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a  b  s  t  r  a  c  t

A  series  of transition  metal  oxides  doped  CexTiO2 samples  were  synthesized  using  a continuous
hydrothermal  flow  synthesis  (CHFS)  method.  The  resultant  samples  were  then  investigated  using  a  range
of analytical  methods,  including  XPS,  X-ray  powder  diffraction,  H2-TPR,  TEM  and  BET  surface  area  mea-
surements.  Experimental  results  showed  that  the  samples  were  highly  crystalline  with  remarkably  high
surface  areas  (in  the  range  of  200–300  m2 g−1), which  were  ca.  two-fold  higher  than  those  synthesized
eywords:
oluene oxidation
upercritical water
ransition meal oxide
eria
itania
ontinuous

via  more  conventional  routes.  The  Ce0.05TiO2 sample  revealed  a good  catalytic  performance  in toluene
oxidation,  which  was  subsequently  utilized  for  the  optimization  of  transition  metal  oxide  doping.  After
screening  MnOx, CrOx and  CuOx doping,  it was  found  that  they  had  all  led  to significant  enhancements
in the  activity  for toluene  conversion,  particularly  for CuOx doped  sample,  which  showed  a  superior
performance  (T90 =  200 ◦C)  for toluene  oxidation,  comparable  to some  noble  metal  catalysts.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Pollutants collectively known as “volatile organic compounds”
VOCs) have caused tremendous risks to human health. This leads
o an increasing stringency in air pollution control policies in many
ountries and to some extent facilitates the development of tech-
iques/materials for VOC abatement. Catalytic oxidation of VOCs
o less harmful CO2 and H2O has been considered as a very effec-
ive method for VOC removal. This method is relatively simple and
an be operated under moderate temperatures with the assistance
f catalysts, whose activities therefore play a crucial role for the
xidation. As such, an explosion in efforts directed towards the syn-
heses and characterizations of nanocatalysts in the application of
OC oxidation has recently received tremendous attentions.

Towards the development of better catalysts, a number of mate-
ials have been studied. However, the vast majority of them are
ased on noble metals, e.g. Pt, Pd, Au, etc., which are rather expen-

ive and hardly applicable for industry [1–5]. Therefore, researchers
ave shown strong incentive to search for relatively less expen-
ive catalysts for VOC oxidation. In the last several years, transition

Abbreviations: CHFS, continuous hydrothermal flow synthesis; CeMTi,
e0.035M0.015TiO2 (M = Cu, Mn,  Cr) synthesized using a continuous hydrothermal
ow synthesis route.
∗ Corresponding author. Tel.: +86 571 87953088; fax: +86 571 87953088.

E-mail address: bird76@gmail.com (Y. Liu).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.04.016
metal oxides have been the focus of many researches because of
its low price and the ability for catalytic activity enhancement.
Wang et al. have reported a CuO catalyst supported by CeO2, which
exhibited a superior activity for catalytic oxidation of toluene [6].
Bertinchamps et al. have screened various TiO2 supported transi-
tion metal oxides (e.g. BiOx, TaOx, WOx, CrOx, VOx, MnOx, etc.) and
found that CrOx, VOx (however harmful to environment) and MnOx

were the most active oxides for benzene oxidation [7].  However, all
these catalysts did not yield comparable activities to noble metals.
Furthermore, recent report has demonstrated that ceria could pos-
sess large redox property and good dispersion enhancement ability
[8], the doping of which with transition metal oxides (e.g. MnOx

supported on TiO2) exhibited an ultralow light-off temperature T20
(temperature of 20% conversion) at ca. 55 ◦C for selective catalytic
reduction (SCR) of NOx, which is comparable to some noble metal
catalysts [9].  Therefore, it may  be feasible to investigate the transi-
tion metal oxide doped CexTiO2 catalysts for the application in VOC
oxidation, the study of which is however really rare in the literature
[10,11].

Preparative approaches also link to the catalytic performance of
catalysts to a great extent, attributing to their determinations on
component dispersion and resultant surface area. If we limit inves-
tigation on materials without considering the preparative methods,

the studies are really not comprehensive. There are numerous
synthetic routes reported in the literature, e.g. sol–gel route [12],
solvothermal route [13], reactive magnetron sputtering route [14],
etc., which indeed result in wide ranging outcomes in terms of

dx.doi.org/10.1016/j.cattod.2011.04.016
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:bird76@gmail.com
dx.doi.org/10.1016/j.cattod.2011.04.016
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hase purity and crystallinity. However, most of them cannot afford
reen synthesis, homogenous doping and scalable for industry. In
articular, the vast majority of them involve multiple and time
onsuming processing steps, which can lead to batch to batch
nconsistencies and variations in performance (e.g. the sol–gel
oute made CeMnTi sample as reported in Ref. [10]).

Following pioneering research of the Arai Group in Japan in the
arly nineties to develop continuous hydrothermal flow synthesis
CHFS) reactors [15,16], the CHFS methods have been extensively
xploited for the syntheses of nanomaterials. The basic CHFS
ethod involves mixing a flow of supercritical water (sc-H2O, crit-

cal temperature Tc = 374 ◦C; critical pressure, Pc = 22.1 MPa) with
 cold flowing aqueous metal salt solution under high pressure to
ive rapid precipitations (in the mixing zone) and instantaneous
rowths of well-defined nanoparticles in flow. Thereafter, nanopar-
icles are continuously collected at atmospheric pressure as slurry
rom the outlet of the apparatus. The CHFS method has offered a
ast route for producing nanomaterials and demonstrated the con-
iderable advantages in terms of green synthesis (only water used
s reaction medium) and high reproducibility (due to the simple
nd controllable process).

The objective of this work is to use the CHFS method for the
yntheses of transition metal oxide doped CexTiO2 nanocatalyst
irected towards the application of toluene oxidation. We  expect to
btain a relatively less expensive catalyst, which possessed a com-
arable activity to some noble metal catalysts. To achieve this goal,
e first screened diverse CexTiO2 supports in order to get a suitable

omposition of M:Ti (M = active specie), followed by hit selections,
hich were optimized by a sequence of transition metal oxide dop-

ng. Based on the literatures, MnOx, CuOx and CrOx were selected
or the study in this paper.

. Experimental details

.1. Materials

[Ce(NO3)3·6H2O, ≥99.0%], [Cu(NO3)2·3H2O, AR],
Cr(NO3)3·9H2O, AR] and [Mn(NO3)2, 50 wt% in water] were
upplied by Sinopharm Chemical Reagent Co., Ltd. (Shang-
ai, China). Titanium (IV) bis (ammonium lactate) dihydroxide
CH3CH(O–)CO2NH4]2Ti(OH)2 (50 wt% in water) was  supplied by
lfa Aesar company (UK). All chemicals were used as obtained.
istilled water was used in all experiments.

.2. Sample characterizations

Freeze-drying was performed using a Vacuum Freeze Dryer,
odel LGJ-10C, supplied by Beijing Boyikang Laboratory Instru-
ents Co., Ltd.; the solids were frozen for 4 h and then freeze-dried

or 24 h at ≤10 Pa. XRD patterns were obtained by a Rigaku D/Max
A diffractometer with Cu K� radiation (� = 0.15418 nm)  at 40 kV
nd 150 mA  and at an angle of 2� from 20◦ to 80◦. BET surface
reas (SBET) were determined using N2 physisorption at 77 K, with

 Micromeritics ASSP 2020 equipment. Samples were degassed at
00 ◦C for 2 h, followed by 5 point BET measurements to yield an
verage SBET value. Surface elemental analysis was  carried out by
PS using a Thermo ESCALAB 250 instrument with Al K� radiation

photon energy 1486.6 eV) at 150 W.  The signal of adventitious car-
on (a binding energy of 284.8 eV) had been used to calibrate the
inding energy scale for XPS measurements. Curve fits were per-
ormed using a Shirley background and a Gaussian peak shape with

0% Lorentzian character. Particle size and morphology of the sam-
les were investigated using a model JEM-2010 high-resolution
ransmission electron microscope (HR-TEM, 400 kV accelerating
oltage) instrument. The molar elemental composition of the prod-
y 175 (2011) 386– 392 387

ucts was measured using an Oxford Instruments Inca 400 EDX
detector connected to the HR-TEM.

2.3. H2-TPR measurements

The details of H2-TPR test and equipment were as follows. The
instrument was  a TP-5085 supplied by Tianjin Xianquan Industry
and Trade Development Co., Ltd., P.R. China. Samples were 0.05 g
of mixed oxide powder placed in a fix-bed reactor. The TPR test
method used the following steps: (1) pre-treatment step in which
samples were heated to 400 ◦C with a dwell of 1 h and then cooled
to 100 ◦C. The process was operated with a purge of flowing N2
gas at the rate of 30 mL  min−1. The ramp rate was  controlled at
10 ◦C min−1. (2) TPR step in which samples were heated up from
100 ◦C to 550 ◦C at 5 ◦C min−1 under flowing H2/Ar (5% H2 in Argon)
at 30 mL  min−1 and then cooled to room temperature. The change in
thermal conductivity of gas before and after sample was recorded
throughout this step. The peak of thermal conductivity detector
(TCD) signal was reported as the temperature reduction peak and
integrated against time (equate to temperature).

2.4. Catalytic activity test

The activities of the catalysts were measured in a fixed bed
reactor. The 6-mm i.d. quartz reactor tube, loaded with 0.5 g cat-
alyst powder, was located in an electrically heated furnace. The
flow rate was set to maintain the gas hourly space velocity (GHSV)
at 15,000 h−1 for all the runs. A nitrogen stream bubbling (flow
rate = 9 mL  min−1) through a saturator filled with liquid toluene
in an ice-water bath, and it was  then mixed with 6% O2/N2 gas
stream, to keep the inlet concentration of gaseous toluene at about
1600 mg m−3. The reactants and products were analyzed using a
Fuli 9790 gas chromatograph (GC) equipped with a flame ioniza-
tion detector (FID). No other carbon-containing organic compounds
were detected. The standard deviation of toluene concentration
measurement was estimated at ca. ±2%.

2.5. General syntheses

The co-crystallite precursors were manufactured using a three
pump CHFS system (Fig. 1). Briefly, pump P1 was  used to pump
water to the pre-heater (maintained at 450 ◦C), whilst pump P2
was  used to pump the solution with a mixture of salts. Pump P3
was  always used for pumping the base solution for the adjustment
of pH in the system (but herein used for pumping water only). In
all cases, pump speeds were 10 mL  min−1, except for the super-
heated water (20 mL  min−1). For the syntheses of CexTiO2 samples,
a solution of cerium nitrate hexahydrate and titanium (IV) bis
(ammonium lactate) dihydroxide (with corresponding ratios) in DI
water were mixed together and stirred for 2 min. The solution was
then continuously pumped (through P2) into the CHFS system (via
a HPLC pump), whereupon it was  mixed with a P3 pumped flow of
water (at point T, a ¼ in. swagelok Tee pieces, Fig. 1). Thereafter,
the mixture was brought to meet the superheated water feed at
450 ◦C and 24.1 MPa  (in a countercurrent mixer, R, as described
elsewhere [17]), whereupon the hydrothermal reaction took place
in a continuous fashion. The resultant nanoparticles was  cooled via
a pipe-in-pipe cooler (C) and then filtered (F) before they had been
collected at the exit of a back pressure regulator (BPR, at ambi-
ent pressure) for approximately 50 min  in 50 mL falcon tubes. Each
filled falcon tube was centrifuged (8000 rpm for 3 min). 40 mL  of
clear liquid was  removed and then replaced with 40 mL  of clean

DI water with shaking to disperse the solids. Each falcon tube was
further centrifuged (8000 rpm for 3 min) and the clear liquid was
removed again. Eventually, the resultant wet  solids were freeze
dried. To produce transition metal oxide doping samples, the cor-
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F ermal flow synthesis system that was used to prepare nanocatalysts. Key: P = pump,
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ig. 1. Schematic representation of the three-pump (P1–P3) continuous hydroth
 = cooling, F = filter, BPR = back-pressure regulator, R = reactor, H = heater, T = T junc

esponding metal solutions with the ratio of Ce:M:Ti at 0.7:0.3:20
M = Cr, Cu, Mn)  were added into cerium and titanium solution
nd then pumped via P2 into the system. Thereafter, an identical
ethod to that described earlier was employed.

. Results and discussion

.1. Characterizations of CexTiO2 samples

.1.1. HR-TEM and BET measurements
Particle morphologies of the as-prepared CexTiO2 samples were

nalyzed using a high-resolution TEM. The TEM image showed
hat well defined polygonal agglomerates with a particle size of
.8–7.6 nm (5.3 nm in average based on 100 particles measure-
ents, Fig. 2) were obtained for all the samples. The constitutional
olar ratios of CexTiO2 samples were evaluated using a cali-

rated EDX and gave the Ce:Ti molar ratio relatively close to that
xpected (e.g. at 0.07:1 of Ce:Ti for Ce0.05TiO2 sample). From the
DX spectrum, it can be deduced that all these observed particles
re composed of anatase CexTiO2 crystallites, as the exposed crys-
al planes of (1 1 1) were measured with the interplanar spacing
f 0.35 nm [18]. The direct synthesis of highly crystalline sam-
les implied a significant advantage of the CHFS route as the vast
ajority of conventional routes need a further heat-treatment

tep to yield the highly crystalline products, which hence lead to
article coarsening and reduce the surface area. Indeed, the sur-
ace areas measured for the CexTiO2 samples were in the range
f 200–300 m2 g−1, which are about two-fold higher than those
ynthesized via either wet impregnation (78.7–128.6 m2 g−1) [19]
r sol–gel route (57.1–126.1 m2 g−1) [12]. The Ce0.05TiO2 sam-
le had the highest surface area at 269.1 m2 g−1, followed by
e0.1TiO2 (216.8 m2 g−1), Ce0.2TiO2 (190.4 m2 g−1) and Ce0.25TiO2
184.3 m2 g−1).

.1.2. X-ray powder diffraction
Phase identity and purity of the CexTiO2 samples were eluci-

ated using X-ray powder diffraction (XRD), which was directly
ompared with the Joint Committee on Powder Diffraction Stan-

ard (JCPDS) database. The symmetrical peaks of Ce0.05TiO2 and
e0.1TiO2 samples (Fig. 3) revealed the characteristic peaks of pure
natase TiO2 (JCPDS 21-1272), which is consistent with the TEM
esults. NO extra peaks were observed in these two  samples, indi-
Fig. 2. HR-TEM image of Ce0.05TiO2 sample (bar = 5 nm). The bottom image reveals
EDX  spectrum of the sample (copper is come from the grids).

cating the possible formation of solid solutions. In comparison, the
Ce0.2TiO2 and Ce0.25TiO2 samples both revealed the presence of
extra CeO2 characteristic peaks (JCPDS 43-1002), revealing that the

CeO2 did not fully incorporate into the TiO2 lattice due to the high
Ce contents. In addition, a larger 2� angle shift (comparing to pure
TiO2) was  observed in all the samples, indicating a decrease of c
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Fig. 3. X-ray powder diffraction patterns of the CexTiO2 samples.
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might be fully doped into the TiO lattices, beneficial to their cat-
ig. 4. Temperature dependence of toluene oxidation over the CexTiO2 samples.

xis parameter in the TiO2 lattice by the insertion of Ce4+ (ionic
adius = 0.097 nm)  into TiO2 (ionic radius of Ti4+ = 0.053 nm)  lattice.

.1.3. Catalytic performances
Toluene conversion as a function of temperature for the CexTiO2

amples is given in Fig. 4. The profile revealed that the CeO2 doping
as all increased the catalytic activity compared to pure TiO2. The
e0.05TiO2 and Ce0.1TiO2 samples had similar catalytic performance
ith the total oxidation temperature T90 (90% toluene conver-

ion) at ca. 240 ◦C. With increasing ceria loading, the Ce0.2TiO2
nd Ce0.25TiO2 samples yielded very poor activities, where their
ight-off temperatures, T20 (20% toluene conversion), were at ca.
20 ◦C, much higher than those of Ce0.05TiO2 and Ce0.1TiO2 sam-
les (at 180 ◦C). This could be caused by the low surface areas of the
amples. However, the phase separation of CeO2 (see XRD results)
n these two samples could be also related to their catalytic per-
ormances. As suggested from the XPS data, which revealed the
urface composition of Ce:Ti at 0.55:1 for Ce0.25TiO2 sample (see
upplementary Fig. S1),  the CeO2 phases appeared to accumulate
n the surface of Ce0.25TiO2 sample. The sintering of these CeO2
hases at evaluated temperatures would greatly shield the expo-
ure of Ce–Ti–O active sites, thereby inhibiting its catalytic activity.

imilar phenomena were also observed in the application of selec-
ive catalytic reduction of NO with ammonia for CexTiO2 materials
12,19].
Fig. 5. X-ray powder diffraction patterns of the CeMTi (M = Cr, Cu and Mn)  samples.

Since the Ce0.05TiO2 and Ce0.1TiO2 samples performed similar
catalytic activities, the lower Ce content of Ce0.05TiO2 sample was
then selected for further optimization by transition metal oxide
doping (e.g. MnOx, CrOx and CuOx), which were hereafter denoted
as CeMnTi, CeCrTi and CeCuTi, respectively.

Note: To compare with more conventional routes, we have also
synthesized another Ce0.05TiO2 sample using a wet-impregnation
route (in which the ceria was added via simple incipient wetness
to a CHFS made TiO2 support). The catalytic activity of the sam-
ple (T90 = 280 ◦C) was  observed relatively lower compared with
CHFS made sample (T90 = 240 ◦C) (see Supplementary Fig. S2). The
low surface area (at 134.5 m2 g−1) and poor dispersion of ceria
(leading to strong sintering at evaluated temperatures) for the wet-
impregnation route made sample are strongly proposed for the
interpretation.

3.2. Characterizations of CeMTi (M = Mn, Cr and Cu) samples

3.2.1. X-ray powder diffraction and BET surface area
measurements

Phase identity and purity of the CeMTi (M = Mn, Cr and Cu) sam-
ples were elucidated using X-ray powder diffraction (XRD). The
symmetrical peaks of CeMTi samples (Fig. 5) were all consistent
with the characteristic peaks of pure anatase TiO2 (JCPDS 21-1272),
except for CeMnTi sample, which showed the presence of very weak
MnOx peaks. The crystallite sizes of the CeMTi samples were calcu-
lated using Scherrer equation and the results are listed in Table 1. It
was  observed that the crystallite sizes of the samples did not follow
the sequence of their BET surface areas, where the CeMnTi sample
had the lowest surface area but with the smallest crystallite size.
This could be caused by the coarsening of MnOx crystals on the
sample surface.

3.2.2. X-ray photoelectron spectroscopy
Table 1 also shows the result of quantitative analysis on the

CeMTi samples by XPS. The XPS data revealed that the Ce:Ti ratios
were all higher than those expected. For Ce3d spectra, the lack of
peak at ca. 917 eV (assigned to Ce4+ state [12]) implied that the
all CeMTi samples had primary Ce3+ state (see Fig. 6a). This is not
consistent with the literatures as the vast majority of conventional
routes yielded primary Ce4+ state for the samples [12,19]. How-
ever, this result is promising as it suggested that the ceria phases
2
alytic activities. The rapid crystallization environment in the CHFS
route, which yielded kinetically stable rather than thermodynam-
ically stable products, can be proposed for the interpretation [20].
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Table 1
Texture properties, crystallite size and surface compositions of the CeMTi samples.

Samples SBET (m2 g−1) Crystallite size (nm) XPS

Ce Ti M Expected M OB/Ototal

Ce0.05TiO2 269.1 6.6 0.11 1 – – 0.142
CeMnTi  229.0 4.1 0.14 1 0.038 0.015 0.195
CeCuTi 264.2 4.6 0.11 1 0.018 0.015 0.196
CeCrTi 270.8 4.5 0.12 1 0.014 0.015 0.213

Fig. 6. XPS spectra of (a) Ce3d scan and (b) Mn2p, Cu2p and Cr2p scans and (c) O1s scan for the Ce0.05TiO2 and CeMTi (M = Cr, Cu and Mn)  samples.
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Fig. 8. Temperature dependence of toluene oxidation over (a) Ce0.05TiO2 and CeMTi
ig. 7. TPR profiles for the Ce0.05TiO2 and CeMTi (M = Cr, Cu and Mn)  samples.

he Mn2p spectra in the CeMnTi sample revealed a particularly high
mount of MnOx on sample surface (see Fig. 6b and Table 1). This
s consistent with the XRD results and explained the low surface
rea of the sample because the MnOx enrichment on sample sur-
ace could result in a reduction of its dispersion and hence reduced
he surface area. The Mn2p spectrum was observed consisting of a
pin–orbit doublet with Mn2p1/2 at ca. 653.3 eV and Mn2p3/2 at
a. 641.7 eV, which revealed the characteristic peaks of a mixed-
alence manganese system (Mn4+ and Mn3+) [21]. For CeCuTi
ample, the Cu2p spectrum also showed a spin–orbit doublet of
u2p1/2 at ca. 952.4 eV and Cu2p3/2 at ca. 932.7 eV. However, since
he Cu2p3/2 value was a little lower than CuO (933.6 eV) and there
s no Cu2p3/2 shake-up satellite peak at 940–945 eV, a majority of
educed Cu+ state in the CeCuTi sample was proposed [11,22]. How-
ver, it should be noted that a photo-reduction of Cu2+ to Cu+ might
ccur during XPS analysis [11]. This implied that the CeCuTi sam-
le might also have Cu2+ on its surface. For CeCrTi sample, since the
i2p loss peak had greatly shielded the Cr2p3/2 peak in the range
f 577.0–580.0 eV (corresponding to Cr3+ and Cr4+ states [23]), the
alculation of CrOx amount was mainly based on the Cr2p1/2 peak,
hich was present in Table 1.

It is well-known that the chemisorbed oxygen (OB) is usu-
lly relevant to the catalytic activity for VOC oxidation. Therefore,
he amounts of surface-absorbed oxygen were also evaluated
erein. Fig. 6c revealed the fitted O1s peaks for lattice oxygen OA
529.0–530.0 eV), chemisorbed oxygen OB (531.3–531.9 eV) and
ydroxyl groups OC (532.7–533.5 eV) [9].  It can be seen that all
he CeMTi samples showed higher OB than the Ce0.05TiO2 sam-
le (see Table 1), indicating that MOx doping was  beneficial to
he catalytic activity. The OB contents followed the sequence of
eCrTi > CeCuTi ≥ CeMnTi.

.2.3. H2-temperature program reduction (H2-TPR)
H2-TPR profiles of the CeMTi samples are shown in Fig. 7. The

ransition metal oxide doping had all promoted the reducibility of
he samples except for CeMnTi sample, which yielded the first-
eduction peak temperature at ca. 448 ◦C, higher than that of the
e0.05TiO2 sample (at 433 ◦C). Two important aspects, including

ow surface area and poor MnOx dispersion, are proposed for the
nterpretation. The CeCuTi sample revealed three major reduction

◦ ◦
eaks centered at ca. 147, 263 and 348 C. The peak at 147 C could
e attributed to the reduction of well-dispersed Cu species; the
eak at 263 ◦C might arise from the reduction of slightly larger Cu
pecies and the peak at 348 ◦C was mainly originated from the CeO2
(M  = Cr, Cu and Mn) samples (b) cycled CeMTi samples. The insert in (a) reveals the
toluene conversion rate versus testing time for the CeCuTi sample.

associated with Cu species [8,22].  The CeCrTi sample only revealed
one reduction peak centered at ca. 407 ◦C, attributed to the reduc-
tion of CrOx interacting with CeO2. From the TPR results, it can be
concluded that the reducibility of the CeMTi samples followed the
sequence of CeCuTi > CeCrTi > CeMnTi.

3.2.4. Catalytic performances
The light-off curves of toluene oxidation for the CeMTi sam-

ples are present in Fig. 8. The activities of CeMTi samples were
all higher than those of Ce0.05TiO2 sample, where the CeCrTi and
CeCuTi samples revealed better catalytic performances than the
CeMnTi sample. This is in accordance with the H2-TPR, BET and XPS
results. However, the activity of CeCuTi sample was rather inhibited
at the temperature of ca. 180 ◦C, where a progressive decrease of
the activity with testing time was  observed at this temperature (see
the insert in Fig. 8a). This could be caused by the presence of CuOx,
which induced a strong sintering of TiO2 [11,24].  Surprisingly, fur-
ther cycling these samples (i.e. samples being subjected to repeated
tests) had yielded improved activities for CeCrTi and CeCuTi sam-
ples. (The CeMnTi sample did not show a significant change after
cycled.) Particularly for CeCuTi sample, its light-off temperature T20
was  decreased from ca. 170 ◦C to 140 ◦C and the complete oxida-
tion temperature T90 was  from 240 ◦C to 200 ◦C after cycled. This
activity is much higher than those of CuOx–CeO2 and CuOx–TiO2

materials (prepared via wet-impregnation route) as reported by
Wang et al. [6] and reveals a relatively comparable activity to some
noble metal catalysts [25,26].  We  proposed that the improvement
could be due to the increased easily reducible species (e.g. Cu2+
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r Cr4+) and enhanced MOx/CeO2 interaction in the samples after
ycled, which however needs further clarification.

Note: Heat treatment in air in a tube furnace at 300 ◦C for 1 h
f the as-prepared CeCuTi sample also yielded a similar enhanced
ctivity to the cycled CeCuTi sample.

It is worthy to note that although the cycled CeCuTi sam-
le was found possessing a superior catalytic activity, further

mprovements may  be achieved via an optimization in metal oxide
omposition (i.e. the ratios of Ce:Cu:Ti). However, this will be
everely limited by the speed at which large amounts of compo-
itions can be made and tested. Recently, we have developed a
odified CHFS reactor, which is able to synthesize a large num-

er of compositionally diverse nanomaterials within a short time
27]. As such, an accelerated discovery of better Ce–Cu–Ti compo-
itions for toluene oxidation can be achieved by using this method,
he approach of which is currently pursuing and the result will be
eported in due course.

. Conclusions

We successfully achieved our initial objective using a CHFS route
o synthesize relatively less expensive catalysts, which possessed
omparable activities to some noble metal catalysts. The CHFS route
as yielded products with remarkably high surface area, which

s conducive to the catalytic performance in toluene oxidation. It
as found that optimization of transition metal oxide doping (e.g.
nOx, CrOx and CuOx) on the Ce0.05TiO2 sample have led to a signifi-

ant enhancement in the catalytic activity, where the cycled CeCuTi
ample (with more Cu2+ content) showed a superior performance.

e anticipate that the development of this CHFS technique will be
f many benefits for better catalyst discovery.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.cattod.2011.04.016.
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