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UV-Raman spectroscopy was used to study the molecular structures of TiO2 or ZrO2-supported vana-
dium oxide catalysts. The real time reaction status of soot combustion over these catalysts was de-
tected by in-situ UV-Raman spectroscopy. The results indicate that TiO2 undergoes a crystalline phase 
transformation from anatase to rutile phase with the increasing of reaction temperature. However, no 
obvious phase transformation process is observed for ZrO2 support. The structures of supported va-
nadium oxides also depend on the V loading. The vanadium oxide species supported on TiO2 or ZrO2 
attain monolayer saturation when V loading is equal to 4 (4 is the number of V atoms per 100 support 
metal ions). Interestingly, this loading ratio (V4/TiO2 and V4/ZrO2) gave the best catalytic activities for 
soot combustion reaction on both supports (TiO2 and ZrO2). The formation of surface oxygen com-
plexes (SOC) is verified by in-situ UV Raman spectroscopy and the SOC mainly exist as carboxyl 
groups during soot combustion. The presence of NO in the reaction gas stream can promote the pro-
duction of SOC. 

vanadium oxide, catalyst, UV-Raman, in-situ, soot combustion 

1  Introduction 

Supported vanadium oxide catalysts have been widely 
applied in many catalytic reactions such as the selective 
oxidation of hydrocarbon, the selective catalytic reduc-
tion (SCR) of nitrogen oxides with ammonia and the 
oxidative dehydrogenation of alkanes. The catalytic 
properties of these catalysts depend on the structures of 
the supported vanadia species, support material and VOx 
concentration. The complete understanding of their 
catalytic properties requires the determination of the 
structure-activity relationship of these catalytic materials. 
However, the exact structures of the amorphous vanadia 
and their bonding to the support are still in controversy 
and have, therefore, become the focus of several recent 
studies[1 4]. The structures of the supported vanadium 
oxides have been investigated by many techniques. The 
spectroscopic study of the surface metal oxide species 

will lead to the deeper insights into the nature of the 
surface active sites and active phases which are respon-
sible for the catalytic performances. Raman spectros-
copy is one of the proper techniques used for the char-
acterization of the supported oxide catalysts since the 
Raman signals can give the direct information on the 
surface coordination structures of the supported metal 
oxide species[5,6]. However, its application for supported 
oxides has been limited by the strong fluorescence in-
terference in conventional visible Raman spectroscopy. 
Li et al. have successfully applied UV Raman spectros-
copy for the study of supported oxide catalysts. UV Ra-
man spectroscopy can successfully avoid the surface  
                      
Received April 9, 2007; accepted October 17, 2007 
doi: 10.1007/s11426-008-0027-2 
†Corresponding author (email: zhenzhao@cup.edu.cn; jsgao@cup.edu.cn) 
Supported by the National Natural Science Foundation of China (Grant Nos. 
20473053, 20773163 and 20525621), the Beijing Natural Science Foundation (Grant 
No. 2062020), and the 863 Program of China (Grant No. 2006AA06Z346) 



 

552 LIU Jian et al. Sci China Ser B-Chem | Jun. 2008 | vol. 51 | no. 6 | 551-561 

fluorescence which often obscures the normal Raman 
spectra[6 10]. 

Recently, vanadium-based catalysts are considered 
one of the most promising systems for the combustion of 
diesel soot[11 14]. Soot is a carbonaceous material made 
of amorphous carbon particles containing a variable 
amount of toxic hydrocarbons and is the main environ-
mental pollutant present in the exhaust gas emitted from 
diesel engines. Collection of soot in a monolithic filter 
and simultaneous oxidation is considered to be a good 
option to minimize its environmental contamination. 
However, the solid soot can only be burnt off during a 
short period of time at temperatures above 600 . Such 
high temperatures cannot be achieved in the exhaust 
stream under typical engine operating conditions. To 
overcome this problem, oxidation catalysts are needed to 
increase the oxidation rate of carbon at lower tempera-
tures. A great deal of attention has been paid in the last 
twenty years to the research of soot catalytic combustion. 
Some catalytic systems such as vanadium-based cata-
lysts[11 14], cerium-based catalysts[15 17], noble metal 
containing Pt catalysts[18,19], pervoskite or spinel com-
plex oxide catalysts[20 24] have acquired apparent pro-
gress for soot catalytic combustion. Several problems 
still remain unsolved, although the amount of the work 
towards a better understanding is impressive. In particu-
lar, the reaction mechanism of the catalytic combustion 
of soot remains unclear. The deep black color of soot 
makes it very difficult to acquire some useful informa-
tion about the catalytic oxidation of soot under real reac-
tion conditions. The combination of fundamental mo-
lecular structural information and in-situ techniques has 
resulted in a powerful tool for catalysis science, which 
allows for the development of a molecular-level under-
standing of structure-activity/selectivity relationships for 
catalytic reactions. In this work, the in-situ UV Raman 
technique was firstly employed to investigate the 
mechanism of soot combustion over supported vanadia 
catalysts. It was verified that the formation of surface 
oxygen complexes (SOC), which mainly exist as car-
boxyl groups, was the main reaction process during the 
soot combustion.   

2  Experimental section 

2.1  Catalyst preparation 

All of the chemicals used for catalyst preparation were 

of analytical grade. The supports used in this study were 
TiO2 (anatase, 60 100 mesh, 9 m2/g) and ZrO2 (60
100 mesh, 2 m2/g). Vanadium was introduced onto the 
supports by an incipient-wetness impregnation method 
with a variable NH4VO3 content between 0 and 20%. 
The two types of supported vanadia catalysts are de-
noted as Vm/TiO2 or Vm/ZrO2, respectively, where m is 
the number of V atoms per 100 support metal ions (m = 
0, 0.1, 1, 4, 10, 20). During the impregnation, the citric 
acid (equi-molar ratio to metal vanadium) was added to 
the solution for promoting the dissolution of NH4VO3. 
After impregnation, the catalyst precursors were dried at 
120  for 12 h and then calcined at 700  for 4 h in 
static air.  

2.2  Catalyst characterization 

2.2.1  Ambient UV-Raman measurement.  UV-Raman 
spectra of supported vanadium oxides were collected at 
room temperature with a Jobin Yvon LabRam-HR spec-
trometer equipped with a confocal microscope, 2400/ 
900 grooves/mm gratings and a notch filter. The notch 
filter allows for the use of a one-stage monochromator in 
this system that significantly enhances the intensity of 
the detected photons. The laser excitation at 325 nm was 
generated from a He-Cd laser (Kimmon, Model: 
IK5751I-G, 30 mW).  The scattered photons were di-
rected and focused onto a single stage monochromater 
and measured with a UV sensitive LN2-cooled CCD 
detector (Yvon LabRam CCD-3000 V). The notch filter 
for the UV spectra had a ~300 cm�1 cut off. The samples 
were in powder form and only 5 10 mg was usually 
loosely spread onto a glass slide below the confocal mi-
croscope. The spectrometer resolution was less than 2 
cm�1. 
2.2.2  In-situ UV-Raman measurement.  For the in-situ 
Raman studies of supported vanadia catalysts were 
loaded in powder form into an in-situ cell (Linkam, 
TS1500) that allowed for reaction and sample treatments 
such as dehydration. The quartz cell is capable of oper-
ating up to 650 . The in-situ Raman spectra were col-
lected at each reaction temperature under specific gase-
ous conditions by flowing 10% O2/He (50 mL/min) or 
(0.2% NO + 5% O2)/He (50 mL/min). 

2.3  Catalytic activity measurement 

The catalytic activities of the prepared catalysts for soot 
oxidation were evaluated with temperature-programmed 
oxidation reactions (TPO) and carried out in a fixed-bed 



 

 LIU Jian et al. Sci China Ser B-Chem | Jun. 2008 | vol. 51 | no. 6 | 551-561 553 

tubular quartz system[13]. The reaction temperature was 
controlled through a PID-regulation system consisted of 
the measurements of a K-type thermocouple and varied 
from 200  to 600  at a rising rate of 2 /min during 
each TPO run. Printex-U, which was supplied by De-
gussa, was used as model soot. Its primary particle size 
was 25 nm and specific surface area was 100 m2/g. The 
catalyst and soot (10 1 w/w) were carefully mixed in an 
agate mortar to ensure a thorough mixing[13,25], and 100 
mg of the mixture was placed in the tubular quartz reac-
tor (��= 8 mm). Reactant gases containing 5% O2 and 
0.2% NO balanced with He were passed through a mix-
ture of the catalyst and soot at a flow rate of 200 
mL/min. The outlet gas composition from the reactor 
passed through a 1 cm3 sampling loop of a six-point 
gas-sampling valve before it was being injected into an 
on-line gas chromatograph (GC). The GC with a flame 
ionization detector (FID) was used to analyze the con-
centrations of CO and CO2. In the analysis, a Porapak N 
column was used for separation and was followed by 
converting carbon containing species into methane over 
a Ni catalyst at 380  for detection. 

3  Results 

3.1  UV-Raman spectroscopic characterization of 
Vm/TiO2 and Vm/ZrO2 catalysts  

Figure 1 shows the Raman spectra of hydrated Vm/TiO2 
samples. The bands at 399, 514, and 638 cm�1 are due to 
the Raman-active modes of anatase phase with the 
symmetries of B1g, A1g, and Eg, respectively[26,27]. The 
peak at 323 cm�1 is assigned to the � vibration of      
V O V[28]. At medium V loading, the peaks at 781, 
804 and 956 cm�1 are observed for V1/TiO2, V4/TiO2, 
V10/TiO2 and V20/TiO2 samples. The former two bands 
are attributable to the stretching vibration of V O V, 
and the last one is assigned to the terminal V=O 
stretching vibrations of the polyvanadates. At high V 
loading (V10/TiO2 and V20/TiO2 samples), a strong vi-
bration band, located at 994 cm�1, is primarily due to the 
symmetric stretch of V=O groups in the bulk V2O5. 

In the Raman spectra of Vm/TiO2 samples, the inten-
sity of the anatase peaks remains virtually unchanged 
when m is less than 4, indicating that V coverage does 
not reach monolayer saturation. But when vanadium 
loading exceeds 4, the increment in V content markedly 
reduces the intensity of the anatase absorption peaks  

 
 

Figure 1  The UV-Raman spectra of Vm/TiO2 catalysts (m = 0.1, 1, 4, 10, 
20). 
 
Thus when m is higher than 4 exceeding the requirement 
of monolayer coverage, V2O5 phase is formed, present in 
micro-crystallites. V2O5 micro-crystallites shield the 
Raman absorption by TiO2 surface. Therefore, Vm/TiO2 
samples achieve the monolayer saturation dispersion 
when m is equal to 4 according to the above UV-Raman 
results.  

Figure 2(a) shows the Raman spectra of hydrated 
Vm/ZrO2 samples ranging from 300 to 1400 cm�1. The 
bands at 334, 377, 472, 558, and 634 cm�1 are assigned 
to the Raman-active modes Bg, Bg, Ag, Ag, and Ag for 
monoclinic phase of ZrO2. The weak peak at 312 cm�1 
indicates that a small amount of ZrO2 with tetragonal 
phase is present in the sample. Some small bands be-
tween 472 and 634 cm�1, attributable to the monoclinic 
phase of ZrO2, are also observed[29 31]. Similar to the 
results of the Raman spectra of Vm/TiO2 samples, the 
intensity of the tetragonal or monoclinic ZrO2 Raman 
peaks is almost unchanged when m is less than 4. How-
ever, when vanadium loading exceeds 4, the increment 
in V content causes significant decrease in the intensity 
of the ZrO2 absorption bands. This result also indicates 
that Vm/ZrO2 samples attain the monolayer coverage on 
ZrO2 surface. To find out the structures of vanadium 
oxide on ZrO2 support, the Raman spectra of Vm/ZrO2 
samples ranging from 700 to 1400 cm�1 were measured 
as shown in Figure 2(b). At low V loading, a shoulder 
peak from 995 to 1030 cm�1 appears suggesting the 
presence of monovanadate species along with ZrV2O7. 
With the increase of vanadium loading, the sample 
shows a broad band from 800 to 980 cm�1, indicative of 
polyvanadate species. Further increase in V loading 
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causes a decrease in intensity of the broad band. Mean-
while, two peaks appear at 778 and 988 cm�1, which are 
attributed to ZrV2O7

[30]. These results are in agreement 
with that by Olthof et al., who reported ZrV2O7 forma-
tion accompanied by the ZrO2 phase from tetragonal to 
monoclinic phase. The results here suggest that ZrV2O7 
is formed by the reaction of polyvanadate surface spe-
cies interacting with ZrO2 as it starts to form a mono-
clinic phase of ZrO2

[29]. 
 

 
Figure 2  The UV-Raman spectra of Vm/ZrO2 catalysts (m = 0.1, 1, 4, 10, 
20). (a) 300 1400 cm�1; (b) 700 1400 cm�1. 
 

3.2  Catalytic activity 

The catalytic activity tests were performed according to 
the reported method[13]. The main product is CO2 for 
soot combustion over Vm/TiO2 or Vm/ZrO2 catalysts. The 
peak temperature (Tp) at which the rate of CO2 formation 
peaked was used as a parameter to evaluate the catalytic 
performances of the catalysts for soot combustion. Fig-
ure 3(a) shows CO2 concentration/temperature plots for 
soot combustion over Vm/TiO2 catalysts. From Figure 
3(a), it can be seen that for the titania-based catalysts,  

 
 

Figure 3  The CO2 concentration for the catalytic combustion of soot 
over the Vm/TiO2 and Vm/ZrO2 catalysts (m = 0, 0.1, 1, 4, 10, 20). (a) 
Vm/TiO2, (b) Vm/ZrO2. 
 

Tp decreases as vanadium loading increases for low V 
content samples (m 4), while at high V loading (m>4) 
Tp increases with the increase of vanadium loading. This 
suggests that the highest activity is reached when a 
monolayer of vanadium oxide covers on the surface. As 
shown in Figure 3(b), similar results were also obtained 
for soot combustion over Vm/ZrO2 catalysts. The differ-
ence in the peak intensity of CO2 concentration is due to 
the different selectivity of CO2 for soot combustion over 
Vm/TiO2 or Vm/ZrO2 catalysts.   

3.3  UV-Raman spectrum of soot  

Figure 4 shows the typical UV-Raman spectrum of 
Printex-U. A strong sharp peak appears at 1585 cm�1 and 
a shoulder peak at 1365 cm�1. According to the litera-
ture[32 34], the spectrum of soot generally exhibit two 
broad and strong overlapping peaks with intensity 
maxima at ~1580 cm�1 and at ~1350 cm�1. The band at 
around 1580 cm�1 is corresponding to an ideal graphitic 
lattice vibration mode with E2g symmetry, and the band 
at ~1360 cm�1 is assigned to a disorder graphitic lattice  
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Figure 4  The UV-Raman spectrum of Printex-U. 
 
vibration mode with A1g symmetry[32 34].  

3.4  In-situ UV-Raman spectra 

In order to investigate the reaction mechanism of soot 
combustion over Vm/TiO2 or Vm/ZrO2 catalysts, V4/TiO2 or 
V4/ZrO2 catalysts, the most active ones among all dif-
ferent loading ratios were used for in-situ Raman study. 

Figure 5 shows the in-situ UV-Raman spectra of 
V4/TiO2 catalyst for soot combustion in (NO+O2)/He 
atmosphere as a function of temperature. The peaks be-
low 1200 cm�1 are due to the vibration of vanadyl spe-
cies or anatase. The peak at 1585 cm�1 corresponds to an 
ideal graphitic lattice vibration mode with E2g symmetry. 
Several new peaks at 1545, 1618 and 1675 cm�1 shows 
up in the Raman spectra. The former two peaks may be 
attributed to the formation of SOC on Printex-U in the 
presence of V4/TiO2 catalyst[35], and the last one may be 
due to the �as vibration of NO2

[36,37]. According to the 
literature, the band at 1545 cm�1 is ascribed to the ring 
stretching vibrations of aromatic moieties, and the band 
at 1618 cm�1 may be assigned to the �A vibration of 
COO� and benzene ring stretching. It indicates that the 
SOC mainly exist as carboxyl groups[35]. With the in-
crease of the reaction temperature, the intensity of the 
peak at 1675 cm�1 gradually decreases, and when the 
reaction temperature increases to 300 , the peak dis-
appears. This phenomenon indicates that NO2 has de-
composed due to the thermodynamic unstablility of NO2 
at high temperature. However, a small amount of NO2 
was produced again at 650  during the reaction. A 
reasonable explanation is that the complete oxidation of 
soot disturbs the chemical equilibrium of NO and NO2. 
As a result, a very weak peak at 1675 cm�1 reappears at  

 
 

Figure 5  The in situ UV-Raman spectra of V4/TiO2 catalysts during soot 
combustion in (NO+O2)/He atmosphere as a function of temperature. 
Reaction temperature: (1) room temperature, (2) 100 , (3) 200 , (4)  
300 , (5) 400 , (6) 500 , (7) 600 , (8) 650 . (a) 300 3000 cm�1; 
(b) 300 1000 cm�1. 
 

high temperature. For V4/TiO2 catalyst, as shown in 
Figure 3(a), the reaction of soot combustion has com-
pleted when the reaction temperature reaches to 450 . 
A contradiction to the explanation is that the NO2 vibra-
tion peak did not reappear at 500 , but shows up at  
650  instead. This mismatch may be caused by the 
difference in the way catalytic activity measurements 
and in-situ UV-Raman investigation for soot combustion 
was carried out. In the catalytic activity measurements, 
the rising rate of temperature was 2 /min during each 
TPO run. Because of the low temperature ramping rate, 
by the time temperature reaches 450 , soot combustion 
has completed. Due to technical difficulties, it is not 
practical to collect Raman spectrum during each TPO 
run. Each UV-Raman spectrum was collected at a cer-
tain reaction temperatures and the temperature was 
quickly went up to the desired targets at a ramping rate 
of 10 /min. As a consequence of the high temperature 



 

556 LIU Jian et al. Sci China Ser B-Chem | Jun. 2008 | vol. 51 | no. 6 | 551-561 

ramping rate, soot combustion finishes late until the re-
action temperature reached 600 . Therefore, the reac-
tion came through short time raising temperature 100  
and soot combustion continued until the reaction 
temperature reached 600 . Thus, as shown in Figure 5, 
the NO2 vibration peak did not show up at 500  and    
600 , and until temperature reaches 650 . 

In the process of soot combustion over V4/TiO2 cata-          
lyst with the increasing of reaction temperature the ana-
tase-rutile phase transformation of TiO2 was observed as 
evidenced in the in-situ Raman spectroscopic measure-
ments. Shown in Figure 5(b) are the spectra acquired at 
different temperatures. Below 300 , the bands at 399, 
514, and 638 cm�1, characteristic of the symmetric vi-
bration of anatase phase[27]

, are displayed. However, 
above 300 , the typical Raman bands attributing to 
rutile phase appear at 447 and 612 cm�1. These two 
bands can be ascribed to the Eg and A1g modes of rutile 
phase, respectively. 

Figure 6 shows the in-situ UV-Raman spectra of 
V4/ZrO2 catalyst for soot combustion in (NO+O2)/He 
atmosphere at different temperatures. The peaks below 
1200 cm�1 are due to the vanadyl or zirconium oxides. 
The peak at 1584 cm�1 is corresponding to an ideal 
graphitic lattice vibration mode with E2g symmetry and 
that at 1365 cm�1 is assigned to the A1g symmetry vibra-
tion of the disorder graphitic lattice. When reaction 
temperature exceeds 100 , two new peaks at 1545 and 
1618 cm�1, which may be attributed to the formation of 
carboxyl groups, appear during soot oxidation on 
V4/ZrO2 catalyst[35]. With the increase of the reaction 
temperature, the intensities of the peaks gradually in-
crease, indicating that the vibration enhances, i.e., the 
concentration of SOC increases. However, when reac-
tion temperature exceeds 300 , the intensities of the 
both peaks gradually decrease and disappear at last. The 
disappearance of the peaks at higher temperature may 
result from the depletion of SOC, and in essence from 
the depletion of soot as at higher temperature soot is 
shown to be consumed quickly. The argument is sup-
ported by the UV Raman spectra of V4/ZrO2 catalyst in 
the range from 300 to 1000 cm�1, shown in Figure 6(b). 
Phase transformation process of ZrO2 are not expected 
to take place within our experimental temperature range 
as the monoclinic ZrO2 is very stable below 1170 [31]. 

Figure 7 shows the in-situ UV-Raman spectra of  

 
 

Figure 6  The in situ UV-Raman spectra of V4/ZrO2 catalysts during soot 
combustion in (NO+O2)/He atmosphere as a function of temperature. 
Reaction temperature: (1) room temperature, (2) 100 , (3) 200 , (4)   
300 , (5) 400 , (6) 500 , (7) 600 , (8) 650 . (a) 300 3000 cm�1; 
(b) 300 , 1000 cm�1. 

 

 
 

Figure 7  The in situ UV-Raman spectra of V4/ZrO2 catalysts during soot 
combustion in O2/He atmosphere as a function of temperature. Reaction 
temperature: (1) room temperature, (2) 100 , (3) 200 , (4) 300 , (5) 
400 , (6) 500 , (7) 600 , (8) 650 . 
 
V4/ZrO2 catalyst for soot combustion in O2/He atmos-
phere as a function of temperature. The positions of the 
vibration peaks are basically unchanged compared with 
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the UV-Raman spectra in Figure 6(a). Therefore, the 
peaks at 1545 and 1618 cm�1 do not originate from the 
stretching vibration of the species containing nitrogen. 
By cross comparison of Figure 6(a) with Figure 7, it can 
be found that the peak intensities at 1545 and 1618 cm�1 
are much lower in Figure 7 in the latter case than in the 
former case. This suggests that the formation of SOC is 
more favored in (NO+O2)/He atmosphere than in O2/He 
atmosphere. 

4  Discussion 

4.1  The in-situ UV Raman characterization of the 
phase transformation of supports and the structures 
of supported vanadium oxides 

TiO2 and ZrO2 have been widely studied as the supports 
in catalysis because of their unique properties. For TiO2, 
the two major kinds of crystalline phases (i.e., anatase 
and rutile) exhibit different physical and chemical prop-
erties. It is well-known that the crystalline phase of TiO2 
plays a significant role in catalytic reactions, and the 
anatase phase is more suitable for catalysts and supports. 
For ZrO2, there exist three different crystalline phases 
including monoclinic, which is stable below 1170 ; 
tetragonal, which is stable between 1170  and 2370 ; 
and cubic, stable from 2370  to its melting tempera-
ture at 2680 . In addition to monoclinic ZrO2, metasta-
ble tetragonal ZrO2 can exist at room temperature. Ul-       
traviolet Raman spectroscopy is a powerful tool for the 
study of catalyst support, such as TiO2 and ZrO2. Some 
excellent studies have been done to understand the crys-       
talline phase and phase transformation process of TiO2 
and ZrO2 with UV-Raman techniques[27,31]. We expand 
the application for the determination of their structures 
and the catalytic properties of TiO2- or ZrO2-supported 
vanadia catalysts under the in-situ reaction conditions.  

As shown in Figure 5(b), the peaks at 399, 514, and 
638 cm�1 disappear and several new peaks at 447 and 
612 cm�1 appear in the UV Raman spectroscopy of 
V4/TiO2 sample at 300 . This indicates that the crystal-
line phase transformation of TiO2 from anatase phase to 
rutile phase occur at around 300 . It has been reported 
that the phase transformation of TiO2 from anatase to 
rutile takes place at 550  and would be completed un-
til up to 750 [27]. The difference in the phase transfor-               
mation temperatures from the reported one may be 

caused by the presence of vanadia. The phase transfor-
mation temperature of TiO2 was influenced by many 
factors such as the crystalline sizes and the presence of 
impurities. As prior to its utility, the catalysts had been 
calcined at 700  and their crystalline sizes should have 
been fully grown. Thus, it appears that the small size 
effect is not the reason for the low phase transformation 
temperature of TiO2. The formation of a mixed oxide of 
vanadia with rutile TiO2 has been reported. The low 
phase transformation temperature may be induced by the 
migration of vanadia into the TiO2 lattice[29]. The spectra 
presented in Figure 5 show some evidences of rutile 
formation. The migration of vanadia into TiO2 may ex-
plain the reduction in the temperature of phase trans-
formation of TiO2. On the other hand, the migration can 
also partially illustrate the decrease in intensity of the 
stretching vibration of V O V at 804 cm�1. 

For ZrO2 support, as shown in Figure 6(b), no obvi-
ous phase transformation process was found. However, a 
little change can also be observed during the reaction. 
There are two main differences in the Raman spectra 
between the monoclinic phase and the tetragonal phase 
of zirconia, i.e., the intensity of the band at 472 cm�1 is 
stronger than that of the band at 634 cm�1 for the mono-
clinic phase. But the order is reversed for the tetragonal 
phase, and there are some small bands between 472 and 
634 cm�1 for the monoclinic phase, while these weak 
bands are absent for the tetragonal phase. Below 400 , 
the intensity of peak at 634 cm�1 is much stronger than 
that at 472 cm�1, and small vibration peaks at 534, 558, 
and 614 cm�1 are also clear. These results indicate that 
the monoclinic phase is dominant in the sample. How-
ever, when reaction temperature reaches 400 , the in-
tensity of peak at 472 cm�1 rapidly decreases, and small 
peaks between 472 and 634 cm�1 become very weak. 
These results indicate that some tetragonal phase of 
ZrO2 is also present in the sample. 

Supported vanadium oxide has been a subject with 
considerable interest because it represents a kind of 
model catalysts for the analysis of the interactions 
among the oxide surfaces and support. It is generally 
accepted that at low V loadings isolated four-fold coor-
dinated monovanadates species are present on the sur-
face, characterized by a band at ~1030 cm�1, corre-
sponding to a strong vibration of V=O bond. At higher 
V loadings, the broad V=O stretching bands appearing  
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in the lower frequency range (1000 900 cm�1), are 
originated from the V=O stretch vibration of polymeric 
vanadyl species or VxOy “clusters” formed on the sur-
face. And the bands below 900 cm�1, which can be as-
signed to �(V O V), also exist. The formation of 
crystalline bulk V2O5 with a typical vibration band at 
994 cm�1 starts after the surface has been covered with a 
monolayer of different poly- and monovanadates species. 
These two-dimensional surface vanadium oxide species 
are believed to be the active redox sites, while crystal-
line bulk vanadium oxide is supposed to be less active 
than surface vanadyl species in catalytic reactions[13,35]. 
Consistent findings in the literature, when V loading is 
low (m = 0.1 or 1), the vanadium oxide species sup-
ported on TiO2 or ZrO2 can be present as monomeric 
species and the peak is located at 1020 cm�1. With the 
increase of V loading, polymeric vanadium species 
emerge on the surface of the supports, and when V 
loading reaches 4, the V attains monolayer coverage on 
the support. Under this condition, the redox ability of the 
catalysts with monolayer saturation is the strongest. 
Given the tight contact between the catalyst and soot in 
our experiment, the influence of the contact condition 
for soot combustion may be neglected. Therefore, 
V4/TiO2 and V4/ZrO2 are the most active catalyst among 
all the Vm/TiO2 and Vm/ZrO2 samples.  

4.2  The mechanism of soot combustion over sup-
ported vanadium oxides  

Elucidation of the mechanism of catalytic oxidation re-
actions of carbonaceous materials has been the subject 
of many researches over the last decades[38,39]. The for-
mation and subsequent decomposition of SOC have 
been discussed in mechanistic studies of potassium- and 
calcium-catalyzed carbon oxidation. In the catalytic 
oxidation of graphite, chars and/or carbon black by 
metal oxides, a redox mechanism has been developed to 
explain experimental phenomena. In the mechanism, in 
the first step the catalyst is reduced by carbon first, fol-
lowed by re-oxidation of the oxide by molecular oxygen. 
The formation of SOC on Printex-U in the presence of 
transition metal oxide catalysts has been reported by 
using IR technique. The three absorption bands could be 
identified in the spectra, located at 1257, 1607, and 1738 
cm�1. The 1607 cm�1 absorption peak is caused by aro-
matic stretching vibrations of the soot, which are en-
hanced by polar functional groups like quinine. The 
other two absorption bands have been assigned to oxy-

gen complexes formed on the soot surface: lactones 
(1738 cm�1), and ether-like complexes (1257 cm�1), re-
spectively[40,41]. The intensity of the IR bands, i.e. the 
concentration of SOC, was found to increase with soot 
conversion. The 1257, 1607 and 1738 cm�1 absorption 
bands had similar intensities after non-catalytic oxida-
tion and after catalytic oxidation in the presence of 
Co3O4 and Fe2O3 although the obtained carbon black 
conversion level in the presence of these catalysts was 
much higher. CuO and V2O5 clearly caused an en-
hancement of the intensity of the IR bands ascribed to 
SOC, relative to carbon black prepared under similar 
conditions. Apparently, the presence of a catalyst hardly 
affects the band positions of the oxygen functionalities. 
The band intensity of the oxygen functionality formed 
after catalytic and non-catalytic combustion of soot 
cannot be compared, because there is a considerable 
dilution effect of soot by V2O5. But in all previous stud-
ies, usually KBr is used as a diluent in IR spectroscopic 
measurements to obtain high quality in-situ spectra of 
carbonaceous materials. It should be noted that the in-
teractions between SOC and/or metal oxides and KBr 
cannot be excluded, especially when analyses are per-
formed at elevated temperatures. While carbon black 
significantly absorbs IR radiation over the entire region 
from 400 to 4000 cm�1. Therefore, it is not feasible to 
characterize the soot combustion over metal oxides by 
using in-situ IR method.  

UV Raman can be effectively applied to monitoring 
the reaction condition of soot combustion over transition 
metal oxide catalysts. Use of KBr as diluent is not nec-
essary. In-situ Raman spectroscopy for the soot combus-
tion reaction was performed at various temperatures on 
the V4/TiO2 and V4/ZrO2 catalysts, the most active cata-
lysts among the Vm/TiO2 and Vm/ZrO2 samples of load-
ing ratios. The Raman spectra were recorded in the 
range of 300 3000 cm�1. From 300 to 1100 cm�1 
information on the metal-oxygen vibrational modes can 
be obtained, while information on the soot or SOC can 
be gleaned from 1200 to 3000 cm�1. The lower wave 
number regions for all the supported vanadia samples 
did not provide any additional information and the pure 
oxide supports exhibited no changes in the metal-oxygen 
region. Raman spectra taken during the oxidation of soot 
clearly show that the surface oxygen species can un-
dergo significant structural changes depending on the 
oxidation temperature and the composition of the sup-     
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port. The band centered at 1675 cm�1 in the spectrum of 
V4/TiO2 may be assigned to the �as vibration of 
NO2

[36,37]. With the increase of the reaction temperature, 
the reaction between NO2 and soot was accelerated. As a 
consequence the in-situ UV Raman spectra of V4/TiO2 
exhibited that the intensity of the peak at 1675 cm�1 
gradually decreased from 100  and the peak disap-
peared when the reaction temperature increased to 300 . 
The peaks at 1554 and 1608 cm�1 in the spectra of V4/TiO2 
and V4/ZrO2 indicate the formation of SOC on Printex-U 
in the presence of catalyst. Unlike the reported SOC in 
literature where mainly quinine, lactones and ether-like 
complexes were identified, mainly carboxyl groups were 
identified as the SOC by in-situ UV Raman spectros-
copy in this work[38 40]. Comparing Figure 5(a) and Fig-
ure 6(a) we can find that SOC on V4/TiO2 exist at 
ambient temperature, while they are formed on V4/ZrO2 
until the reaction temperature reaches 100 . This indi-
cates that SOC are more easily produced on V4/TiO2 
than on V4/ZrO2. Similarly, the vibration peak intensities 
of SOC at 1545 and 1618 cm�1 are much lower in Figure 
7 than those in Figure 6(a). It can be concluded that 
SOC are more easily produced under the (NO+O2)/He 
atmosphere than under the O2/He atmosphere. The result 
indicates that the presence of NO in reaction gas stream 
can promote the production of SOC. The results of 
in-situ UV Raman demonstrate the formation of SOC is 
a fundamental process taking place in the catalytic soot 
combustion over Vm/TiO2 and Vm/ZrO2 samples. 

Based on results and discussion, a reaction mecha-
nism can be proposed: 
 O2�2Oads/MxOy (1) 
 Oads/MxOy � Oads/C (2) 
 Cf + Oads/C � Cf(O) (3) 
 Cf(O)+ Oads/C � SOC (4) 
 SOC + Oads/C � Cf (O) + CO2 (5) 
 SOC + Oads/C � Cf (O) + CO (6) 
 Cf (O) � Cf + CO (7) 
where, MxOy refers to V4/TiO2 or V4/ZrO2 catalyst, and 
Cf to the surface of unreactive carbon, and Cf(O) to the 
unreactive surface oxygen complexes, and SOC stands 
for the reactive surface oxygen complexes. Moreover, 
the difference between O2 and Oads should be explicitly 
noticed. O2 denotes a much more free state of oxygen, 
being mobile on the edges or basal plane of the carbo-
naceous material, and Oads stands for the adsorption 

oxygen on the surface of catalyst. In the above notation, 
Cf(O) and SOC refer to surface oxygen complexes in 
which the chemical interaction between the carbon and 
oxygen atom is so strong that the oxygen atom can be 
considered to be chemically bonded. In refs. [40 42], 
these surface oxygen complexes may be composed of 
carbonyl and ether groups in the form of lactone, qui-
nine and acid anhydride functional groups. However, 
SOC are typically composed of carboxyl in this work. 
This mechanism is consistent with that in ref. [42]. 

The oxygen atoms adsorbed on soot (Oads/C) are 
formed by the decomposition of oxygen molecule on 
catalysts. They react with the soot forming of SOC. 
These complexes consist of carbon and oxygen atoms in 
different configurations, oxygen is added to such com-
plexes through reaction, and upon desorption of a CO 
and/or CO2, an adjacent carbon atom forms a new com-
plex. Surface oxygen complexes increase the rates of 
catalytic oxidation of Printex-U and CO2/CO ratios in 
the oxidation product also increase in the presence of 
surface oxygen complexes. 

It is noted that the formation of SOC might explain 
some phenomena observed with the in-situ UV Raman 
for the catalytic combustion of soot. However, the for-
mation of SOC is not an exclusive factor affecting on the 
reaction rate. In comparison of Figure 5(a) and Figure 
6(a), the Raman band intensity of SOC formed on 
V4/ZrO2 is stronger than that of SOC formed on V4/TiO2. 
But the reaction temperature of soot combustion over 
V4/ZrO2 is higher than that of soot combustion over 
V4/TiO2. This suggests that some other factors are also 
influencing the soot combustion. UV-Raman result in 
Figure 5(a) shows the formation of NO2 in the process 
of soot combustion over V4/TiO2 sample under (NO+ 
O2)/He atmosphere, indicating that NO2 participates in 
the reaction process. Some researchers demonstrated 
that the presence of NO in reaction gas stream can re-
markably promote soot combustion over the Pt cata-
lyst[18,19]. The NO molecule might play a role in soot 
combustion by the following reactions: 
 O2 + 2NO � 2NO2 (8) 
 2NO2 + C � 2NO + CO2 (9) 
 NO2 + C � NO + CO (10) 

Due to the strong oxidation capacity of NO2, the soot 
oxidation can be remarkably accelerated by NO2. 
Therefore, V4/TiO2 catalyst has higher activity than 
V4/ZrO2 catalyst.  
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5  Conclusions 

(1) At low V loading, the vanadium oxide species 
supported on TiO2 or ZrO2 are present in monomeric 
form. With the increase of V loading, polymeric vana-
dium species form on the surface of the samples, and 
when V loading reaches 4, the catalyst attains monolayer 
coverage on the support surface. Further increase in V 
loading results in the formation of V2O5 crystallites. 
Under the condition of monolayer coverage, the catalyst  
exhibited the best catalytic activity. 

(2) The Ultraviolet Raman spectroscopy is a powerful 
tool for the study of solid catalysts. The real-time forma-
tion of SOC in the heterogeneous reactions of soot oxi-
dation with NO+O2 or O2 over V4/TiO2 and V4/ZrO2 
catalysts was identified by in-situ UV Raman spectros-
copy. The SOC species mainly existed in carboxyl 
groups. Moreover, the presence of NO in reaction gas 
stream can promote the production of SOC. On the other 
hand, the production of NO2 in the reaction gas stream 
might also play an important role in the catalytic com-
bustion of soot. 
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