported in the JCPDS Data File. The particle
sizes were calculated using Scherrer equation.

XPS analysis was performed in a PHI-1600 ESCA SYSTEM spec-
trometer with Mg Ko as X-ray source (1253.6 eV) under a residual
pressure of 5 x 1076 Pa. The error of the binding energy is +0.2 eV
and the C1s (E, =284.6 eV) of the contaminated carbon was used as
a standard for binding energy calibration.

Temperature-programmed reduction (TPR) measurement was
conducted on a TPDRO 1100 apparatus supplied by Thermo-
Finnigan Company. Each time, 30 mg of the sample were heated
from room temperature to 900 °C at a rate of 10 °C/min. A mixture
gas consisting of H, and N, with H, content of 5vol% was used as
reductant at a flow rate of 20 mL/min. Before detection by the TCD,
the gas was purified by a trap containing CaO + NaOH materials in
order to remove the H,0 and CO,. The operation conditions meet
the well-known TPR criteria of Monti and Baiker equation [15].

2.3. Catalytic activity test

The catalytic activities of the samples for CO oxidation were
measured in a fixed-bed quartz tubular reactor (i.d. 8 mm) mounted
in a tube furnace equipped with K-type thermocouples. About
1.0 g catalyst (40-60 mesh) is loaded in the quartz reactor. The
temperature of catalyst bed is monitored and controlled by tem-

perature controllers. The reaction mixture containing 1.0 vol% CO,
5.0vol% O, and balance N, is fed to catalyst bed at a space
velocity of 30,000h~1. The effluent gas from the reactor was
analyzed by a gas chromatograph (BFS, SP 3420) equipped with
a thermal conductivity detector and a flame ionization detec-
tor.

3. Results and discussion
3.1. N, adsorption and desorption (BET)

The N, adsorption/desorption isotherms and the correspond-
ing pore size distributions of the fresh catalysts, namely CuO
supported on CeO, and Ce;_,TixO, oxides prepared by using sur-
factant P123, are shown in Fig. 1. It can be seen that the isotherms
are classical type IV, characteristic of mesoporous materials as
defined by IUPAC [16]. Well-defined H-2 type hysteresis loops
with a sloping adsorption branch and a relatively steep desorp-
tion branch are observed at high relative pressure (P/Pgy) range.
This H-2 type hysteresis loop is typical for wormhole-like struc-
tures and hierarchical scaffold-like mesoporous structures formed
by surfactant-assisted nanoparticle assembly [17]. No regular TEM
images were obtained, indicating that the ordered mesoporous
structures have not formed in the catalysts. However, the inset fig-
ure shows that the fresh samples possess uniform mesopore size
distributions.

The texture data of all the fresh samples as well as the aged ones
are listed in Table 1. The specific surface areas of the supports cal-
cined at 500°C are also given in the brackets. By comparing the
surface areas of the two kinds of CeO, prepared by conventional
precipitation and surfactant-modified methods, it can be seen that
when the surfactant P123 is involved in the preparation process,
much larger surface area of CeO, can be achieved. As illuminated in
our previous studies [ 12-14], during the calcination of the samples,
the burn-up of the surfactant will leave pores in the samples, which
results in the increase of surface areas, pore volumes and even pore
diameters. When different amounts of Ti are doped in the sam-
ples, the surface areas are further increased, with the largest one of
161 m2/g for Ceq 5Tig 50,. After Cu was supported on these oxides, a
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Fig. 1. Nitrogen adsorption/desorption isotherms and pore diameter distributions
(inset) of the mesoporous samples calcined at 500°C: (1) CuO/CeO,-MP; (2)
CuO/Ceo9Tio102; (3) CuO/Ceg7Tio302; (4) CuO/Ceo5Tips0>.
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Table 1
Physical structure data of the fresh and aged samples

Sample Sger (mM?/g) Pore diameter (nm) Pore volume (cm?/g) CeO, crystallite sizes (nm) CeO lattice parameter (A)
Cu0/Ce0,-P 53 (57)° 3.7 0.066 12.6 5.410
Cu0/Ce0,-MP 91 (104)? 4.8 0.125 7.3 5.409
CuO/CeqgTip1 02 114 (146)? 8.3 0.245 5.0 5.379
CuO/Ce7Tip302 102 (122) 11.6 0.299 5.3 5.376
CuO/Ceq5Tip502 133 (161)* 83 0.357 9.9 5.368
Cu0/Ce0,-P (A) 7 = 0.014 22.3 5.415
Cu0/Ce0,-MP (A) 32 - 0.054 17.6 5.413
CuO/CepgTig10; (A) 28 - 0.122 103 5.379
CuO/Ceq7Tip302 (A) 32 = 0.185 10.3 5.387
CuO/Ceq;5Tip502 (A) 15 - 0.099 12.8 5.403

2 The data in brackets are the specific surface areas of the corresponding supports.

little decrease in the surface areas can be observed from Table 1 but
the catalyst CuO/Ceq 5Tig 505 still shows the largest surface area and
pore volume. When the samples were aged at 700 °C, their surface
areas and pore volumes greatly decreased, the CeO,-P supported
catalyst shows the lowest surface area of only 7 m?/g, which is less
than a half of those for other samples. At the same time, it can be
seen that the samples with the atomic ratio of Ti/Ce equal to 1:9 and
3:7 possess higher thermal stability. These results indicate that the
atomic ratio of Ti/Ce plays an important role in enlarging the surface
areas of the supports and increasing their thermal stability.

3.2. Bulk and surface composition

The XRD patterns of the fresh samples CuO/Ce;_,TixO, are pre-
sented in Fig. 2. The peaks around 26=33.3°, 55.7°, 66.5°, 38.6°,
69.8° and 82.8° obviously indicate the presence of the fluorite struc-
ture typical of CeO; in all the samples. Besides, two weak featured
diffraction peaks of CuO can be found in the pure CeO, supported
samples . For clarity, the enlarged patterns from 26 of 40-50° are
shown as an inset in Fig. 2. However, no peaks attributed to CuO
crystal phase could be observed for the samples CuO/Ceq_xTixO5,
implying that CuO is more finely dispersed on Ce;_,TixO, mixed
oxides. At the same time, no diffraction peaks ascribed to Ti-
containing oxides can be observed, either, suggesting that Ti may
be incorporated into the CeO, lattice while maintaining the fluorite
structure.

#:CuO
500 cps

Intensity (a.u.)

Intensity (a. u.)

(1)
N
>
(3)

. -—
10 20 30 40 50 60 70 80 90
2049

Fig. 2. XRD patterns of the samples calcined at 500°C: (1) CuO/CeO,-P; (2)
Cu0/Ce0,-MP; (3) CuO/CegoTig102; (4) CuO/Ce7Tig302; (5) CuO/CegsTip50;.

Fig. 3 shows the XRD patterns of the aged samples. It can be
seen that evident CuO peaks at 260=41.5° and 45.3° appear in all
the samples resulting from the sintering. By comparing the diffrac-
tion peaks assigned to CeO, and CuO appearing in the XRD patterns
for the aged samples without Ti doping, it is found that many other
peaks appear in the XRD patterns for the aged samples doped with
Ti. However, these diffraction peaks cannot be attributed to any
known Ti- or Ce-containing compounds according to the current
available ICDD files. Usually, Ce- and Ti-containing oxides easily
form some complicated compounds when calcined at high tem-
peratures. Rynkowski et al. [18] have also found some diffraction
peaks that cannot be ascribed to any phases for their Ce-Ti mixed
oxides calcined at 800°C. Luo et al. [10] reported a similar phe-
nomenon for the Ce,Ti;_,O, mixed oxide materials synthesized by
a sol-gel method. The very small peak at 260 =29.5° present in the
XRD pattern for the aged sample CuO/Ceq ;Tig30; (A) suggests the
formation of some anatase phase.

The average crystallite sizes and lattice parameters derived
from the crystal plane (111) of CeO, in both the fresh and the
aged samples are listed in Table 1. For the two samples without
Ti doping, it is noted that the CeO, in the sample prepared by
surfactant-modified method shows smaller crystallite size. Doping
Ti in the sample has further decreased the size of crystallites CeO,.
Meanwhile, the lattice parameters of CeO, for the fresh samples
become much smaller after Ti doping. This means that Ti** may be
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Fig. 3. XRD patterns of the aged samples: (1) CuO/Ce5Tip50; (A); (2) CuO/CeO,-P

(A); (3) CuO/CeO,-MP (A); (4) CuO/Ceg9Tip102 (A); (5) CuO/Ceo7Tio302 (A).
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Fig. 4. XPS Ce3d spectra of the fresh samples: (1) CuO/CeO,-P; (2) CuO/Ce0,-MP;
(3) CuO/CeongigJ 02; (4) CuO/Ceo;Tig,g 02: (5) CUO/Ceg.sTiQs 02.

incorporated into ceria lattice to form solid solution, not only result-
ing in the shrinkage of crystal lattice due to its smaller radius
(rp4+ = 0.068 nmand rees+ = 0.094 nm)[10] butalso inhibiting the
crystal growth of the cubic CeO, phase. After aging treatment, the
lattice parameters of CeO, changed very little, compared with the
fresh samples, but the sample CuO/Ce(5Tig50, is an exception,
whose lattice parameter of CeO, increased obviously after aging
at 700°C. In the sample CuO/Ce(5Tig502, the content of Ti is the
highest, which may accelerate the agglomeration of Ti itself at high
temperature, inducing the migration of some Ti from the lattice
of CeO,, which leads to the more obvious increase of the lattice
parameter for CeO,.

XPS analysis was performed in order to gain the binding ener-
gies and ratios of surface atoms. In Fig. 4, the experimental and
fitted Ce3d spectra of all the fresh samples are presented. The fit-
ting process was referred to literature [19]. The relative content of
two cerium species of Ce3* can be determined by Ce3*/(Ce3* + Ce?*)
where Ce3* = (u' +ug+V +vp) and Ce*t =W’ +u" +u+v” +
v’ 4+ v). The calculated percentages of Ce3* are listed in Table 2.
It can be seen that the portions of Ce3* component in the sam-
ples with Ce/Ti ratio of 1:9 and 5:5 are relatively high, implying

Table 2
Surface characterization results from XPS test
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Fig. 5. XPS Cu2p (a) and Ti2p spectra (b) of the fresh samples: (1) CuO/CeO,-P; (2)
CUO/CEOz—MP: (3) CUO/CGQ_QTig_] 02: (4) CuO/Ce0_7Ti0_3 02: (5) CUO/CEg_sTio_s 02.

the presence of more oxygen vacancies on the surface of these two
samples.

Fig. 5 shows the XPS spectra of Cu2p and Ti2p for the fresh sam-
ples. In Fig. 5(a), the peaks centered at 932.4 and 952.1 eV represent
the Cu2ps), and Cu2py ,, respectively. The Cu2ps, value (932.4eV)
is a little lower than that of CuO, 933.6eV [20]. At the same time,
there is no evident satellite at 940-945 eV. Therefore, it is inferred
that some reduced copper species are present on the surface of

Sample Surface atoms percentage % Ti/Ce Ce3*/Ceyor®
0P Cu Ce Ti Nominal Experimental

CuO/Ce0,-P 42.9 3.6 17.3 0 0 0 0.22

CuO/Ce0,-MP 43.6 5.1 17.3 0 0 0 0.27

CuO/CeqgTip102 423 43 134 4.6 0.11 0.34 0.34

CuO/Cep7Tip302 42.6 4.5 10.1 10.1 0.43 1.00 0.22

CuO/Cep5Tip502 43.0 2.5 7.0 144 1.00 2.06 0.46

3 Ce3*[Ceyoy = Ce3*[(Ce* +Ce3*).

b O represents lattice oxygen around 530 eV, calculated by decomposing the O1s spectra and subtracting surface adsorption oxygen.
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these samples, though XRD results only show the existence of CuO
in these samples. However, it is impossible to distinguish Cu® and
Cu,0 due to their identical values of Cu2ps, binding energy. The
same phenomenon has been frequently found for CuO/CeO, and
Cu0/Ce0,-Zr0, systems [8]. It is reported that the binding energy
of Ti2p3, in pure TiO; is 458.8 eV [21]. In Fig. 5(b), the binding
energy of 457.8 eV for Ti2ps, is observed, suggesting that the main
Ti species are Ti%*. A little lower binding energy does not mean the
existence of Ti3* on the surface of the samples since the Ti2p core
level is relatively narrow and symmetric. The difference of bind-
ing energy of Ti2p;, between the catalysts and pure TiO, may
result from the electronic state interaction between Ti and other
components in the catalysts.

The percentages of surface atoms of the fresh samples listed in
Table 2 show that the content of surface Cu species supported on
CeO,-MP is larger than that on CeO,-P. This is related to the larger
surface area of the former and the induced higher dispersion of
copper species. After Ti doping, the content of surface Cu species in
the samples was decreased, since more and more Ti species have
occupied the catalyst surface with the amount of Ti increasing. By
the comparison of the experimental and nominal Ti/Ce ratios, seri-
ous surface enrichment of Ti can be found, especially for the sample
with Ti/Ce ratio of 1:9.

3.3. Redox properties

In order to study the reducibility of CuO supported on differ-
ent supports, H,-TPR test was performed for both the fresh and the
aged samples, the results of which are shown in Fig. 6. A two-step
reduction profile is observed for all the samples in the region below
400°C, indicating the existence of at least two copper species. In
fact, many studies [6,8,22] have investigated the reduction behav-
ior of CuO supported on CeO, and the two-step reduction process
has also been found. It is believed that the peak at lower temper-
ature represents the reduction of highly dispersed CuO strongly
interacting with the support while the peak at higher temperature
corresponds to the reduction of relatively larger CuO crystallites
weakly associated with the support. Therefore, in Fig. 6, the peak
at the lowest temperature denoted as o can be attributed to the
reduction of highly dispersed copper species strongly interacting
with CeO, or Ce;_,TixO, mixed supports, while the peak at higher
temperature denoted as 3 may arise from the reduction of larger
CuO crystallites weakly interacting with supports. However, these
relatively larger CuO crystallites are still XRD-invisible since only
the samples without Ti show very weak diffraction peaks assigned
to CuO. In addition, it is found that peak a for the fresh sample
with Ti/Ce ratio of 5:5 is either very small or completely covered by
peak 3. Meanwhile, it is surprising that a very large peak appears
at higher temperature than that of peak {3, which is denoted as 9.
The reason will be discussed later.

After aging, peak o of all samples shifted a little to higher tem-
peratures while peak {3 shifted a lot and it is newly denoted as v.
Since strong diffraction peaks corresponding to CuO can be found
in all the aged samples, it is more reasonable to attribute peak -y to
the reduction of the larger bulk CuO crystallites. In addition to the
reduction peaks of copper species, too much weaker peaks around
450 and 850°C can be found for some samples in Fig. 6, which
should correspond to the reduction of surface and bulk CeO,, as
reported in literature [23].

In order to discern the effect of Ti content on the reducibility
of the samples, quantitative analysis of H,-TPR profiles was per-
formed and the results are shown in Table 3. The evaluation of the
amount of reducible species was made by integrating the areas of
the reduction peaks and they are compared with the area of the
reduction peaks of pure CuO. From Table 3, it can be seen that the
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Fig. 6. H,-TPR patterns of the fresh (a) and aged samples (b): (1) CuO/CeO,-P; (2)
CUO/CEOz—MP; (3) CUO/CEQ_QTiUJ 02; (4) CUO/ConTiU_gOz: (5) CUO/CEU>5Ti0_502.

temperature of peak « in all the fresh samples are almost identical
except for the sample CuO/Ceq 5Tig 50, while the corresponding H,
consumptions are various. The sample with the support prepared
by modified method shows larger H, consumption than that with
the support prepared by conventional precipitation, implying that
more highly dispersed surface copper species strongly interacting
with CeO, are present on the former. Doping Ti in CeO, support
with Ti/Ce ratio of 1:9 and 3:7 further increases the amount of
such copper species to a large extent. However, when the ratio was
increased to 5:5, peak o became very small and it was difficult to
split it from peak [3. The reason is surmised from the XPS results
above. The surface Cu content in this sample is the lowest and much
more Ti species have occupied catalyst surface, which may cover
the finely dispersed copper species, therefore, nearly no peak « is
detected for this sample. After aging, the agglomeration of Ti may
leave some copper sites exposed, giving a small reduction peak in
its TPR profile.

According to the content of Cu (6 wt%), the calculated stoichio-
metric amount of H, required for the complete reduction of all the
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Table 3
H, consumption amount of the fresh and aged samples

Sample Peak o Peak 3 Peak y/d Total amount (pmolg—1)
T(°C) Amount (pmolg!) T(°C) Amount (wmolg1) T(°C) Amount (pmolg1)
CuO/Ce0,-P 188 212 217 686 - - 898
CuO/Ce0,-MP 188 285 217 831 - - 1116
CuO/Cep9Tip102 190 565 230 1080 - - 1645
CuO/Ce(7Tip302 190 491 227 824 - - 1315
CuO/Ce(5Tig502 = - 236 758 275 2133 2891
CuO/Ce0,-P (A) 205 95 - - 288 851 946
CuO/Ce0,-MP (A) 202 215 - - 240 768 983
CuO/Cep9Tig102 (A) 195 396 - - 271 802 1198
Cu0/CepTig30; (A) 191 343 - - 256 790 1133
CuO/Cep5Tips502 (A) 202 138 - - 284 1167 1305

Cu species from CuO to Cu® is 938 wmolg~!. However, the total
H, consumptions below 400 °C for all the samples have noticeably
exceeded 938 wmol g~ ! except for CuO/Ce0,-P. It is indicated in lit-
erature [24,25] that the reduction of support CeO, can be greatly
enhanced by the reduced copper species via hydrogen spillover
as noble metals promote the reduction of supports oxides [26].
From Table 3, it can be seen that the enhancement effect is more
obvious for the sample CuO/Ceq5Tig50, with the largest Ti con-
tent, suggesting that Ti doping can increase the reduction degree
of CeO, support. Therefore, peak & in Fig. 6(a) mainly originates
from the reduction of CeO, associated with Cu species. However, it
is surprising that the total H, consumption (2891 wmolg~1) below
400°C has exceeded the theoretical H, consumption required for
the complete reduction of both Cu2* to Cu® and Ce** to Ce?* in the
sample CuO/Ceq 5Tig 50, (2773 wmol g=1). So it is inferred that the
reduction of Ti species may be also enhanced though it is hard to
reduce pure TiO, below 400°C. In order to make this assumption
clear, the H,-TPR test for pure TiO, with a specific surface area of
10m?/g, pure CuO derived from decomposition of copper nitrate,
and CuO supported on TiO, (7.5 wt%) were performed, the results
are shown in Fig. 7. It is observed that the reduction of pure TiO,
is almost neglectable as expected. The calculated area of reduc-
tion peak below 500°C for 30 mg CuO/TiO, (7.5 wt%) is about 1.6
times as large as that for 2.25 mg pure CuO. If no Ti species were
reduced in the sample CuO/TiO,, the two areas should be equal or
close to each other because of the same content of CuO in these

S
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T
CuO (2.25 mg)
TiO, (30 mg)
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Temperature / C

Fig. 7. The comparison of H,-TPR patterns of pure CuO, TiO, and CuO/TiO, samples.

two samples. Therefore, the reduction degree of Ti species should
be enhanced by Cu species in the sample CuO/TiO,. In Fig. 7, the
sharp peak at 288 °C may be ascribed to the reduction of bulk CuO
and the shoulder peak at 228 °C can be assigned to the reduction
of surface dispersed Cu species while the other shoulder peak at a
higher temperature of 358 °C may result from the reduction of Ti
species from Ti%* to Ti3*. Therefore, it is convinced that the reduc-
tion of Ti species should be included in peak 3 in Fig. 6(a) for the
sample CuO/Ce(5Tig 50, with the largest Ti content.

In summary, the H,-TPR results show that more highly dispersed
copper species strongly interacting with CeO, can be formed on the
CeO, prepared by surfactant-modified method and Ti doping in the
support with Ti/Ce ratio of 1:9 and 3:7 can further increase the
amount of such copper species. However, when Ti/Ce ratio reaches
to 5:5, such copper species is greatly decreased while the reduction
of the support Ce;_TixO, is remarkably enhanced.

3.4. Catalytic performance and structure—activity relationship

The light-off curves of the fresh and aged samples are presented
in Figs. 8 and 9, respectively. It can be seen that the activity for CO
oxidation increases with the elevation of the reaction temperature
for both the fresh and the aged samples. After aging, the activities
of all the samples are decreased due to the sintering of the sam-
ples. For the fresh samples, the difference between Cu/CeO,-MP
and Cu/CeO,-P is neglectable. However, when they are aged at high
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Fig. 8. The activities of the fresh samples: (1) CuO/CeO,-P; (2) CuO/Ce0,-MP; (3)
CuO/Ceo9Tio102; (4) CuO/Ceg7Tio302; (5) CuO/CeosTips0>.
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Fig. 9. The activities of the aged samples: (1) CuO/CeO,-P (A); (2) CuO/CeO,-MP
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temperature, the difference is enlarged, especially at high temper-
ature region. This may be due to the fact that the surface area of the
aged sample Cu/Ce0,-P (A) is only 7 m?2/g, and the H,-TPR results
also show that the amount of the highly dispersed copper species
strongly interacting with CeO, is much smaller in CuO/Ce0;-P (A)
than in CuO/CeO,-MP (A). Such highly dispersed copper species
should be related to the activities of the sample, as suggested by
Luo et al. [4] that well-dispersed CuO was responsible for the high
catalytic activity for low-temperature CO oxidation while the bulk
CuO crystallites contributed little to the activity. From the view of
pore volume and specific surface area in Table 1, it is obvious that
the sample with the support CeO, prepared by surfactant-modified
method possesses higher thermal stability.

As observed from Figs. 8 and 9, Ti doping in CeO, support with
Ti/Ce ratios of 1/9 and 3/7 has greatly improved the activities of
both the fresh and the aged samples. The light-off temperatures at
which the conversion of CO achieves 50% are always below 70°C.
The combined results of BET and XRD show that when Ti is doped
in the ratios of 1/9 and 3/7, the surface areas are increased and
the crystallite sizes of CeO, are decreased a lot, which is favor-
able to the dispersion of copper species on the supports and the
contact between copper and cerium species. Consequently, much
more highly dispersed copper species can be reduced at low tem-
peratures as reflected in their H,-TPR profiles. However, when the
ratio of Ti/Ce is increased to 5:5, the activity is decreased. The XPS
results have shown that in this sample the surface copper content
is the lowest and the surface concentration of Ti is very high, and
the H,-TPR results have also indicated that the least dispersed cop-
per species corresponding to peak a in Fig. 6 are present in this
sample, all these factors are responsible for the decrease in activ-
ity. In a summary, Ti doping in CeO, with a proper ratio is crucial
to the improvement of the catalytic activity of Cu/CeO, catalyst for
low-temperature CO oxidation.

In order to investigate the stability of the proposed catalysts, the
catalyst CuO/Ceq gTig10; calcined at 500 °C was selected to perform
stability test. The reactants and space velocity are the same with
those used in the activity test above but the reaction temperature
was fixed at 75 °C, at which 100% CO conversion was achieved. After
a continuous test of 12 h, the CO conversion over CuO/CeggTig1 0>
is still 99%, suggesting the very high stability of this catalyst.

4. Conclusions

(1) The support CeO,-MP prepared by surfactant-modified method
with P123 involved in the precipitation process shows larger
specific surface areas and smaller crystallite size compared
to the one prepared by conventional precipitation method.
The supported catalyst using CeO,-MP as support shows
much higher thermal stability and catalytic activity for low-
temperature CO oxidation, due to the presence of more highly
dispersed Cu species strongly interacting with CeO,.

(2) Ti doping in the support CeO, can further increase its sur-
face area and decrease the crystallite size of CeO, due to the
formation of Ti-Ce oxide solid solution. However, the atomic
ratio of Ti/Ce is sensitive to the dispersion of Cu species and
its reducibility. The proper ratio of Ti/Ce should be 1:9 or 3:7,
which ensures the presence of more highly dispersed copper
species strongly interacting with CeO,, and therefore enhances
the oxidation activity of the catalysts. However, further increase
of Ti/Ce ratio to 5:5 leads to high surface concentration of
Ti, decreasing the surface finely dispersed copper species and
weakening the interaction between Cu and Ce species, which
are unfavorable to catalytic activity.
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