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Nitrogen oxides (NO,) are one of the major air pol-
lutants in modern cities, largely due to the exhaust of
automobiles. The elimination of NO, by catalysts has
received high attention as NO, pollution intensifies.
Since Iwamoto et al. reported selective reduction of
NO, with hydrocarbon in an oxygen-enriched atmo-
sphere by Cu-ZSMS5 and other ionic-exchanged cata-
lysts [1, 2], many catalysts have been studied and one
of them is CuO/TiO; catalyst [3—5]. This catalyst has
high activity in the oxidation of CO and hydrocarbon
[6, 7] and the selective reduction of NO [8-11]. It also
has an excellent prospect in the purification of stack
gases which contain NO, CO and other organic waste
gases [12]. The studies also showed that the nanometer
form of Cu”* ion was more active than the bulk CuO in
both NO reduction and selective reduction of NO, with
NHj by catalysts. The ionic state of Cu?>* on CuO/TiO,
catalyst was detected by the methods of ESR, XRD and
UV-VIS, and the stability of Cuion was related to the in-
teraction with O~ ion in the TiO; crystal lattice [13—15].
If Cuion was adsorbed on the surface of anatase (TiO,),
two Cu?* species would coordinate with two kinds of
Lewis acid sites in different forms. The TPR analysis
found that two Cu*t species with different reduction
abilities existed on the surface of anatase (TiO,) [16].
The high-temperature reduction peak was attributed to
the reduction of bulk CuO, but the low-temperature
reduction peak was derived from the interaction of
Cu?* and the carrier that caused the reduction of CuO.
Wollner et al. [17] reported that CuO/TiO;, and Cu-
ZSMS5 had similar activity in the reaction of NO+CO,
and the removing rate reached 95% at 200 °C. In the CO
and organic oxidation reaction, CuO had much higher
activity than MoOy, FeOx and CoOy if TiO, was used
as a carrier [6, 7]. CuO/TiO, activity at low temperature
was even higher than Pt/y-Al,O3 and was largely en-
hanced by the addition of CeO,. This was because CeO,
had a special function of oxygen storage and increased
the dispersion of the active component of catalyst on
the carrier and the thermal stability of the carrier [18].
In this study, TiO, and CeO,-TiO, were prepared by
the sol-gel method, and the effects of CuO loading on
structures and catalytic activities in NO+CO reaction
were examined by means of BET, TPR, XRD, XPS and
NO-TPD.

TiO; carrier was prepared using the solution-gelation
method [19]. Solution A was a mixture of HCI, H,O
and half of ethanol, and Solution B was obtained after
Ti(OC4Hy)4 was dissolved in the other half of ethanol.
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Solution A was added to Solution B, and the mix-
ture was left for several days. The resulting gel of
HCI:H,O:ethanol: Ti(OC4Hg)s = 1:15:1:0.3 was air-
dried at 50°C for 12 h and then calcined at 500°C
for 2 h.

Using TiO, as a carrier, the CuO/TiO, and
CuO/Ce0,-TiO, catalysts were prepared by the im-
pregnation method using Cu(NOs), and Ce(NO3);
aqueous solutions at desired concentrations. The cat-
alysts were dried at 120 °C for 12 h and then calcined
in an air stream at 500°C for 2 h, and denoted as
w%CuO/TiO; and w%CuO/w'%Ce0,-TiO,, where w
and w' were the amount of CuO and CeO; loadings,
respectively.

Catalytic activity was determined under the steady
state in a fixed-bed quartz reactor (6 mm). The particle
size of catalysts was 20—40 mesh, and 120 mg of the
catalysts were used. The reaction gas (i.e., feed steam)
consisted of a fixed composition of 6.0%NO, 6.0%CO
and 88%He (v/v) as a dilute. The catalysts were pre-
treated in NO+CO reaction stream at 50 °C for 0.5 h.
After having cooled to room temperature, they were al-
lowed to react with the mixed gas. The reactions were
operated at different temperatures with a space veloc-
ity of 5000 h~!. Two columns and thermal conduction
detectors were used for analyzing the catalytic activity.
Column A was packed with 13X molecular sieve for
separating N, NO and CO, and Column B was packed
with Paropak Q for separating N,O and CO,.

The BET surface area of catalysts was determined by
N, adsorption at 77 K using a Coulter OMNISORP-100
instrument.

H;,-temperature programmed reduction (TPR) was
done by gas chromatography (GC) using a thermal con-
ductivity detector. Samples of 5-10 mg were activated
in an O, stream at 500 °C for 0.5 h. After it was cooled
to 30 °C, H,-TPR was conducted.

X-ray diffraction (XRD) data were obtained at
25 °C using a horizontal Rigaku B/Max 111B powder
diffractometer with CuK, radiation and a power of
40 x 30 mA.

X-ray photoelectron spectra (XPS) were recorded
by PHI-550 Spectrometer with AlK, radiation of
1486.6 eV. The calibration of the spectrometer en-
ergy scale was performed using gold (Au 4f;, =
83.8 eV). The Cls line at 284.6 eV was used
as an internal standard for correction of bind-
ing energies. The accuracy of energy values was
0.3eV.
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Figure 1 Adsorption-desorption isotherms and pore size distribution
of TiO,.

To measure NO-temperature programmed desorp-
tion (TPD), 250 mg of fresh catalysts were loaded onto
a quartz reactor (& =5 mm) and reduced in H; at-
mosphere at 500 °C for 1.0 h. The catalysts were then
heatedin He at 600 °C for 1.0 h, cooled to 40 °C in a flow
of He and exposed to a 10%NO-He mixture gas. Ex-
cessive NO was removed, and the catalysts were kept in
He flow until no significant amount of adsorbates could
be detected. The catalysts were then ramped at 600 °C
at a linear heating rate of 20 °C min~! in He flow. The
effluent gases were analysed with a mass spectrometer.

The structural properties of TiO, were examined by
measuring its N, adsorption and desorption, an impor-
tant method of revealing multi-porous solid substances.
As shown in Fig. 1, the TiO, adsortion-desorption
isotherms were of Type IV, a typical mesoporous
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substance, and its pore size distribution proved the exis-
tence of mesopores but not regular pores. In contrast, the
pore size distribution of TiO, was microporous, slightly
toward mesoporous, and had a specific surface area of
54.938 m?/g and total porous volume of 0.1518 ml/g.
The X-ray diffraction analysis found that TiO, con-
sisted of a mixture of anatase and rutile phases.
The catalytic activity in NO4-CO reaction at differ-
ent CuO loading on TiO; is shown in Fig. 2a—d.
At CuO loading of <3.0% (w/w), the catalytic ac-
tivity in NO+4-CO reaction was quite low. The activ-
ity largely increased at 6 % CuO loading and reached
the maximum at 12.0 % CuO loading, and further in-
crease in CuO loading caused a decrease in cat-
alytic activity. However, after TiO, was modified with
5.0% and 10.0 % CeO,, the CuO/Ce0O,-TiO, activ-
ity was much higher than non-CeO;-modification, es-
pecially for the CuO/TiO; catalyst with low CuO
loading (e.g., <3.0%). At 450°C, NO conversion
was close to zero by 3.0 % CuO/TiO, but increased
to 85% by 3.0 % Cu0/5.0 % Ce0O,-TiO, and reached
95% by 3.0 % Cu0/10.0 % CeO,-TiO,. NO conversion
was complete (100%) under the following conditions:
12.0 % CuO/TiO; at 400 °C, 12.0 % Cu0/5.0 % CeO;-
TiO, at 350°C, 12.0% Cu0O/10.0 % CeO,-TiO, at
300 °C. The catalytic activity in NO+CO reaction may
be related to, 1) the dispersed Cu species on TiO, with
a best CuO loading amount, 2) the interaction between
redox couple (Ce**+/Ce*T) of CeO, with CuO and TiO,.
As shown in Table I, 12 % CuO/TiO; catalyst had
smaller CuO crystalline size. In addition, the cata-
lyst had larger micro-strain value than 3 % CuO/TiO,
and 18 % CuO/TiO, catalysts but smaller micro-
strain value than 12 % CuO/5 % Ce0O,-TiO, and
18 % CuO/5 % Ce0O,-TiO, catalysts. The catalytic
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Figure 2 The activity of CuO/TiO, and CuO/CeO;-TiO, with different CuO loading in NO+CO reaction.
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TABLE 1 Micro-structure analysis results of CuO/TiO; and CuO/CeO;-TiO,

CuO crystalline

Anatase crystalline Rutile crystalline

Cell parameters Cell parameters

Catalysts size (nm) Micro-strain  size (nm) size (nm) Micro-strain (nm) (a) (nm) (c)

3% CuO/TiO, 32.75 220 x 1074 89.65 1.0 x 107*  4.6039(68) 2.9638(13)
12 % CuO/TiO, 28.08 3.19 x 107* 85.20 6.1 x 107*  4.5910(3) 2.9518(2)
18 % CuO/TiO, 35.50 1.30 x 1074 92.04 1.0 x 107*  4.9516(5) 2.9592(3)
12 % CuO/5 % CeO,-TiO,  26.83 4.96 x 1073 60.58 63.28 29 x 107*  4.5945(13) 2.9614(7)
12 % CuO/10 % CeO,-TiO, 25.8 294 x 1073 46.84 46.84 3.0 x 1073 4.5936(30) 2.9541(21)
12 % CuO/5 % CeO,-TiO,  26.37 3.63 x 1073 51.33 59.59 2.8 x 107*  405961(34) 2.9607(24)

activity in NO+-CO reaction was related to the crys-
talline size and the micro-strain value. The smaller the
crystalline size and the larger the micro-strain value
were, the higher was the catalytic activity. Interestingly,
the crystalline size and micro-strain of the carrier were
not affected by the amount of CuO loading, whereas at
a given CuO amount, the smaller the crystalline size
of the carrier and active component, the larger was
the micro-strain value. Among the CuO/TiO; catalysts,
both TiO, and CuO in 12 % CuO/TiO, had the small-
est crystalline size and the largest micro-strain, indi-
cating that although the carrier had a stronger effect
than the active component, the latter could in turn af-
fect the function of the former. This may explain that
active component CuO with different carriers would
differ largely in the catalytic activity. Small crystalline
size and large micro-strain are indispensable for CuO to
have high activity because such CuO surface has higher
energy.

Fig. 3 shows the TPR profiles of pure CuO, TiO, and
TiO, with different CuO loading (3.0-18.0%). Pure
CuO had a large and sharp crystal phase reduction peak
at 392 °C, while pure TiO; had a rather flat reduction
peak at a higher temperature (about 650 °C), suggesting
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Figure 3 TPR profiles of CuO/TiO2 and CuO/CeO,-TiO, cata-
lysts. (1) CuO, (2) TiO2, (3) 1% CuO/TiO,, (4) 3 % CuO/TiO,, (5)
6 % CuO/TiO3, (6) 12 % CuO/TiO,, (7) 12 % CuO/5 % CeO,-TiO,, (8)
6 % Cu0/10 % CeO,-TiO3, (9) 12 % CuO/10 % CeO,-TiO;.

that CuO reduction was easier than TiO, reduction.
After TiO; and CeO, formed the composite oxide, the
interaction of TiO, and CeO, increased the reduction
of TiO;. When the CuO loading was 3.0 wt%, there
was only one reduction peak in the whole TPR process
(Fig. 3, Line 4). At 6.0 wt% CuO loading, a y peak
of CuO crystal phase was observed. At 12 wt% CuO
loading, there were four reduction peaks in different
sizes (namely «, B, y and § peaks) at peak temperatures
of 180, 240, 290 and 380 °C respectively. The o peak
temperature of 12 wt%CuO/TiO, was lower than that
of other catalysts (Line 6). When CuO was loaded on
5.0 % Ce0O,-TiO, and 10.0 % CeO,-TiO, (Lines 7 to
9), there were still four reduction peaks (o, 8, y and
8), but these reduction peaks were not obvious. The
peak temperature of CuO reduction in 10.0 % CeO,-
TiO, occurred slightly earlier than that in 5.0 %
C602—T102.

The CuO/TiO; catalyst is a complex catalytic sys-
tem. According to Larsson et al. [6, 7], the forms of Cu
species in Cu3-Ti, Cul2-Ti and Cu-Ce-Ti were differ-
ent. The reduction peak of Cu3-Ti was at 200 °C, repre-
senting the reduction of monomeric Cu species (mainly
Cu™). By comparison, the reduction peak of Cul2-
Ti was at 180 °C, representing the reduction of poly-
meric Cu species (mainly Cu®>*). While monomeric
Cu species in Cu3-Ti and Cul2-Ti would convert to
polymeric Cu species when CeO, content increased,
the polymeric Cu species had higher activity than the
monomeric Cu species. Komova et al. [20] found that
the form of Cu species in Cu—Ti—O was determined
by the structure of CuO on the surface of TiO;, the
amount of CuO loading and the preparation method
of Cu—Ti—O. When the CuO loading was low, Cu’**
readily interacted with oxygen atom (O), which was
poorly coordinated in the anatase crystal lattice. When
the CuO loading was high, surface-stable Cu’>* and
chain oxidation cluster readily formed as the active
center. Cordoba et al. [21] used the characterizing
techniques of ESR, TPR, XPS and classified the Cu
species on the surface of TiO, into three states: Cu’* in
the TiO; network (namely, —Cu—O—Ti—0O—), isolated
CuO and highly-dispersed polymeric CuO. The Cu’* in
the TiO, network was probably the surface stable Cu**
and chain oxidation cluster, as suggested by Komova
[20].

Based on the TPR results above, we suggest that
a and B peaks were the reduction peaks of highly-
dispersed Cu species, y peak was the reduction peak of
CuO crystal phase in different crystalline size [7, 21],
while § peak was the reduction peak of TiO, catalyzed
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Figure 4 Comparison of bonding energy of Cu2p3 of 12 % CuO/TiO,
and 12 % CuO/10 % CeO,-TiO,.

by CuO [15, 21]. The interaction between CuO, CeO,
and TiO,, and CeO, and TiO, increased the activity of
CuO reduction [6].

There were three forms of Cu species in
12 % CuO/TiO, with the bonding energies of 932.59,
934.62 and 937.04 eV respectively (Fig. 4). The
934.62 eV peak was the main one and accounted for
66.1% (Table II). In accordance with standard bonding
energy value [17], we presume that the 932.59 eV peak
was Cu™, while the 934.62 and 937.04 eV peaks were
CuO and —Cu—O—Ti—O—, denoted as Cu?>*(I) and
Cu”*(II), respectively. The addition of CeO, caused the
disappearance of Cu®*(II) and the increment of Cu*(I)
and Cu™, the main active components in the NO+CO
reaction [22, 23]. As a result, the addition of CeO, en-
hanced the activity of CuO/TiO; catalyst. In addition,
the atom ratio of Cu/Ce exceeded that of Cu/Ti in the
12 % CuO/10 % CeO,-TiO; catalyst (Table II), indicat-
ing that Cu species were predominantly dispersed on
the surface of CeO,.

At low CuO concentration, Cu?t first coordi-
nated with the low-coordinated oxygen atom (O)
in the anatase lattice to form a chain structure, i.e.,
—Cu—O—Ti—O— structure [20]. The bonding energy
of the species coordinated with the low-coordinated
O atom was quite high. For example, Cu?*(II)
showed higher bonding energy than Cu’*(I). We
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Figure 5 Detected NO signal during NO-TPD processing. (1) TiO3,
(2) Ce0,-TiOy, (3) 6 % CuO/TiO3, (4) 6 % CuO/5 % CeO,-TiO2, (5)
12 % CuO/5 % CeO,-TiO,.

presume that the decrease of CuO bonding energy in
12 % CuO/10 % CeO,-TiO, was due to the earlier load-
ing of CeO, than CuO. Therefore, CeO; first combined
with low-coordinated oxygen atom (O), and the later-
loaded CuO only formed Cu?*(I) using the species as
the core. The bonding energy of Ce3d(3d°4f2(02p*)) in
12 % CuO/10 % CeO,-TiO, was 883.34 eV, higher than
that of single CeO,(882.3 eV), which proved the above
hypothesis.

NO-TPD experiment of carrier and catalyst was con-
ducted to further examine the mechanism of NO+CO
reaction. After NO was adsorbed by the surface of car-
riers (TiO, and CeO,-TiO;) and catalysts (CuO/TiO,
and CuO/Ce0,-TiO,), NO and N,O were detected by
mass spectrometer tracking. Figs 5 and 6 show four
desorption species (NO, m/e = 30; N,O, m/e = 44;
0,,m/e = 32 and NO,, m/e = 46) after TiO, adsorbed
NO and dissociation reaction occurred. The NO des-
orption process had two small peaks and a big peak, i.e.,
three NO adsorbing centres with different intensities on
the TiO; surface. The two small peaks occurred at 100
and 280 °C respectively, and the big peak at 385°C.
After CeO,-TiO; adsorbed NO, the thermal desorption
process also had three peaks, but the first two were
big peaks and the third was a small peak. Although

TABLE II Bonding energy and atomic ratio of 12 % CuO/TiO; and 12 % CuO/10 % CeO,-TiO,

12 % CuO/TiO, 12 % CuO/10 % CeO,-TiO,

Ce3d(3d°4£2(02p*)) B.E. (eV) - 883.34
Ti2P3/» B.E. (eV) 458.3 458.9
OlsLattice B.E. (eV) 529.6 530.1
Cut B.E. (eV) 932.59 932.5

Proportion (%)* 17.5 19.1
Cu?t (D) B.E. (eV) 934.62 934.65

Proportion (%)* 66.1 80.9
Cu®*(I0) B.E. (eV) 937.04 -

Proportion (%)* 16.4 -
Cu/(Ti+Ce) Atomic ratio - 0.366
Cu/Ce Atomic ratio - 3.112
Cu/Ti Atomic ratio 0.39 0.42
Cce’t (%) Proportion (%)P - 0.272

4Percentage of total Cu species.
bPercentage of total Ce species.
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Figure 6 Detected N,O signal during NO-TPD processing. (1) TiOy,
(2) Ce0,-TiO2, (3) 6 % CuO/TiOy, (4) 6 % CuO/5 % CeO,-TiO2, (5)
12 % CuO/5 % CeO,-TiO;.

NO desorption on the carrier (TiO; and CeO,-TiO,)
was larger than that on the catalyst, NO dissociation
activity was low on all the adsorbing sites and only a
small amount of NO dissociated at 200 °C (Fig. 6). In
addition, the peak temperature of NO desorption on the
catalyst was lower than that on the carrier (Fig. 5, Lines
3,4,5), and the NO dissociation temperature occurred
earlier and the NO desorption was larger on CuO/CeQO,-
TiO, than those on CuO/TiO; (Fig. 6). The findings
suggest that the temperature of N,O formation (i.e., NO
dissociation temperature) was correlated with the activ-
ities of catalysts. Namely, the rate of NO+4-CO reaction
was determined by the NO dissociation on the catalyst
surface.
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