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Preparation and characterization of SnO2-based composite metal
oxides: active and thermally stable catalysts for CH4 oxidation
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A series of SnO2-based catalysts modified by Fe, Cr and Mn were prepared by the combination of redox reaction and co-precipitation
methods, and applied to catalytic CH4 oxidation. The modified catalysts show generally higher activity than the unmodified SnO2. XRD
analysis indicates that Fe, Cr and Mn cations could be incorporated into the lattice of rutile SnO2 (cassiterite) to form solid solution structure.
As a result, more reducible and active oxygen species was formed in the samples, as substantiated by the H2-TPR results. Moreover, the
specific surface areas of the modified catalysts are much higher than that of pure SnO2 and their crystallite sizes are smaller, indicating
they are more resistant to thermal sintering. Indeed, the high specific surface areas and the formation of more active oxygen species in the
modified samples are believed to be the predominant reasons leading to their enhanced CH4 oxidation activity. Eventually, it is noted that
SnCrO displays not only remarkable CH4 oxidation activity, but also potent resistance to SO2 and water deactivation, which makes it a
promising catalyst with the potential to be applied in some real CH4 oxidation processes.
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1. Introduction

Catalytic oxidation of CH4 at low temperature is an ef-
fective and promising approach to utilize it as a fuel, or pre-
vent it from emitting into the atmosphere [1–8]. Presently,
the most commonly used catalysts for hydrocarbon combus-
tion are noble metals such as Pt, Pd, Rh or their combina-
tions [9,10]. However, these conventional catalysts are re-
ported to still have some drawbacks [3–5]. Moreover, due
to the limited source and high price of precious metals [11],
over recent years, people paid considerable attention to base
metal oxides, expecting to find some promising catalysts.
Though much work has been done, to reach the goal, more
is needed.

SnO2 is an n-type oxide and has been intensively studied
as gas sensor [12–14]. In contrast, the studies on SnO2 as
catalyst are relatively less, though it has already been tried
for quite several reactions, such as SO2 oxidation [15–17],
CO oxidation [18–23], NOx reduction by CO [24–27] or
hydrocarbons [28–30] and CH3Cl oxidation or decomposi-
tion [31]. More recently, SnO2 was employed as a support
for Pt and Pd to prepare catalysts for CO and CH4 oxida-
tion [8,32–38]. However, a literature survey indicates the
absence of investigations on using SnO2-based composite
metal oxides for CH4 oxidation. Therefore, our first incen-
tive to carry out this work is to probe the possibility of ap-
plying this class of catalysts for CH4 oxidation.

Catalytic CH4 oxidation is a strong exothermic reac-
tion. Though it proceeds at much lower temperature (be-
low 650 ◦C) [4,7] than traditional high temperature catalytic
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combustion of diluted CH4 to provide energy [9,10], good
thermal stability is still necessary for the catalysts to get
high activity and maintain long time stable performance.
However, single component SnO2 has been proven to have
poor thermal stability and sinter easily at high tempera-
ture [13,39]. Furthermore, previous studies show that CH4
oxidation is diffusion controlled rather than reaction con-
trolled at high CH4 conversion [40,41]. The specific sur-
face area of a catalyst thus plays a key role to achieve a
low CH4 complete conversion temperature. Therefore, mod-
ifying pure SnO2 with suitable methods to get more sta-
ble catalysts that can maintain larger surface areas even at
high temperature, and show higher activity than individual
SnO2 is rather desirable. In fact, this is our main objective
in the present work. Our results indeed demonstrate that
a series of SnO2-based composite oxides with better ther-
mal stability and higher CH4 oxidation activity than pure
SnO2 can be prepared by an easy method, namely, the com-
bination of redox reaction and co-precipitation. The cata-
lysts were characterized by means of N2-BET, XRD and
H2-TPR techniques. The physicochemical properties of
the catalysts are discussed and correlated with their activ-
ity.

2. Experimental

2.1. Catalyst preparation

The precipitation method as in references [13,19,39] was
used to prepare SnO2 precursor (225 m2/g). This precur-
sor was then calcined at 600 ◦C in air atmosphere for ∼6 h
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to get unmodified SnO2 catalyst. For comparative study,
Fe2O3, Cr2O3 and Mn2O3 were also prepared with the sim-
ilar method.

The multi-component samples were prepared by the
stoichiometric reaction between SnCl2 suspension (1 g
SnCl2·2H2O/15 ml distilled H2O) and K2CrO4 (0.50 M),
Fe(NO3)3 (0.33 M) or KMnO4 (0.25 M) solutions. The re-
actions can be described simply with the following equa-
tions:

3Sn2+ + 2Cr6+ � 3Sn4+ + 2Cr3+ (1)

Sn2+ + 2Fe3+ � Sn4+ + 2Fe2+ (2)

3Sn2+ + 2Mn7+ � 3Sn4+ + 2Mn4+ (3)

It is noted here that the oxidation states of Fe, Cr and Mn
in the real catalysts are more complicated and possibly dif-
ferent from the values shown on the left sides in these equa-
tions, since they are subsequently calcined in air atmosphere
at 600 ◦C.

Generally, calculated amounts of these solutions were
dripped slowly into the SnCl2 suspension. The white color
of the suspension changed quickly into some deep colors,
e.g., dark green (K2CrO4), yellow (Fe(NO3)3) or brown
(KMnO4), indicating that the redox reaction took place
promptly. After reaction, 1 N KOH solution was dripped
into the mixtures to make the metal cations precipitate out
completely (pH ≈ 9.7). Afterwards, the precipitates were
vacuum-filtered and washed with distilled water repeatedly,
until all of the K+ and Cl− were removed, and simultane-
ously the water passing through the precipitate is neutral.
The clean precipitates were then dried at 110 ◦C overnight
and followed by calcination at 600 ◦C in static air for ∼6 h.
The catalysts are named by their corresponding components,
such as SnFeO, SnCrO, SnMnO, SnFeCrO, SnMnCrO,
SnMnFeO and SnMnFeCrO. For a catalyst containing two
or three types of metal cations other than Sn, the order of the
elements in its name shows the addition sequence of the cor-
responding solutions into the SnCl2 suspension during the
sample preparation. For instance, to prepare SnMnFeCrO,
the addition sequence of the solutions into the suspension
is first KMnO4, then Fe(NO3)3, and finally K2CrO4. The
compositions of the catalysts are listed in table 1.

Table 1
Chemical compositions of the catalysts.

Catalyst Chemical composition (atomic ratio)

Sn Fe Cr Mn

SnO2 100 – – –
SnFeO 33 67 – –
SnCrO 60 – 40 –
SnMnO 60 – – 40
SnFeCrO 50 25 25 0
SnMnCrO 60 0 20 20
SnMnFeO 50 25 – 25
SnMnFeCrO 55 15 15 15

2.2. Catalyst characterization

The specific surface areas of the samples were measured
by nitrogen adsorption–desorption at 77 K with an ST-30
instrument.

XRD patterns were recorded on a BD-90 X-ray diffrac-
tometer with Cu Kα radiation of 40 kV × 20 mA and Ni
filter. For phase composition analysis, the scan step is 0.1◦
with a preset counting time of 4 s. For mean crystallite size
measurement, the scan step is 0.01◦ with a preset counting
time of 4 s. The crystallite sizes of the samples were eval-
uated from the broadening of the strongest peak of SnO2,
peak (110), and based on Scherer equation after necessary
correction.

H2-TPR experiments were carried out with a H2/N2
(5.1%) gas mixture, the temperature being increased from
room temperature to 800 ◦C with a ramp of 10 ◦C/min. Gen-
erally, 50 mg catalysts were used and a thermal conductivity
detector (TCD) was employed to monitor the H2 consump-
tion. Prior to the experiment, the samples were calcined
again in dry air at 600 ◦C for 1 h, then cooled down to room
temperature, and followed by purging with a high purity N2
flow for ∼30 min.

2.3. Catalytic evaluation

Catalytic tests were carried out in a U-shaped fixed-bed
microreactor (ID = 6 mm) with a continuous downflow. The
samples were pressed under 8 MPa for 2 min to form pellets,
and then crushed and sieved. Typically, 0.2 ml 40–60 mesh
catalysts were used for activity evaluation. To avoid chan-
neling,∼1 ml porcelain particles with same size were loaded
above the catalyst bed. A blank experiment showed the lack
of activity of these porcelain particles at the reaction temper-
ature region. A K-type thermocouple was placed on top of
the catalyst bed (touched the catalyst) to monitor the reac-
tion temperature. To measure the light-off behaviors of the
catalysts, all data were collected with ascending the temper-
ature. The volume composition of the feed gas is CH4 1.5%,
O2 18% and balanced by high purity N2. The total feed flow
rate was 70 ml/min corresponding to a gas hourly space ve-
locity (GHSV) of 21,000 h−1. The reactants and products
were analyzed with an on-line 1102G GC equipped with a
TCD on Porapak Q column for CH4 and CO2, and on molec-
ular sieve 5A column for CH4 and CO. Before analysis, the
reaction at each temperature over all studied catalysts was
stabilized at least 30 min. To obtain reproducible and stable
results, generally, 3–5 injections were made for each point.
The flow rate of the carrier gas He is 30 ml/min. CH4 con-
version was calculated by the change of its peak area before
and after the catalyst bed.

3. Results

3.1. Activity evaluation

The light-off curves of CH4 oxidation over the catalysts
are shown in figure 1. For clarity, T10, T50 and T98, which are
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the temperatures corresponding to 10, 50 and 98% CH4 con-
version, are also listed in table 2. For comparative study, the
three temperatures of individual Fe2O3, Cr2O3 and Mn2O3
are also included here. In this work, T98 is regarded as the
CH4 complete conversion temperature.

Compared with SnO2, an interesting observation is that
the light-off curves of the multi-component samples shift,
more or less, to obviously lower temperature region, espe-
cially below 480 ◦C (figure 1). T10, T50 and T98 of SnO2 are
370, 440 and 520 ◦C, respectively. In contrast, the three tem-
peratures of individual Fe2O3, Cr2O3 and Mn2O3 are gen-
erally higher than those of SnO2. However, all the multi-
component samples show lower T10 and T50 than SnO2; and
most of the samples exhibit also lower T98 except SnFeO
and SnMnO. SnMnFeO displays the best reaction activity
among all the catalysts, with the CH4 complete conversion
temperature as low as 470 ◦C.

The CH4 oxidation rates of all the catalysts measured at
340 ◦C are also included in table 2. At this temperature, sta-
ble CH4 conversion on most of the catalysts is below 10%,
except that on SnCrO and SnMnO is 13 and 15%, respec-
tively. The rates based on per gram catalyst of those multi-

Figure 1. Light-off curves of CH4 oxidation over pure SnO2 and SnO2-
based composite oxide catalysts. Data were collected in a flow of 1.5%
CH4, 18% O2 and N2 balance with a GHSV of 21,000 h−1 and total pres-

sure of 1 atm.

component catalysts are much higher than that of pure SnO2

and individual Fe2O3, Cr2O3 and Mn2O3. The rates normal-
ized by specific surface area of part of the catalysts are also
listed in the table. Most of the measured multi-component
catalysts show similar values to SnO2 and lower values than
Fe2O3, Mn2O3 and Cr2O3 due to their higher surface areas,
while the rate on SnCrO is still much higher than that on
the pure oxides. Clearly, the incorporation of Fe, Cr or Mn
cations into SnO2 can enhance the activity of the achieved
catalysts. However, it is mentioned here that the activity of
these SnO2-based composite oxides is still lower than that of
supported Pd catalysts [34].

The catalysts were thus subjected to sulfur poisoning test
at their corresponding T98, with the results on SnCrO and
SnFeO shown in figure 2. First, we ran the reaction 2–3 h
at the due temperature until the CH4 conversion was stabi-
lized. Then we began to inject pure SO2 into the reaction
feed (1 ml/injection) with an interval of 20 min. Apparently,
SnFeO was severely deactivated by SO2. The first injection

Figure 2. SO2 poisoning tests of SnFeO and SnCrO. Data were collected in
a flow of 1.5% CH4, 18% O2 and N2 balance with a GHSV of 21,000 h−1

and total pressure of 1 atm. SO2 was injected into the flow with an interval
of 20 min (1 ml/injection). Reaction temperatures 540 ◦C for SnFeO and

500 ◦C for SnCrO.

Table 2
Comparison of the CH4 oxidation activity on the catalysts.

Catalyst SnO2 SnFeO SnCrO SnMnO SnFeCrO SnMnCrO SnMnFeO SnMnFeCrO Fe2O3 Cr2O3 Mn2O3

T10
a (◦C) 370 350 320 325 345 350 340 360 370 415 375

T50
b (◦C) 440 420 390 405 420 415 385 420 455 500 420

T98
c (◦C) 520 540 500 560 500 490 470 500 570 >600 575

Reaction rated 2.2 6.7 29.0 33.5 8.9 13.4 22.3 11.2 5.8 2.0 6.3
(×10−5 mmol/s g)
Reaction rated 7.7 8.3 41.3 – 6.0 – – 7.2 23.2 20.0 27.4
(×10−7 mmol/s g)

a Temperature at which CH4 is converted 10%.
b Temperature at which CH4 is converted 50%.
c Temperature at which CH4 is converted 98%.
d Measured at 340 ◦C (CH4 conversion <15%).
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Figure 3. Durability test of SnCrO in the absence and in the presence of 10% water. Data were collected in a flow of 1.5% CH4, 18% O2 and N2 balance
with a GHSV of 21,000 h−1 and total pressure of 1 atm. Reaction temperature 500 ◦C.

degraded its CH4 conversion from 98 to 70%. After five in-
jections, its CH4 conversion was decreased to ∼43%. It is
noted here that SO2 poisoning also occurred to other sam-
ples containing Fe and Mn, e.g., SnMnFeO and SnFeCrO.
This may be caused by the formation of Mn and Fe sulfates.
Surprisingly, SnCrO exhibited potent resistance to sulfur de-
activation; nine injections of totally 9 ml SO2 during ∼3 h
run have no any negative effect on its activity.

Generally, in real after treatment applications, 5–20% wa-
ter vapor is present. Therefore, the durability of SnCrO was
further evaluated in the presence and in the absence of 10%
water at 500 ◦C, with the results shown in figure 3. First, we
ran the reaction in dry feed for ∼4 h. Then 10% water was
added into the feed through a water saturator. After ∼6 h
test, water was removed again from the feed. It is evident
water did not deactivate SnCrO, demonstrating that it is a
stable catalyst.

3.2. XRD and N2-BET analysis

XRD results of the catalysts are illustrated in figure 4. In
unmodified SnO2, only sharp and high intensity peaks of ru-
tile SnO2 (cassiterite) are detected, indicating it crystallized
very well during the 600 ◦C calcination. In contrast, in the
XRD patterns of those multi-component samples, typically,
two or three broadened peaks with very low intensity are ob-
served. Careful analysis demonstrates that these peaks be-
long also to rutile SnO2 (cassiterite). It is apparent that the
incorporation of Fe, Cr and Mn into tin oxide impeded the
crystallization of the prepared samples, thus making the cat-
alysts remain nearly amorphous even at high temperature.
Interestingly, though the contents of Fe, Cr and Mn in these
samples are high (table 1), no any peak relating to these ele-
ments is obviously observed. Two possible reasons could be
responsible for this phenomenon: (1) Fe, Cr and Mn oxide
dispersed highly on the surface of SnO2; (2) Fe, Cr and Mn

Figure 4. XRD patterns of pure SnO2 and SnO2-based composite oxide
catalysts.

cations doped into the crystal lattice of SnO2 to form solid
solution.

In this group, Xie et al. [42–44] found that a metal oxide
can disperse spontaneously onto the surface of another one
as a support to form a monolayer, which can significantly in-
crease the thermal stability of both components and impede
their crystallization at high temperature. As a result, the sup-
ported metal oxide can escape the detection of XRD due to
its highly dispersed form as a monolayer. On studying SnO2
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as gas sensor, the same stabilization effects of various metal
oxides on SnO2 were found by Xu et al. [39] and Zhao and
co-workers [13]. They substantiated that the dispersion of a
series of metal oxides, such as CaO, La2O3, MgO, etc. on
ultrafine SnO2 powder can retard the decrease of the specific
surface areas and impede the growth of the crystallite sizes
of the achieved samples. Zhao and co-authors ascribed the
reason to the formation of metal oxides dispersed as mono-
layer and submonolayer on the surface of SnO2 [13].

It is noted here that, in their studies, the samples were
prepared by incipient wetness impregnation method and
the loading of the supported metal oxides is low. Hence,
the metal oxides incline to disperse on the surface of
SnO2 [13,42]. However, in the present work, the cata-
lysts were synthesized via redox reactions followed by co-
precipitation. The amount of Fe, Cr and Mn oxides in the
multi-component samples is high (table 1), and much higher
than the general monolayer dispersion capacity [13,42].
Therefore, there is a possibility that the different components
in the samples admix into each other in bulk. Moreover,
it is noted here that the 2θ of the second (33.8◦) and third
(51.8◦) strongest peaks of rutile SnO2 phase in pure SnO2
shift to higher values in the multi-component samples. We
thus incline to believe that the low crystallinity of the multi-
component samples in this work and the evasion of XRD
detection of Fe, Cr and Mn oxides are not mainly due to the
formation of monolayers on the surface of SnO2, but could
be due to the second reason, the doping of Fe, Cr and Mn
cations into the crystal lattice of rutile SnO2 [45].

To further testify our assumption, the following strategy
was used. SnFeO and SnCrO were calcined at different tem-
peratures higher than 600 ◦C, then subjected to XRD analy-
sis (figure 5 (A) and (B)). If Fe, Cr and Mn oxides simply
dispersed finely on the surface of SnO2 or merely mixed
physically with SnO2, they are supposed to segregate out and
detected by XRD at high enough calcination temperature at
which the surface area of SnO2 becomes very low, and the
crystallinity of the oxides is very high [20,46]. However, the
main change observed for the samples is that their diffrac-
tion peaks become sharper and more intensive upon increas-
ing the temperature, and some new peaks appeared. Rutile
SnO2 is still the only detected crystalline phase. It is worth
noting here that the same phenomenon was also observed for
SnMnO and SnFeCrO (results not shown). Indeed, this ob-
servation indicates that stable structure was formed between
Fe, Cr, Mn and Sn oxides. This experiment provided addi-
tional proof to testify the formation of solid solution struc-
ture in the multi-component samples.

Whereas, the present results are somewhat different from
what was found by Harrison et al. [46]. On studying Sn–
Cr binary oxide catalysts with similar chemical composition
and prepared by co-precipitation, as in this study, they found
that rutile SnO2 is the only crystalline phase at low calcina-
tion temperature. However, when the catalyst was calcined
at 1000 ◦C, they observed the separation of Cr2O3 from
SnO2. Therefore, they excluded the possibility of forming
solid solution structure between the two components. This

Figure 5. XRD patterns of (A) SnFeO and (B) SnCrO calcined at different
temperatures.

difference could be caused by the different methods used for
sample preparations in these two pieces of work, as in our
case the method used is actually the combination of redox
reaction and co-precipitation. Indeed, our XRD results sug-
gest that Fe, Cr and Mn cations could be doped into the lat-
tice of SnO2 to occupy some positions of Sn4+, thus leading
to the formation of solid solution structure. It is conceiv-
able that the introduction of impurity into the lattice of SnO2
can impede the mobility of Sn cations during the calcina-
tion, thus hinder the crystallization of the prepared samples
at high temperature.

Since all of the samples show the diffraction feature of ru-
tile SnO2, to compare their crystallinity quantitatively, their
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Table 3
Specific surface areas and crystallite sizes of the catalysts.a

Catalyst SnO2 SnFeO SnCrO SnMnO SnFeCrO SnMnCrO SnMnFeO SnMnFeCrO

Crystallite size (Å) 159 45 53 37 40 42 33 36
BET surface area (m2/g) 291 81 71 – 148 – – 154

a All the samples were calcined at 600 ◦C for ∼6 h in air atmosphere.

crystallite sizes are estimated based on the broadening of
peak (110) of SnO2 (table 3). The crystallite size of SnO2
is 159 Å, while that of those multi-component samples is al-
ways below 53 Å. It is apparent that the multi-component
samples are more resistant to thermal sintering than the pure
SnO2 [14,20,46]. In other words, the incorporation of Fe, Cr
or Mn cations into SnO2 can markedly increase the thermal
stability of the prepared samples.

The specific surface areas of part of the samples were also
measured and listed in table 3. As mentioned above, the sur-
face area of SnO2 precursor dried at 110 ◦C is 225 m2/g,
while it decreased drastically to 29 m2/g after calcination
at 600 ◦C to prepare applied SnO2 catalyst. This confirms
that the thermal stability of pure SnO2 is poor [13,39]. Its
low surface area is in good agreement with its big parti-
cle size and high crystallinity. It is mentioned here that
the surface areas of individual Fe2O3, Cr2O3 and Mn2O3
are 25, 10 and 23 m2/g, respectively, after calcination un-
der the same conditions, indicating that they have low
thermal stability as well. The surface areas of SnFeO
and SnCrO are 81 and 71 m2/g, respectively, which is
much higher than that of the pure oxides. Interestingly,
SnMnFeCrO and SnFeCrO have even unexpectedly larger
surface areas than SnFeO and SnCrO, with the values of
148 and 154 m2/g, respectively. The tendency seems to sug-
gest that the introduction of more different kinds of cations
into SnO2 can lead to better thermal stability of the achieved
samples.

3.3. H2-TPR results

H2-TPR profiles of the samples are shown in figure 6.
Pure SnO2 shows a peak centered at 760 ◦C, which has been
assigned to the reduction of SnO2 to metallic Sn [29]. How-
ever, its broadened and un-symmetric shape implies that it
actually consists of more than one peak, which may corre-
spond to more than one stage to reduce Sn4+ to Sn0. In
comparison, the reduction profiles of the multi-component
samples are much more complicated, and have at least
two peaks. A main and common feature of all the multi-
component samples is the formation of one or two low-
temperature reduction peaks below 400 ◦C. Simultaneously,
the temperatures of the high temperature reduction peaks
shifted to lower region. It is difficult to assign the differ-
ent peaks to some certain species, because in these samples
the reduction of Sn, Fe, Cr and Mn oxides overlapped with
each other, and the oxidation states of Fe, Cr and Mn in the
samples are not unambiguously determined.

Whereas, the most possible oxidation state of Fe, Cr and
Mn could be 3+, since under similar calcination conditions

Figure 6. H2-TPR profiles of the catalysts: (A) SnO2, (B) SnFeO,
(C) SnCrO, (D) SnMnO, (E) SnFeCrO, (F) SnMnCrO, (G) SnMnFeO and

(H) SnMnFeCrO.

to this work, the most stable oxides of them are Fe2O3 [47],
Cr2O3 [48] and Mn2O3 [49,50]. Pure Cr2O3 has been found
un-reducible by H2 below 800 ◦C [48,51]. Therefore, the
280 ◦C peak of SnCrO could be due to the reduction of dis-
sociatively adsorbed oxygen species in it, which is possibly
more reactive. In contrast, under the conditions adopted in
this study, Fe2O3 shows a reduction peak centered at 445 ◦C,
which starts from ∼400 ◦C [51,52]; and Mn2O3, shows a
peak at 350 ◦C, which starts from 300 ◦C [43,49]. There-
fore, for those samples containing Fe and Mn, there is the
possibility that the low temperature peaks could be due to
the reduction of Fe or Mn oxides. However, we still can-
not exclude the presence of dissociatively adsorbed oxygen
species in these samples. It is worth noting here that the oxy-
gen species corresponding to the low temperature peaks can
also be reduced by CH4 around 400 ◦C [53], indicating they
could play the role to activate CH4 in the reaction temper-
ature region. Indeed, these active oxygen species may con-
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tribute to the enhanced CH4 oxidation activity of the multi-
component catalysts [1,54,55].

4. Discussion

CH4 total oxidation is a strong exothermic process, there-
fore, good thermal stability of a catalyst is favorable for it
to achieve high activity and maintain long time durability.
Furthermore, it is commonly accepted that this reaction is
typically diffusion controlled rather than reaction controlled,
especially at high CH4 conversion. The surface area of a cat-
alyst thus plays a key role for its activity. Over recent twenty
years, to get metal oxide catalysts that can maintain high ac-
tive surface areas even at high temperature for CH4 oxida-
tion, much endeavor has been made; and various methods
have been extensively studied [10,41,55]. An uncommon
feature of the multi-component catalysts in the present pa-
per is their much higher surface areas and lower crystallinity
than that of the individual components. Indeed, this could
be the main reason leading to their enhanced CH4 oxidation
activity.

Previously, it was found that SnO2 modified by Cu or Cr
showed remarkably higher CO oxidation activity than pure
SnO2 [20,56,57]. For these samples, oxygen vacancies on
the surface of SnO2 were observed, which can be replen-
ished by dissociatively adsorbed O2. As a consequence,
some active oxygen species was formed in them, and leading
to their improved oxidation activity [20,31,56,57].

In this study, H2-TPR results also indicate clearly the for-
mation of more reducible and reactive oxygen species in the
multi-component samples, as evidenced by the low temper-
ature reduction peaks, and the lower reduction temperatures
of the high temperature peaks than that of unmodified SnO2
(figure 6). The oxygen species corresponding to the low
temperature peaks is also reducible by CH4 at ∼400 ◦C as
well [51,53], demonstrating that it can activate CH4 in the re-
action temperature region. The formation of these more ac-
tive oxygen species in the multi-component catalysts could
be due to the incorporation of Fe, Cr and Mn cations, which
have probably different oxidation states and radii to Sn4+,
into the crystal lattice of rutile SnO2. As a result, charge
imbalance and structure defects take place, which lead to
the formation of some sites that can adsorb oxygen disso-
ciatively, and the formation of more active lattice oxygen.
Indeed, this is possibly another reason devoting to the en-
hanced CH4 oxidation activity of the multi-component cata-
lysts.

5. Conclusion

A series of SnO2-based catalysts modified by Fe, Cr and
Mn was synthesized by the combination of redox reaction
and co-precipitation methods. It is found that Fe, Cr and
Mn cations could be doped into the crystal lattice of rutile
SnO2 (cassiterite) to form solid solution structure. As a re-
sult, more reducible and mobile oxygen species was formed

in the achieved samples. Moreover, the doped catalysts have
much higher specific surface areas and smaller crystallite
sizes than the unmodified SnO2, indicating they are more
resistant to thermal sintering. Indeed, the higher surface ar-
eas and the formation of more active oxygen species in the
modified samples are considered as the predominant reasons
leading to their enhanced CH4 oxidation activity. Due to
its high activity and potent resistance to SO2 and water de-
activation, SnCrO is a promising catalyst for catalytic CH4
oxidation, which has the potential to be applied in some real
processes.
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