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Sb–V–O/SiO2 catalysts were prepared and investigated in methane selective oxidation with O2 as oxidant. Sb–V–O/SiO2

catalysts are active and selective in methane selective oxidation. The formaldehyde yield obtained on Sb–V–O/SiO2 catalysts is

clearly higher than that for VOX/SiO2 and SbOX/SiO2 catalysts. A one-pass formaldehyde yield up to 3% was obtained on Sb–V–

O/SiO2 catalysts at 650 �C. XRD and UV Raman studies showed that the phase of Sb–V mixed oxide on Sb–V–O/SiO2 catalysts

transformed with decreasing Sb/V ratio from Sb2VO5 to SbVO4/VSb1-XO4-1.5X phase. The Sb–V mixed oxide in Sb2VO5 phase is

more active and selective than that in SbVO4/VSb1-XO4-1.5X phase.
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1. Introduction

Methane selective oxidation with O2 as oxidant to
methanol or formaldehyde has been paid much atten-
tion in the past decades and still remains as a great
challenge in catalysis [1–4]. Many supported single metal
oxide or multi-component metal oxide catalysts have
been widely studied in this reaction [4–15]. It was found
that silica-supported vanadium and molybdenum oxide
catalysts were more effective than other catalysts [8–11].
However, the formaldehyde selectivity for either vana-
dium or molybdenum catalysts drops dramatically with
increasing methane conversion and nearly no C1-oxy-
genates can be obtained at methane conversion higher
than 20% under atmospheric pressure without radical
initiator [8]. Searching for more selective catalysts is
always crucial for this study. In our previous work [16],
it was found that SbOX/SiO2 catalysts can be used to
catalyze methane selective oxidation with O2 as oxidant
under atmospheric pressure and the formaldehyde
selectivity for SbOX/SiO2 catalysts does not drop shar-
ply with increasing methane conversion. The one-pass
formaldehyde yield obtained on SbOX/SiO2 catalysts is
similar to that for MoOX/SiO2 catalysts tested under
same conditions [16]. However, SbOX/SiO2 catalysts are
less active than vanadium oxide or molybdenum oxide
catalysts. It is difficult to achieve high one-pass form-
aldehyde yield on SbOX/SiO2 catalysts because of their
relatively low activity.

We know that, in the methane selective oxidation
with O2 as oxidant, vanadium oxide catalysts are more
active than molybdenum oxide catalysts under same

conditions and the formaldehyde yield obtained on
vanadium oxide catalysts are generally higher than that
for molybdenum oxide catalysts [12,13,15]. It is possible
to achieve high methane conversion with remarkable
formaldehyde selectivity by combinational use of anti-
mony and vanadium oxides. In the present work, three
different series of silica supported Sb–V mixed oxide
catalysts (Sb–V–O/SiO2) were prepared and investigated
in methane selective oxidation with O2 as oxidant under
atmospheric pressure. At same time, some silica sup-
ported vanadium oxide catalysts (VOX/SiO2) were also
prepared and tested as comparisons. It is found that the
Sb–V mixed oxides dispersed on silica show both high
methane conversion and high formaldehyde selectivity.
Higher one-pass formaldehyde yield can thus be
obtained for Sb–V–O/SiO2 catalysts than that for either
VOX/SiO2 or SbOX/SiO2 catalysts.

2. Experimental

Three series of Sb–V–O/SiO2 catalysts labeled as
Sb5V0.14–2.8O/SiO2, Sb10V0.28–5.6O/SiO2 and Sb20V0.56–11.2

O/SiO2 (the subscript numbers mean the loading of
Sb2O5 and V2O5) were prepared with Sb2O5 loadings at
5, 10 and 20 wt%, respectively. SbOX and VOX con-
centrations were estimated based on Sb2O5 and V2O5

loadings. V2O5 loading varies in the range of Sb/V ratio,
1/1, 1/2, 1/5, 1/10 and 1/20. Sb–V–O/SiO2 catalysts were
prepared by a two-step impregnation method. At first,
silica (391 m2 g)1) was impregnated with SbCl5 (Acros)-
ethanol solution. The impregnates were dried at room
temperature and then impregnated again with aqueous
solution of NH4VO3 (Acros). Aqueous ammonia solu-
tion was then used to adjust the pH value of the
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impregnates to 8–9. VOX/SiO2 catalysts were prepared
by the impregnation of silica with aqueous solution of
NH4VO3. All solid products were dried at 120 �C and
then calcined in air at 700 �C for 4 h. Methane selective
oxidation was performed in a microreactor system under
atmospheric pressure, using O2 as oxidant. An Agilent
6890N GC with FID and TCD was employed to do on-
line analysis of products. Methane conversion and
formaldehyde selectivity were calculated using an
external standard method based on following equations:

CH4conversion¼ðMCH4;in�MCH4;outÞ=MCH4;in�100%
HCHOselectivity¼MHCHO=ðMCH4;in�MCH4;outÞ�100%

where MCH_4, in and MCH_4, out are the amount (mol)
of methane feed in and remaining in the effluent;
MHCHO is the amount (mol) of formaldehyde detected.

X-ray diffraction measurements were performed on a
Rigaku D/max-2500/PC X-ray diffractometer with Cu–
Ka radiation (50 kV, 250 mA) from 15 to 70� at a 5�/
min scan speed. UV Raman spectra were recorded on a
Jobin-Yvon T64000 Raman spectrograph using 325 nm
line of a He–Cd laser with 25 mW output as the exci-
tation source.

3. Results and discussion

Figure 1 gives methane conversion and formaldehyde
selectivity for Sb5V0:14–2:8O/SiO2, Sb10V0:28��5:6O/SiO2

and Sb20V0.56–11.2O/SiO2 catalysts at 650 �C. Methane

conversion for Sb–V–O/SiO2 catalysts is much higher
than that for SbOX/SiO2 catalysts tested under same
conditions [16]. The formaldehyde selectivity for Sb–V–
O/SiO2 catalysts decreases with V2O5 loading but the
formaldehyde selectivity higher than 10% can still be
achieved while methane conversion is higher than 20%.
For Sb5V1.4O/SiO2 catalyst, 23.8% methane conversion
can be obtained with 11.0% HCHO selectivity. For
Sb10V1.12O/SiO2 catalyst, 15.0% methane conversion
can be obtained with 15.5% formaldehyde selectivity.
Thus one-pass formaldehyde yield at 2.6% (for
Sb5V1.4O/SiO2) and 2.5% (for Sb10V1.12O/SiO2) can be
achieved, respectively.

Figure 2 shows one-pass formaldehyde yield for
5 wt% Sb2O5/SiO2, VOX/SiO2 (0.56, 1.12 and 1.4 wt%),
Sb5V0.56O/SiO2, Sb5V1.4O/SiO2 and Sb10V1.12O/SiO2

catalysts at different temperatures. 5 wt% Sb2O5/SiO2

catalyst shows the highest formaldehyde yield among 1–
20 wt% SbOX/SiO2 catalysts [16] but the formaldehyde
yield for 5 wt% Sb2O5/SiO2 catalyst is much lower than
that for VOX/SiO2 catalysts. The formaldehyde yield for
VOX/SiO2 catalysts increases with increasing V2O5

loading and reaches its maximum (1.6%) while V2O5

loading is 1.12 wt% then drops with further increasing
V2O5 loading. This formaldehyde yield value is very
close to the typical results obtained on vanadium oxide
catalysts in recent reports [5,9]. It can be seen that the
combinational use of antimony and vanadium compo-
nents evidently enhances formaldehyde yield and the
increment of formaldehyde yield, comparing with VOX/

Figure 1. CH4 conversion and HCHO selectivity for Sb5V0.14–2.8O/SiO2, Sb10V0.28–5.6O/SiO2 and Sb20V0.56–11.2O/SiO2 catalysts at 650 �C; the
inset is the HCHO selectivity for Sb10V1.12O/SiO2 and Sb5V1.4O/SiO2 catalysts as a function of CH4 conversion. (0.2 g catalyst, total flow rate

0.07 mol (STY) h)1, CH4/O2/He=2/1/7)
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SiO2 catalysts, is in the range of 50–150%. The form-
aldehyde yield up to 2.6% can be achieved on Sb5V1.4O/
SiO2 and Sb5V0.56O/SiO2 catalysts. A formaldehyde
yield up to 3.0% can be achieved on Sb5V1.4O/SiO2 at
650 �C when total flow increases to 0.09 mol (STY) h)1.
This formaldehyde yield obtained on Sb–V–O/SiO2

catalysts is higher than recent results for single metal
oxide catalysts such as molybdenum oxide [15] and
vanadium oxide [5,9] catalysts.

In figure 1, we also can see that the methane con-
version for Sb5V0.14–2.8O/SiO2 catalysts increase but the
formaldehyde selectivity decreases with V2O5 loading.
This trend for Sb5V0.14–2.8O/SiO2 catalysts is similar to
that for other catalysts in methane selective oxidation,
e.g., molybdenum oxide and vanadium oxide catalysts.
Differently, methane conversion for Sb10V0.28–5.6O/SiO2

catalysts increases with V2O5 loading at first but
decreases while V2O5 loading reaches 5.6 wt%. The
methane conversion for Sb20V0.56–11.2O/SiO2 catalysts
increases with V2O5 loading and drops sharply while
V2O5 loading reaches 5.6 wt% and then increases again.
At the same time, formaldehyde selectivity for
Sb10V5.6O/SiO2 and Sb20V0.56–11.2O/SiO2 catalysts
decrease with increasing V2O5 loading. It can be inferred
from the catalytic performance of Sb10V0.28–5.6O/SiO2

and Sb20V0.56–11.2O/SiO2 catalysts that a change of
active species over these catalysts takes place while V2O5

loading is about 5.6 wt%.
Figure 3 gives the XRD patterns of V2O5, Sb2O4,

Sb2O5, and Sb20V0.56–11.2O/SiO2 catalysts. No diffrac-
tion peak of bulk V2O5, Sb2O4 or Sb2O5 can be observed
in the patterns of Sb20V0.56–11.2O/SiO2 catalysts. This is
agreed with the fact that no diffraction peak of bulk
Sb2O5, Sb2O4 or Sb2O3 can be observed in the XRD

patterns of Sb2O5/SiO2 catalysts prepared from SbCl5
even the loading of Sb2O5 reaches 20 wt% [16]. In the
pattern of Sb20V2.24O/SiO2 catalyst, the characteristic
peaks of Sb–V mixed oxide in Sb2VO5 phase at 19.2�,
25.4�, 28.1�, 29.8�, 48.7� and 51.1� can be observed.
These diffraction peaks become very weak when V2O5

loading increases to 5.6 wt% and disappear when V2O5

loading reaches 11.2 wt%. The characteristic peaks of
Sb–V mixed oxide in SbVO4/VSb1-XO4-1.5X phase at
27.3�, 35�, 39.2�, 40.4�, 53.5�, 56.5� and 68.3� can be
observed in the XRD patterns of Sb20V5.6O/SiO2 and
Sb20V11.2O/SiO2 catalysts. We can know from XRD
results that, on Sb20V0.56–11.2O/SiO2 catalysts, antimony
and vanadium component are mainly in Sb–V mixed
oxide and a phase transform of Sb–V mixed oxide from
Sb2VO5 to SbVO4/VSb1-XO4-1.5X phase takes place while
V2O5 loading reaches 5.6 wt%. This may be the reason
for the drop of methane conversion for Sb20V0.56–11.2O/
SiO2 catalysts while V2O5 loading reaches 5.6 wt%. The
Sb–V mixed oxide in Sb2VO5 phase is more active and
selective in methane selective oxidation than SbVO4/
VSb1-XO4-1.5X phase.

Figure 4 shows the UV Raman spectra of V2O5,
Sb2O4, Sb2O5 and Sb20V0.56–11.2O/SiO2 catalysts. In the
spectra of Sb20V0.56–11.2O/SiO2 catalysts, we can see four
bands at 190, 260, 400 and 460 cm)1 relevant to Sb2O4.
This indicates the formation of microcrystalline of
Sb2O4 on catalysts surface because of the interaction
between antimony and vanadium. When V2O5 loading is
lower than 11.2 wt%, Sb2O4 microcrystalline and Sb–V
mixed oxide co-exist on catalysts surface. When V2O5

loading increases to 11.2 wt%, little antimony oxide
species exists on catalyst surface so no Raman band of
Sb2O4 can be observed in the spectrum of Sb20V11.2O/
SiO2 catalyst. The relative intensity of the bands rele-
vant to Sb2O4 increases with increasing V2O5 loading at
first and then drops. This suggests that the amount of

Figure 2. One pass HCHO yield in MSO. Solid lines: Sb2O5/SiO2

(5 wt%), VOX/SiO2(0.56, 1.12 and 1.4 wt%), Sb5V0.56O/SiO2, Sb5V1.4O/

SiO2 and Sb10V1.12O/SiO2 catalysts (0.2 g catalyst, total flow rate

0.07 mol (STY) h)1, CH4/O2/He=2/1/7); dashed line: one pass HCHO

yield for Sb5V1.4O/SiO2 catalyst (0.2 g catalyst, total flow rate

0.09 mol (STY) h)1, CH4/O2/He=2/1/11).

Figure 3. XRD patterns of V2O5, Sb2O4, Sb2O5, and Sb20V0.56–11.2O/

SiO2 catalysts. (�: Sb2VO5; o: SbVO4/VSb1-XO4-1.5X).
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Sb–V mixed oxide on catalysts surface increases with
increasing V2O5 loading.

The formation of Sb2O4 indicates the coexist of Sb
5+

species and Sb3+ species so it is possible to observe the
Raman bands for Sb3+OX species in the spectra of
Sb20V0.56–11.2O/SiO2 catalysts. In the spectrum of
Sb20V0.56O/SiO2 catalyst, we can see two broad bands at
460 and 608 cm)1, respectively. These two bands are
characteristic bands of SiO2 and highly isolated Sb3+Ox
species, respectively. The relative intensity of these two
bands decreases with increasing V2O5 loading, indicat-
ing the increasing amount of Sb–V mixed oxide on
catalysts surface. In other researchers’ work on bulk Sb–
V mixed oxide, it has also been evidenced by XRD that
the amount of Sb–V mixed oxide increases with
decreasing Sb/V ratio [17]. It was also found that
unsupported Sb–V mixed oxide catalysts contained
several phases, including Sb–V mixed oxide in rutile
phase and Sb2O4 [18].

In the spectra of Sb20V0.56–5.6O/SiO2 catalysts, the
bands at 835, 884, 912 and 990 cm)1 are attributed to
Sb–V mixed oxide phase according to very recent
reports on Sb–V mixed oxide materials [14,17,19–21].
The bands at 835, 884 and 912 cm)1, which have not
been reported previously, are prominent because of
resonance enhancement [20,21]. The band at 990 cm)1 is
assigned to the V=O stretching vibration mode of Sb–V
mixed oxide and the bands in the range of 835–912 cm)1

are assigned to the Sb–O–V stretching mode of Sb–V
mixed oxide phase. In line with the XRD results, the
band at 835 cm)1 is assigned to the Sb–O–V symmetric
stretching mode of Sb2VO5 phase and it shifts to
884 cm)1 with decreasing Sb/V ratio. The band at
912 cm)1 is assigned to the Sb–O–V asymmetric
stretching mode of SbVO4/VSb1-XO4-1.5X phase. In the
spectrum of Sb20V5.6O/SiO2 catalyst, a characteristic
band of the V=O stretching vibration mode at

1026 cm)1 [19,21] can be observed in addition to the
band at 912 cm)1, indicating the formation of mono-
meric VO4 species on the layer of Sb–V mixed oxide. In
the spectrum of Sb20V11.2O/SiO2 catalyst, another band
at 873 cm)1 appears other than the band at 1026 cm)1.
This band at 873 cm)1 suggests the formation of poly-
meric (VO3)n species with V–O–V symmetric stretching
mode [19,21] on the layer of Sb–V mixed oxide phase.
The formation of polymeric (VO3)n species on
Sb20V11.2O/SiO2 catalyst can explain why the methane
conversion for Sb20V11.2O/SiO2 catalyst is higher than
that for Sb20V5.6O/SiO2 catalyst.

Although no diffaraction peak can be observed in the
XRD patterns of Sb10V0.28–5.6O/SiO2 and Sb5V0.14–2.8O/
SiO2 catalysts, being similar to the analyzing of the
Raman spectra of Sb20V0.56–11.2O/SiO2 catalysts, we can
obtain the structural information about the Sb–V mixed
oxide on Sb10V0.28–5.6O/SiO2 and Sb5V0.14–2.8O/SiO2

catalysts according to the UV Raman spectra shown in
figures 5 and 6. In the Raman spectra of Sb5V0.14–2.8O/
SiO2 and Sb10V0.28–5.6O/SiO2 catalysts, we can see that
the relative intensity of the bands relevant to SiO2 and
highly isolated Sb3+ oxidic species decreases with
increasing V2O5 loading but the relative intensity of the
bands relevant to Sb–V mixed oxide increases with
increasing V2O5 loading. This indicates the amount of
Sb–V mixed oxide on both Sb10V0.28–5.6O/SiO2 and
Sb5V0.14–2.8O/SiO2 catalysts increases with increasing
V2O5 loading.

In figure 5, two bands at 835 and 990 cm)1 can be
observed in the spectra of Sb10V0.28O/SiO2, Sb10V0.56O/
SiO2 and Sb10V1.12O/SiO2 catalysts. These two bands
indicates the formation of Sb–V mixed oxide in Sb2VO5

phase on the surface of these three catalysts. When V2O5

loading increases to 2.8 and 5.6 wt%, the band at
835 cm)1 shifts to 884 and 912 cm)1, respectively. This
shift ofRaman band reflects the transform of Sb–Vmixed

Figure 4. UV Raman spectra of V2O5, Sb2O4, Sb2O5 and Sb20V0.56–11.2

O/SiO2 catalysts. �ex=325 nm.

Figure 5. UV Raman spectra of Sb10V0.28–5.6O/SiO2 catalysts.

�ex=325 nm.
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oxide fromSb2VO5 toSbVO4/VSb1-XO4-1.5Xphase as that
taking place on Sb20V0.56–11.2O/SiO2 catalysts. The Sb–V
mixed oxide on Sb10V2.8O/SiO2 catalyst has a transition
structure between Sb2VO5 and SbVO4/VSb1-XO4-1.5X

phase but the Sb–V mixed oxide on Sb10V5.6O/SiO2 cat-
alyst is in SbVO4/VSb1-XO4-1.5X phase. This can explian
why the methane conversion for Sb10V0.28–5.6O/SiO2

catalysts increases withV2O5 loading at first but decreases
while V2O5 loading reaches 5.6 wt%.

In figure 6, two bands at at 835 and 990 cm)1 can be
observed in the spectra of Sb5V0.14O/SiO2, Sb5V0.28O/
SiO2, Sb5V0.56O/SiO2 and Sb5V1.4O/SiO2 catalysts,
indicating the formation of Sb–V mixed oxide in Sb2VO5

phase. In the spectrum of Sb5V2.8O/SiO2 catalyst, the
band at 835 cm)1 shifts to 884 cm)1. We can know that
no Sb–V mixed oxide in SbVO4/VSb1-XO4-1.5X phase but
only the Sb–V mixed oxide within a transition structure
between Sb2VO5 and SbVO4/VSb1-XO4-1.5X phase has
formated on Sb5V2.8O/SiO2 catalyst. This should be the
reason why the methane conversion for Sb5V0.14–2.8O/
SiO2 catalysts always increase with V2O5 loading as
shown in figure 1. The phase transform of Sb–V mixed
oxide with decreasing Sb/V ration from Sb2VO5 to
SbVO4/VSb1-XO4-1.5X phase is less favoured on Sb5V0.14–

2.8O/SiO2 catalysts than on Sb10V0.28–5.6O/SiO2 and
Sb20V0.56–11.2O/SiO2 catalysts. This may because the
dispersion of Sb–V mixed oxide species on Sb5V0.14–2.8O/
SiO2 catalysts is much better than that on Sb10V0.28–5.6O/
SiO2 and Sb20V0.56–11.2O/SiO2 catalysts and so the
interaction between Sb–V mixed oxide and silica on
Sb5V0.14–2.8O/SiO2 catalysts is stronger than that on
Sb10V0.28–5.6O/SiO2 and Sb20V0.56–11.2O/SiO2 catalysts.

4. Conclusions

In methane selective oxidation with O2 as oxidant,
Sb–V–O/SiO2 catalysts show the advantages of high

activity from VOX/SiO2 catalysts as well as high form-
aldehyde selectivity from SbOX/SiO2 catalysts. Higher
one-pass formaldehyde yield can be obtained on Sb–V–
O/SiO2 catalysts than on single metal oxide catalysts
such as vanadium oxide and antimony oxide catalysts.
One-pass formaldehyde yield up to 3% was obtained on
Sb–V–O/SiO2 catalysts at 650 �C. The better catalytic
behavior of Sb–V–O/SiO2 catalysts than that of VOX/
SiO2 or SbOX/SiO2 catalysts results from the formation
of Sb–V mixed oxide. A phase transform of Sb–V mixed
oxide with decreasing Sb/V ratio from Sb2VO5 to
SbVO4/VSb1-XO4-1.5X phase takes place on Sb–V–O/
SiO2 catalysts. The Sb–V mixed oxide in Sb2VO5 phase
is more active and selective in methane selective oxida-
tion than that in SbVO4/VSb1-XO4-1.5X phase.
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