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Abstract: In this work, the effect of pore structure for VOx/M (M=KIT-
6, SBA-15 and SiO2) catalysts on plasma-catalytic soot oxidation was 
investigated. The combination of VOx/KIT-6 and plasma shows the 
highest soot oxidation rate, followed by VOx/SBA-15-packed and 
VOx/SiO2-packed plasma reactor. The soot oxidation rate of 97.4% 
and the energy efficiency of 0.95 g·kWh-1 can be achieved in the 
plasma-catalytic soot oxidation over VOx/KIT-6 at 30th min and 20 W. 
The catalysts were characterized by Brunner-Emmet-Teller (BET), X-
ray diffraction (XRD), transmission electron microscopy (TEM), 
Hydrogen temperature-programmed reduction (H2-TPR) and X-ray 
Photoelectron Spectroscopy (XPS). The BET, XRD and TEM results 
illustrated that VOx/KIT-6 and VOx/SBA-15 had large specific surface 
areas and good dispersion of vanadium species. The H2-TPR and 
XPS results confirmed that VOx/KIT-6 had stronger reducibility and 
higher Oads/(Oads+Olatt) ratio than those of VOx/SBA-15 and VOx/SiO2. 
The good performance of soot oxidation in the plasma-catalytic 
systems over VOx/KIT-6 could be attributed to 1) the well-developed 
3D mesoporous structure, which facilitated the transportation of 
radicals and active species, and 2) improved properties of VOx/KIT-6, 
since more active sites and surface adsorbed oxygen species on the 
catalyst surfaces contributed to soot oxidation. 

Introduction 

Soot emissions from diesel engine have a negative impact 
on both atmospheric environment and human health. To meet the 
stringent legislations and reduce the soot emissions from diesel 
engine, great efforts have been devoted to the research and 
development of soot abatement technologies. Diesel particulate 
filter (DPF) is the most effective technology for soot emissions 
control.[1] The pores of DPF will be blocked by soot particles. Thus, 
the regeneration of DPF via soot oxidation is of great significance. 
However, conventional catalytic soot oxidation needs a high 
temperature (above 350 °C), which requires external heating 
source.[2] 

Plasma-catalytic system provides a promising solution for 
soot oxidation at atmospheric pressure and below 250 °C. The 
interactions between plasma and catalysts could generate a 
synergistic effect in soot oxidation over MnOx/CeO2, that is, the 
active radicals produced by plasma could diffuse to the surface of 
MnOx/CeO2 catalyst, which could trigger more effective collisions 
between oxidative species and soot on catalyst surfaces.[3] 
Previous studies also showed that soot oxidation over MnOx-

CeO2 catalyst could be launched below 240.8 °C with pulsed 
dielectric barrier discharge (DBD) plasma and the ignition 
temperature for soot oxidation will decrease with the increase of 
the pulse DBD frequencies.[4] The composition of catalysts has a 
significant effect on the reaction performance under the plasma 
environment. Ranji-Burachaloo et al.[5] found that the soot 
oxidation rates of MnOx, Fe2O3 and Co3O4 were 90%, 85%, and 
79%, respectively, in the plasma-catalytic soot oxidation 
experiments at 350 °C and 7.4 W. 

Vanadium oxides are extensively used for hydrocarbon 
oxidation and selective catalytic reduction of NOx.[6] Previous 
study showed that V/MCM-41 exhibited 10% higher conversion 
rate than MCM-41 supported the other transition-metal catalysts 
for the selective oxidation of cyclohexane to cyclohexanol.[7] The 
combination of plasma and V-W-Ti catalysts improved the 
removal rate of dimethyl sulfide by over 50% compared with the 
result of using plasma alone.[8] The sample of 4% VOx/TiO2 also 
exhibited good catalytic activity in soot oxidation, with T50 of 
390 °C and T90 of 424 °C.[9] 

Pore structure of the catalyst could impose an effect on 
catalytic activity. The well-developed pore structures are 
facilitated for the transportation of reactive species.[10] Sridevi et 
al.[11] reported that the cyclohexanol conversion rates of Cu/SBA-
15 and Cu/KIT-6 reached nearly 70%, which were over 10% 
higher than that of Cu/SiO2. Liu et al.[12] found that the glyoxal 
conversion of Pd/KIT-6 was 8.5% higher than that of Pd/SBA-15. 
At present, there are very few studies on the effect of mesoporous 
silica supports with different pore structures on soot oxidation, 
especially in the presence of plasma-induced reactions. 

In this work, VOx/M (M=KIT-6, SBA-15 and SiO2) catalysts 
were synthesized using impregnation method. These catalysts 
were characterized by BET, XRD, TEM, H2-TPR and XPS. The 
performance of plasma-catalytic soot oxidation was investigated 
in terms of the soot oxidation rate and energy efficiency, while the 
underlying mechanisms were discussed. 

Results and Discussion 

The contents of V in VOx/M catalysts are 0.95, 1.03 and 0.94 
wt.%, respectively. (Table 1) By comparison, the ICP analysis 
shows that V loading amount is close to the theoretical value of 1 
wt.%. The physical properties of the samples are summarized in 
Table 1. The specific surface area (SBET) of VOx/KIT-6 (456 m2·g-
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1) and VOx/SBA-15 (466 m2·g-1) are lower compared with pure 
KIT-6 (780 m2·g-1) and SBA-15 (575 m2·g-1), respectively. The 
average pore diameters of the samples are between 5.5 to 8.2 
nm. These phenomena are caused by the introduction of 
vanadium species.[12] Compared to VOx/SiO2, both VOx/KIT-6 and 
VOx/SBA-15 catalysts possess higher SBET and pore volume. 

Figure 1 shows the XRD patterns of VOx/M (M=KIT-6, SBA-
15 and SiO2) catalysts. The XRD patterns of all three catalysts 
maintain the characteristics diffraction peaks of the supports. The 
broad diffraction peaks at 22.2° in the XRD patterns of VOx/KIT-6 
and VOx/SBA-15 could be attributed to the amorphous silica in 
pore wall.[13] The XRD diffraction peak of VOx/SiO2 is consistent 
with that of SiO2 (PDF# 46-1045). No diffraction peak of vanadium 
species was detected over all three catalysts. This could be 
attributed to the good dispersion of vanadium species on supports, 
or relatively low loading amount of vanadium oxide species.[13-14] 
The XRD patterns of the used VOx/M catalysts are presented in 
Figure S3 (see in the Supporting Information). No distinct changes 
are observed in the XRD patterns of fresh and used VOx/M 
catalysts, indicating that VOx/M catalysts still maintain the crystal 
structure of the supports after plasma-catalytic soot oxidation.  

Table 1. Physicochemical properties of VOx/M (M=KIT-6, SBA-15 and SiO2) 
catalysts. 

Catalyst The contents 
of V (wt.%)[a] 

SBET  
(m2·g-1) 

Vpore  
(cm3·g-1) 

dpore  
(nm) 

VOx/KIT-6 0.95 456 0.84 7.4 

VOx/SBA-15 1.03 466 0.95 8.2 

VOx/SiO2 0.94 10 0.01 5.5 

[a] Measured by ICP. 

 

Figure 1. XRD patterns of VOx/M (M=KIT-6, SBA-15 and SiO2) catalysts. 

TEM images of VOx/M (M=KIT-6, SBA-15 and SiO2) catalysts 
are shown in Figure 2. The well-ordered mesoporous structure of 
KIT-6 and SBA-15 supports could be clearly visible from the TEM 
images of VOx/KIT-6 and VOx/SBA-15 catalysts (Figure 1a, c), 

which are in consistent with previous literature.[15] This indicates 
that the introduction of vanadium species does not change the 
well-ordered mesoporous of KIT-6 and SBA-15. As shown in 
Figure 2, small particles of vanadium species could be observed 
on the surface of VOx/M (M=KIT-6, SBA-15 and SiO2) catalysts in 
the TEM images. This indicates that particles of vanadium species 
are very well dispersed on the surface of catalysts, in consistent 
with the XRD results.[13] In Figure 1(b), (d), (f), the detected lattice 
fringe with a lattice spacing of 0.29 nm belongs to the crystal 
phases (3 0 1) to V2O5 crystals (PDF# 41-1426) well, confirming 
that vanadium species exist on the surface of KIT-6, SBA-15 and 
SiO2 supports. 

 

Figure 2. TEM images of VOx/M (M=KIT-6, SBA-15 and SiO2) catalysts: (a) and 
(b) VOx/KIT-6; (c) and (d) VOx/SBA-15; (e) and (f) VOx/SiO2. 

Figure 3 is the H2-TPR profiles of VOx/M (M=KIT-6, SBA-15 
and SiO2) catalysts. A major reduction peak can be observed in 
all H2-TPR profiles, which can be attributed to the reduction of V5+ 
to V3+ species.[16] The reduction temperature of the VOx/KIT-6 and 
VOx/SBA-15 shift to lower temperatures (478 °C, 483 °C) 
compared with VOx/SiO2 (556 °C), indicating improved reducibility 
of the VOx/M catalysts using KIT-6 and SBA-15 as the support. 
The H2 consumption amount of VOx/KIT-6 is higher than that of 
VOx/SBA-15 (Table 2), indicating more surface adsorbed oxygen 
species on the surface of VOx/KIT-6. The higher reducibility of 
VOx/KIT-6 may benefit its catalytic performance for the soot 
oxidation.[14] 

Figure 4 shows the XPS spectra for O 1s of VOx/M (M=KIT-
6, SBA-15 and SiO2) before and after plasma-catalytic soot 
oxidation. The peaks at the binding energy of 531.3~532.2 eV 
belong to lattice oxygen (denoted as Olatt), while the peaks at 
532.7~533.5 eV could be attributed to surface adsorbed oxygen 
(denoted as Oads).[17] Oads/(Oads+Olatt) radios of the fresh VOx/M 
catalysts are shown in Table 2. The Oads/(Oads+Olatt) ratios of 
VOx/KIT-6 and VOx/SBA-15 are 58.8% and 49.7%, respectively, 
which are significantly greater than 30.8% of VOx/SiO2. The 
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relative concentration of Oads is closely associated with catalytic 
activity, since the Oads is much easier to be activated for the 
surface reactions due to its higher mobility.[6a, 17-18] VOx/KIT-6 with 
abundant Oads on the surface is promising to improve soot 
oxidation. After reaction, the Oads/(Oads+Olatt) ratios decrease to 
49.3% for VOx/KIT-6 and 41.5% for VOx/SBA-15, respectively, 
which are much larger than 24.6% of VOx/SiO2. (Table S1) This 
phenomenon indicates that Oads on the catalysts surface is 
consumed during the process of plasma-catalytic soot 
oxidation.[19] The higher content of the Oads could be beneficial to 
produce more active oxygen species.[20] The highest Oads 
consumption of VOx/KIT-6 indicates that it can produce more 
active oxygen species and has better catalytic activity in the 
plasma-catalytic soot oxidation. 

 

Figure 3. H2-TPR profiles of VOx/M (M=KIT-6, SBA-15 and SiO2) catalysts. 

Table 2. H2 consumption and XPS parameters of VOx/M (M=KIT-6, SBA-15 and 
SiO2) catalysts. 

Catalyst H2 consumption  
(mmol·g-1) 

Oads/(Oads+Olatt) 
 (%) 

VOx/KIT-6 (Fresh) 0.15 58.8 

VOx/SBA-15 (Fresh) 0.12 49.7 

VOx/SiO2 (Fresh) 0.04 30.8 

 
Figure 5 shows the soot oxidation rate in plasma-catalytic 

systems over VOx/M (M=KIT-6, SBA-15 and SiO2) catalysts. The 
soot oxidation rate increases with the progress of the reaction 
regardless of catalyst type. The soot oxidation rate decreases in 
the order of VOx/KIT-6>VOx/SBA-15>VOx/SiO2. During the first 15 
min, the soot oxidation rate rises sharply and reaches 90% at 13th 
min over VOx/KIT-6. Meanwhile, the soot oxidation rates over 
VOx/SBA-15 and VOx/SiO2 are only 43% and 30% at 15th min, 
respectively. The soot oxidation rate over VOx/KIT-6 and 
VOx/SBA-15 reaches 100% at 60th min, which are 7.6% higher 
than that over VOx/SiO2. Figure 6 shows the effect of discharge 
power on soot oxidation rate and energy efficiency at 30th min 
over VOx/M (M=KIT-6 and SiO2). When the discharge power 

increases from 16 to 24 W, the soot oxidation rate of VOx/KIT-6 
increases from 75.9% to 100%, while the value increases from 
44.0% to 57.9% for VOx/SiO2. However, the energy efficiency of 
VOx/KIT-6 and VOx/SiO2 decreases with the increase of discharge 
power. At 24 W, the energy efficiency of plasma-catalytic reaction 
over VOx/KIT-6 and VOx/SiO2 are 0.83 g·kWh-1 and 0.48 g·kWh-1 
lower than that at 16 W. 

 

Figure 4. XPS spectra for O 1s of VOx/M (M=KIT-6, SBA-15 and SiO2) catalysts: 
(a) before reaction; (b) after reaction. 

The highly energetic electron and chemically reactive 
species generated by the plasma were the driving force of 
plasma-induced reactions.[21] The soot particles could react with 
O· radicals and O3 in gas phase via Eqs. (1) - (6).[22] 

                                       (1) 
                                     (2) 

                                  (3) 
                               (4)  

                                      (5) 
                               (6)  

Catalyst properties could significantly affect the reaction 
performance of plasma-catalysis. The SBET and pore volumes of 
VOx/KIT-6 and VOx/SBA-15 are much larger than that of VOx/SiO2. 
Studies have shown that plasma species can be formed in the 
gas phase and inside the catalyst pore systems with the pore size 
above 10 μm.[23] As a result, it could be deduced that the plasma-
induced electron reaction and the generation of reactive species 
would occur only in the gas phase. However, the diameters of 
major chemically reactive species, O· radicals (0.12 nm) and O3 
(0.58 nm), were much smaller than the pore diameter of VOx/KIT-
6 and VOx/SBA-15, indicating these species could diffuse into the 
pore systems of the catalysts.[24] The diffusion length of O and O3 
were 51.9 μm and 1.38×105 μm, respectively.[25] The relative large 
diffusion length could contribute to the transport of these species 
in the catalyst layer and then interact with the catalyst 
surfaces.[25a] Previous studies indicated that SBA-15 possessed a 
two-dimensional (2D) hexagonal pore structure, while a three-
dimensional (3D) cubic pore structure was observed for KIT-6 
samples.[26] The pore structures of the catalyst support would 
directly affect the performance of catalytic reactions, which was 
evidenced in catalytic oxidation of formaldehyde and selective 
oxidation of diphenylmethane.[12, 16b] The 3D mesoporous 
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structure of KIT-6 would facilitate the diffusion of reactants to the 
active sites and significantly improve the catalytic activity 
compared with SBA-15 support with 2D structure.[16b] As with 
plasma-induced reactions, the 3D mesoporous structure of 
VOx/KIT-6 may be more conducive to the diffusion of plasma 
species inside the pore systems, increasing the probability of 
effective collisions between radicals, soot particles and catalyst 
surfaces. As a consequence, the reaction performance could be 
improved. 

 

Figure 5. Reaction performance of plasma-catalytic soot oxidation over VOx/M 
(M=KIT-6, SBA-15 and SiO2) catalysts. 

 

Figure 6. Soot oxidation rate and energy efficiency of the plasma-catalytic 
process at 30th min as a function of discharge power over VOx/M (M=KIT-6 and 
SiO2) catalysts. 

Besides the gas-phase reactions, soot oxidation could also 
be promoted by the catalyst. It is well known that catalysts with 
higher SBET could provide more adsorption and active sites for the 
heterogeneous catalytic reaction. Since catalytic oxidation of soot 
is a “gas-solid-solid” heterogeneous reaction, the active metal 
sites on the catalyst surfaces could significantly affect the reaction 
performance.[3a] The XPS results show that the VOx/KIT-6 sample 
possess higher Oads/(Oads+Olatt) ratio compared to the other 
samples. The release of surface adsorbed oxygen (Oads) species 
was much easier on catalysts with higher Oads/(Oads+Olatt), and 

contribute to soot oxidation via the soot-catalyst contact points by 
the transportation of oxygen species. This could also be further 
confirmed by the H2-TPR as VOx/KIT-6 exhibited the best 
reducibility followed by VOx/SBA-15 and VOx/SiO2 (shown in 
Table 2). A good correlation between the reaction performance 
and the reducibility of the catalysts was obtained. The release of 
Oads could form partially reduced vanadium sites denoted as V(*) 
(Eqs. 7 and 12), while the consumed surface adsorbed oxygen 
species could be replenished by the oxygen molecules, plasma-
generated O· radicals and O3, etc (Eqs. 8 - 11).[5] The major 
reaction mechanisms in the plasma-catalytic systems are as 
follows: 

                            (7) 
                            (8) 

                              (9) 
                  (10) 

                       (11) 
                       (12) 

where  is the surface of vanadium oxides sites, and  is the 
reduced vanadium oxides sites. 

 

Figure 7. Stability test of VOx/KIT-6 catalyst for plasma-catalytic soot oxidation. 
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Stability is an important feature for catalyst performance 
evaluation, especially in practical applications. The stability test of 
VOx/KIT-6 catalyst was performed three consecutive times 
(Figure 7). Obviously, the soot oxidation rate over VOx/KIT-6 
catalyst decreases slightly with increasing oxidation cycles 
numbers. After the three cycles, the soot oxidation rate over 
VOx/KIT-6 catalyst at 15th min decreases from 90.7% to 80.9%. 
However, the difference of the soot oxidation rate at 30th min 
between the first cycle test and the third cycle test is only 0.9%. 
After an hour of the plasma-catalytic soot oxidation, the soot 
oxidation rate of all three tests reached 100%. These results 
indicate that although the reaction rate reduces, the plasma-
catalytic system still retains good soot oxidation capacity. 
Moreover, the result is in consistent with the XPS spectra for O 1s 
of VOx/KIT-6 catalyst before and after reaction, as the Oads on the 
catalyst surface will be consumed gradually during cycle tests, 
which results in the slight decrease of catalytic activity of VOx/KIT-
6 catalyst. 
 
Conclusion 

The experimental results and theoretical analysis showed 
that pore structure of VOx/M (M=KIT-6, SBA-15 and SiO2) 
catalysts affects plasma-catalytic soot oxidation. VOx/KIT-6 
exhibited the highest soot oxidation rate in plasma-catalytic 
system. The SBET, XRD and TEM results revealed that VOx/KIT-6 
and VOx/SBA-15 had large specific surface areas and good 
dispersion of vanadium species. The H2-TPR and XPS results 
indicated that VOx/KIT-6 exhibited the highest reducibility and 
Oads/(Oads+Olatt) ratio followed by VOx/SBA-15 and VOx/SiO2. The 
well-developed 3D mesoporous structure of VOx/KIT-6 
contributed to the transportation and diffusion of reactive species, 
including radicals and oxygen species. The improved properties 
of VOx/KIT-6 were also attributed to the large amounts of active 
sites and surface adsorbed oxygen species on the surface of 
catalyst, which resulted in excellent performance in plasma-
catalytic soot oxidation. 

Supporting Information Summary 

The supporting information includes the details in catalyst 
preparations, experimental setup, catalyst characterizations, XRD 
patterns and XPS parameters of the used catalysts. 
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VOx/M (M=KIT-6, SBA-15 and SiO2) catalysts were synthesized by impregnation method and used for soot oxidation with plasma. 
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diffusion of reactive species (O· radicals and O3). 

 


