
SnO2-based composite oxides containing Fe and Cr were
prepared using the combination of redox reaction and co-pre-
cipitation, and studied for CH4 deep oxidation.  It was found
that Fe and Cr were incorporated into SnO2 (Cassiterite) to
form some catalysts that are more active and far more resistant
to thermal sintering than pure SnO2.  Solid solution structure is
possibly formed in these catalysts.

Deep oxidation of CH4 at low temperature is an effective
and promising approach to utilize it as an energy source, or pre-
vent it from polluting the atmosphere.1 Traditional catalysts
used for hydrocarbon combustion are supported noble metals
such as Pt/Al2O3 and Pd/Al2O3.

2 These catalysts, however, are
not active enough for low-temperature CH4 oxidation.1

Moreover, due to the limited availability and high price of
noble metals, over recent years, considerable attention has been
paid to base metal oxides.  Previously, pure and modified SnO2
were reported to be active oxidation catalysts.3,4 However, total
oxidation of CH4 on SnO2-based composite metal oxides has
not yet been investigated, except those using SnO2 as the sup-
port for Pd.5 We thus reported here the preparation of Sn–Fe,
Sn–Cr and Sn–Fe–Cr composite oxide catalysts that are more
active for CH4 oxidation and far more resistant to thermal sin-
tering than pure SnO2.

The precipitation method as in reference6 was employed to
prepare SnO2 precursor (225 m2/g).  Sn–Fe, Sn–Cr and
Sn–Fe–Cr were prepared via the stoichiometric reaction
between SnCl2 suspension (1 g/15 mL distilled H2O) and
K2CrO4 (0.50 M) or Fe(NO3)3 (0.33 M) aqueous solutions, fol-
lowed by precipitation with 1 M KOH.  The compositions of
the samples are Sn/Fe = 33/67, Sn/Cr = 60/40, and Sn/Fe/Cr =
50/25/25 (atomic ratio), respectively.  Prior to activity evalua-
tion, the catalysts were calcined at 600 °C in static air for ~6 h.
CH4 oxidation activity was tested at 1 atm in a U-shaped fixed-
bed microreactor (i.d. = 6 mm) packed with 0.2 mL 40–60 mesh
catalyst.  The volume composition of the feed gas is CH4 1.5%,
O2 18% and balanced by high purity N2, with a total flow rate of
70 mL/min.  A K-type thermocouple was put in the catalyst bed
to monitor the reaction temperature.  The reactants and products
were analyzed with an on-line 1102G GC equipped with a TCD.
No CO was formed over the catalysts at any temperature.

T10%, T50%, and T90%, the temperatures corresponding to
10%, 50% and 90% CH4 conversion, are compared in Table 1.
The three temperatures of unmodified SnO2 are 370, 445 and
500 °C. The incorporation of Fe or Cr into Sn, apparently,
improves the activity of the obtained catalysts, as evidenced by
their lower T10%, T50% and T90%.  Sn–Cr shows the best activity
among all the samples, with its three temperatures being ~45 °C
lower than those of SnO2.  The steady-state CH4 oxidation rates
on the catalysts are also included in Table 1.  The rates based
on per gram of Sn–Fe, Sn–Cr and Sn–Fe–Cr are obviously

higher than that of SnO2.  The specific rates (normalized by sur-
face area) of Sn–Fe and Sn–Fe–Cr are similar to that of SnO2
due to their much larger surface areas, while that of Sn–Cr is
still markedly higher.  It is evident that Sn–Fe, Sn–Cr and
Sn–Fe–Cr are more active for CH4 oxidation than pure SnO2.

The catalysts have been characterized by XRD (Figure 1).
Unmodified SnO2 shows intensive diffraction peaks of SnO2
(Cassiterite), indicating the high surface area SnO2 precursor sin-
tered and crystallized during the calcination.  In contrast, Sn–Fe,
Sn–Cr and Sn–Fe–Cr display only two or three broadened peaks
with low intensity, revealing that the samples are nearly amor-
phous. Careful analysis substantiates that these peaks belong also
to SnO2 (Cassiterite).  Therefore, to see their crystallinity quanti-
tatively, the mean crystallite sizes of the samples are measured
from the broadening of the strongest peak of SnO2, peak (110),
and based on Scherer equation (Table 1).  Not surprisingly, SnO2
has much larger particle size than that of the composite oxides, in
line with the BET surface area results (Table 1).  This demon-
strates that the incorporation of Fe and Cr into SnO2 markedly
improves the obtained samples’ resistance to thermal sintering.
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Indeed, the high surface areas and amorphous compositions of
the composite oxide catalysts could be one of the main reasons
leading to their enhanced activity. 

Interestingly, though the contents of Fe and Cr in the modi-
fied samples are high, no any peaks relating to them are
observed.  The same phenomenon was observed by Zhao et al.6

when studying the dispersion behaviors of several metal oxides
on SnO2.  They ascribed the reason to the formation of monolay-
erly dispersed oxides on the surface of SnO2.  However, in our
case, the contents of Fe and Cr are much higher than the general
monolayer dispersion capacity.6,7 We thus incline to believe that
the evasion of XRD detection of Fe and Cr oxides is not mainly
due to the formation of monolayers on the surface of SnO2.  It is
of more possibility that Fe or Cr cations were doped into the lat-
tice of SnO2 to form solid solution structure.  Sn–Fe and Sn–Cr
were thus calcined at 900 and 1100 °C and subjected to XRD
analysis; SnO2 (Cassiterite) is still the only observed phase (result
not shown).  The lack of segregated Fe and Cr related phases pro-
vides additional proof to testify the formation of solid solution
structure in the composite oxides.

CH4-TPR was used to study the nature of the samples in the
absence of gas phase oxygen (Figure 2).  SnO2 has only one
small reduction peak positioned at 450 °C, suggesting nearly the
absence of reducible oxygen species in it.  However, for the com-
posite oxides, CH4 reduction becomes evident.  Especially in the
profiles of Sn–Cr and Sn–Fe–Cr, a sharp reduction peak is
observed around 400 °C besides the broadened high temperature
peak.  This clearly suggests the introduction of Fe and Cr into
SnO2 leads to the formation of more mobile and active oxygen
species in the obtained samples.

Figure 3 illustrates the XPS spectra of O1s peak of the sam-
ples.  SnO2 shows a sharp and symmetric peak with O/Sn atomic

ratio 1.98, indicating the oxygen species on its surface is uniform
lattice oxygen of SnO2.  However, the peak of the modified sam-
ples is broadened, with the binding energy shifting, more or less,
to lower values.  It is evident that on the surface of these samples,
besides the lattice oxygen of SnO2, other types of more reactive
oxygen species, perhaps dissociatively adsorbed oxygen8 are
present.  Both XPS and CH4-TPR results demonstrate the pres-
ence of more active oxygen species in the composite oxides.
This could be another indispensable reason leading to their
improved activity.

In summary, using the combination of redox reaction and
co-precipitation, Fe and Cr were introduced into SnO2 to form
catalysts that are more resistant to thermal sintering and display
higher activity for CH4 oxidation than pure SnO2.  Solid solution
structure could be present in these composite oxide catalysts.
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