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Study on the anti-coking nature of Ni/SrTiO3 catalysts
by the CH4 pyrolysis
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A solid phase crystallization (spc) method was applied for the preparation of SrTiO3-supported Ni catalysts and compared to the
impregnation (imp) method. spc-Ni0.2/SrTiO3 has highly dispersed and stable Ni metal particles resulting in higher activity and higher
sustainability against coking than imp-Ni0.2/SrTiO3 in the partial oxidation of CH4. Both catalysts were tested for the CH4 pyrolysis in
order to elucidate the catalytic nature against coking of spc-Ni0.2/SrTiO3. The amount of carbon and the rate of H2 formation were similar
over both catalysts at both 773 and 1073 K. On both catalysts, CH4 continuously decomposed at 773 K, while the rate of CH4 pyrolysis
quickly decreased at 1073 K. Fibrous carbons grew up with a Ni metal particle on the tip of the fiber at 773 K, while carbon balls and short
carbon fibers with a Ni metal particle encapsulated inside formed and no sufficient growth of the fiber was observed at 1073 K. The carbon
species formed at 773 K was hydrogenated completely to CH4 around 873 K, while the hydrogenation of that formed at 1073 K needed
higher temperature around 1073 K. However, the carbon species formed on both the catalysts at either 773 or 1073 K was completely
oxidized around 773 K. Thus, judging from the anti-coking nature, the behaviors in the CH4 pyrolysis are similar over both catalysts,
nonetheless spc-Ni0.2/SrTiO3 was far superior to imp-Ni0.2/SrTiO3 in the CH4 oxidation. It is likely that the high sustainability against
coking of spc-Ni0.2/SrTiO3 is not due to its intrinsic nature suppressing the coking but due to its high activity of reforming which can
quickly eliminate the carbon formed on the catalyst surface.
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1. Introduction

The catalytic conversion of CH4 to useful chemical prod-
ucts has been intensively studied during the last 20 years.
Recently, study has been focussed on the catalytic partial
oxidation of CH4 to synthesis gas [1–13]. This process has
advantages over the conventional steam reforming of CH4

to make synthesis gas, as the latter process is highly en-
dothermic and produces synthesis gas having a H2/CO ra-
tio of 3. The partial oxidation of CH4, expected to afford
synthesis gas having the ratio of 2, makes methanol syn-
thesis an ideal follow-up process, however, carbon deposi-
tion has been a serious problem for its industrial applica-
tion [11]. It was reported that the highly dispersed metal
particles on the catalyst suppressed the coke formation [14].
We have reported that perovskite-supported Ni catalysts syn-
thesized by the “solid phase crystallization (spc)” method
showed an excellent activity as well as enough sustainabil-
ity against coke formation compared to the catalyst prepared
by the impregnation (imp) method in the partial oxidation of
CH4 to synthesis gas [10–13]. Highly dispersed and stable
Ni metal particles were formed on the surface of these cat-
alysts, among which spc-Ni0.2/SrTiO3 showed the highest
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activity due to the most finely dispersed Ni metal particles.
The details of the mechanism of suppressing the coke for-
mation on these catalysts have not yet been well elucidated.
Coke forms mainly by CH4 pyrolysis or Boudouard reaction,
and the former is thermodynamically preferable to the latter
at the reaction temperature of 1073 K. In this paper, spc-
Ni/SrTiO3 catalyst was tested for the CH4 pyrolysis in or-
der to elucidate the nature of the catalyst for coke formation
from CH4 comparing to the behaviour of imp-Ni/SrTiO3.
The carbon species formed on the catalyst were investigated
by SEM, TEM and temperature-programmed reactions with
O2 (TPO) and H2 (TPH).

2. Experimental

2.1. Preparation of the catalysts

Both spc-Ni0.2/SrTiO3 and imp-Ni0.2/SrTiO3 were pre-
pared according to the previous papers [10–13]. The pre-
cursor of the spc-Ni0.2/SrTiO3 catalyst was prepared by the
sol–gel method. An aqueous solution of reagent grade nickel
nitrate, strontium carbonate and titanium isopropoxide was
treated with an excess amount of citric acid and ethylene
glycol, followed by evaporation at 353–363 K to make a
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sol of organic metal complexes. This sol was decomposed
by calcination at 473 K for 5 h and 773 K for 5 h, and fi-
nally calcined at 1123 K in air for 5 h. The precursor was
used in situ for the partial oxidation of CH4 to form Ni sup-
ported catalyst. The imp-Ni0.2/SrTiO3 catalyst was prepared
as follows: the calculated amount of aqueous nickel nitrate
was treated with an equimolar amount of citric acid and eth-
ylene glycol, evaporated at 353–363 K to make a viscous
liquid, and then diluted with distilled water. The solution
was then added into a suspension of SrTiO3 perovskite in
distilled water, which was previously prepared by the sol–
gel method. The suspension was again evaporated at 353–
363 K, and calcined at 1123 K in air for 5 h. All the cat-
alysts were pelletized and sieved to a size between 3.55
and 6 mm. Before catalytic testing, both spc-Ni0.2/SrTiO3
and imp-Ni0.2/SrTiO3 catalysts were examined to have per-
ovskite structure by XRD [10–13]. Both the catalysts were
in situ reduced during the reactions.

2.2. CH4 oxidation over the catalysts

Each catalytic test was conducted using a fixed-bed
flow reactor in a mixed gas flow of O2, CH4 and N2
(20/40/80 v/v). The reaction was carried out by temperature-
programmed mode under atmospheric pressure by increas-
ing the reaction temperature from room temperature to
1073 K at the rate of 5 K min−1. A reaction for testing the
catalyst life was further carried out at 1073 K for 6 h un-
der the same conditions. The activity was further compared
changing the space velocity from 14000 to 112000 ml h−1 g-
cat−1. A 10 mm ∅ U-shaped quartz tube reactor was used,
with the catalyst bed near the bottom. 300 mg of the catalyst
was dispersed in 1.0 g of quartz sand to avoid sintering and
clogging of the reactor. The thermocouple was introduced
from the top of the reactor, and placed in the middle of the
catalyst bed. Product gases were sampled immediately af-
ter the reactor and injected into a TCD-gas chromatograph
for the analysis. Molecular Sieves 5A was used for the CO,
O2, and N2 analyses and for the H2 analysis with He and
Ar as the carrier gas, respectively. For the analyses of air,
CH4 and CO2, Porapak Q was used with He as the carrier
gas.

After 6 h of testing the catalyst life, the reactor was filled
with N2 and then cooled down to room temperature. A tem-
perature-programmed oxidation (TPO) experiment was per-
formed from room temperature to 1073 K at the rate of
2.5 K min−1 in a mixed gas flow of N2 and O2 at 20 and
5 ml min−1, respectively. The amount of coke formed on
the catalyst was estimated from the amount of CO2 formed
during the TPO experiment.

2.3. CH4 pyrolysis over the catalysts

Catalytic pyrolysis of CH4 was performed in a U-shaped
fixed-bed quartz reactor in a mixture of CH4 (30 ml min−1)
and N2 (30 ml min−1) at 773 or 1073 K for 1 h. 100 mg of
catalyst was used to test the reaction. Before the reaction, the
catalyst was treated by increasing temperature from room

temperature to the reaction temperature, 773 or 1073 K, at
a rate of 10.0 K min−1 in a mixture of H2 (8 ml min−1) and
N2 (30 ml min−1), and kept at the reaction temperature for
15 min. Then H2 was swept off by N2 (30 ml min−1) at the
same temperature for 20 min, and finally CH4 (30 ml min−1)
was introduced. The produced gases were analyzed by on-
line gas chromatography (TCD). All gases used here had a
purity of 99.99%. Assuming CH4 was completely dehydro-
genated, the C/Ni atomic ratio of carbon species formed in
the CH4 pyrolysis on each catalyst was calculated by the fol-
lowing equation:

C/Ni atomic ratio = (mtotal −mcat)/MC

mcatWtNi%/MNi
, (1)

where mcat is the initial weight of the catalyst, mtotal is the
total weight of the sample after the CH4 pyrolysis reaction,
MC is the atomic weight of carbon, WtNi% is the weight
percent of Ni in the Ni0.2/SrTiO3 catalysts, and MNi is the
atomic weight of Ni.

2.4. Characterization of carbon formed

FE-SEM (JSM-6340F) and FE-TEM (JEM-3000F
300 kV) were employed to study the carbon species formed
on the catalyst in the CH4 pyrolysis.

After the CH4 pyrolysis, the coked catalyst was cooled
to room temperature in N2 atmosphere. Then 50 mg of
the coked catalyst was used to test its reactivity to O2 and
H2, respectively, using temperature-programmed reactions
technique. The temperature was increased up to 1273 K
at a rate of 2.5 K min−1 in a mixture of O2 (5 ml min−1)
and N2 (20 ml min−1) for TPO, or H2 (30 min−1) and N2
(20 ml min−1) for TPH, respectively. The analysis of the
products was as the same as the analysis in the CH4 pyroly-
sis. All gases used here were with a purity of 99.99%.

3. Results and discussion

3.1. CH4 oxidation over spc-Ni0.2/SrTiO3 and
imp-Ni0.2/SrTiO3

The reaction was carried out with the feed gas of
stoichiometric composition (CH4/O2 = 2 with N2), at
GHSV = 14000 ml h−1 g-cat−1 over spc-Ni0.2/SrTiO3 and
imp-Ni0.2/SrTiO3. The results are shown in figure 1. It is
clearly seen that CH4 began to react with O2 at 773 K to
form CO2 and H2O by the combustion (1) around 950 K,

CH4 + 2O2 � CO2 + 2H2O (1)

followed by reforming of CH4 with H2O or CO2 to form
synthesis gas CO/H2 ((2) and (3)) at 1073 K,

CH4 + H2O � CO+ 3H2 (2)

CH4 + CO2 � 2CO+ 2H2 (3)

Thus CH4 conversion reached to the value controlled by
thermodynamic equilibrium of the reformings. spc-Ni0.2/
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Figure 1. CH4 oxidation at 1073 K over spc-Ni0.2/SrTiO3 and imp-Ni0.2/
SrTiO3.

Figure 2. Amount of coke deposited on spc-Ni0.2/SrTiO3 and imp-Ni0.2/
SrTiO3 after the CH4 oxidation for 6 h.

SrTiO3 showed higher activity than imp-Ni0.2/SrTiO3. As
previously reported in the analytical results with XRD and
TEM [13], finely dispersed Ni metal particles were more
intensively observed over spc-Ni0.2/SrTiO3 than over imp-
Ni0.2/SrTiO3 after the reaction. The amount of coke de-
posited on the catalyst after the reaction for 6 h was meas-
ured and shown in figure 2. A clear difference was ob-
served in the coke amount between spc-Ni0.2/SrTiO3 and
imp-Ni0.2/SrTiO3, and over 20 times more amount of coke
was detected over the latter compared to over the former.
This may be uniquely due to the presence of a larger size
of Ni metal particles on imp-Ni0.2/SrTiO3 compared to spc-
Ni0.2/SrTiO3.

Under the condition of GHSV = 14000 ml h−1 g-cat−1,
no significant difference was observed in the activity be-
tween spc-Ni0.2/SrTiO3 and imp-Ni0.2/SrTiO3. It is likely
that thermodynamic equilibrium of the reactions (1)–(3) was
attained over these catalysts under the conditions of low
GHSV. The activity was further tested at increasing space
velocity (figure 3). At the higher space velocity, the cat-
alytic activity can be compared more precisely, since the

Figure 3. Effect of the space velocity in the CH4 oxidation over spc-
Ni0.2/SrTiO3 and imp-Ni0.2/SrTiO3.

Figure 4. CH4 pyrolysis at 773 K for 1 h on spc-Ni0.2/SrTiO3 and imp-
Ni0.2/SrTiO3. (a) CH4 conversion vs. reaction time. (b) Rate of H2 forma-

tion vs. reaction time.

reaction might be controlled kinetically. Even at the high
space velocity of 112000 ml h−1 g-cat−1, the activity of spc-
Ni0.2/SrTiO3 was still high enough, while the activity of
imp-Ni0.2/SrTiO3 substantially decreased. spc-Ni0.2/SrTiO3
may in situ release nickel species from the structure to the
surface during the reaction, followed by the formation of the
highly dispersed Ni species.
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Table 1
C/Ni atomic ratio of carbon species formed in CH4 pyrolysis on spc-

Ni0.2/SrTiO3 and imp-Ni0.2/SrTiO3 at 773 and 1073 K for 1 h.

Catalyst Reaction temperature C/Ni atomic ratio
(K)

spc-Ni0.2/SrTiO3 773 56
imp-Ni0.2/SrTiO3 773 62
spc-Ni0.2/SrTiO3 1073 7
imp-Ni0.2/SrTiO3 1073 12

Figure 5. SEM images of the carbon species formed in CH4 pyrolysis at
773 K for 1 h on (a) spc-Ni0.2/SrTiO3 and (b) imp-Ni0.2/SrTiO3.

3.2. CH4 pyrolysis on spc-Ni0.2/SrTiO3 and
imp-Ni0.2/SrTiO3 at 773 K

Figure 4 shows the CH4 pyrolysis at 773 K for 1 h on
spc-Ni0.2/SrTiO3 and imp-Ni0.2/SrTiO3. The CH4 conver-
sion and the rate of H2 formation on imp-Ni0.2/SrTiO3 were
slightly higher than those on spc-Ni0.2/SrTiO3. During the
reactions, only CH4 and H2 were detected in the gas phase.
Assuming CH4 was completely dehydrogenated, the molar
ratio between the carbon species and H2 formed on both the
catalysts was about 0.5 (integration of the rate of H2 forma-

Figure 6. (a) TEM micrograph and (b) high-resolution micrograph of
the carbon species formed in CH4 pyrolysis at 773 K for 1 h on spc-

Ni0.2/SrTiO3.

tion gave the total amount of H2). Therefore the formed car-
bon species contained negligible amount of hydrogen. The
C/Ni atomic ratio of the carbon species formed in the CH4
pyrolysis on both catalysts for 1 h was determined (table 1).
The C/Ni ratio on imp-Ni0.2/SrTiO3 was slightly higher than
that on spc-Ni0.2/SrTiO3.

SEM images of the carbon species formed in the CH4

pyrolysis at 773 K for 1 h on both catalysts are shown in
figure 5. From the SEM images, it is known that carbon
species formed on both the catalysts were all in fiber shape
which demonstrated that a filamentous carbon growth oc-
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Figure 7. (a) TEM micrograph and (b) high-resolution micrograph of
the carbon species formed in CH4 pyrolysis at 773 K for 1 h on imp-

Ni0.2/SrTiO3.

curred on the catalysts. The distribution of outer diameters
of the carbon fibers formed in the CH4 pyrolysis on spc-
Ni0.2/SrTiO3 (20–90 nm) was narrower than that on imp-
Ni0.2/SrTiO3 (20–140 nm).

The structures of the carbon fibers were also studied by
TEM (figures 6 and 7). The carbon fibers formed on the
catalysts were solid fibers (figures 6(a) and 7(a)) composed
of graphite platelets which stacked on the Ni metal particle
(figures 6(b) and 7(b)). The distance between the platelets,
obtained from figure 6(b), was about 0.34 nm. A Ni metal
particle anchored on the tip of a solid carbon fiber and, there-
fore, a carbon “tip-growth” mechanism played a key role in

Figure 8. TPO and TPH profiles of the carbon species formed in CH4
pyrolysis at 773 K for 1 h on (a) spc-Ni0.2/SrTiO3 and (b) imp-Ni0.2/

SrTiO3.

the CH4 pyrolysis [15]. Because the metal particle size de-
termined the size of carbon fiber in the carbon “tip-growth”
mechanism, imp-Ni0.2/SrTiO3 is considered to have broader
Ni metal particle sizes distribution than spc-Ni0.2/SrTiO3.
This well agreed with the results obtained in the SEM im-
ages.

TPO and TPH of the carbon species formed in the CH4
pyrolysis on both catalysts at 773 K were conducted to study
carbon species’ reactivity toward O2 and H2. TPO and TPH
profiles of carbon species formed in the CH4 pyrolysis at
773 K for 1 h on spc-Ni0.2SrTiO3 are shown in figure 8(a).
During the TPO process, the CO2 signal was observed be-
tween 523 and 923 K. A main peak with its maximum rate of
CO2 formation at 763 K and a small peak with its maximum
rate of CO2 formation at 798 K were observed in the process.
CO2 alone was observed as the product in the TPO process.
The amount of the carbon species measured on the coked
spc-Ni0.2/SrTiO3 before TPO well coincided with that calcu-
lated from CO2 formed in the TPO process, suggesting that
carbon species was oxidized completely under the present
TPO condition. From the TPO profile, it is likely that there
were two kinds of carbon species on the spc-Ni0.2/SrTiO3
surface. The main peak at 763 K can be assigned to solid car-
bon fibers formed on the Ni metal particles. The small peak
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Figure 9. CH4 pyrolysis at 1073 K for 1 h on spc-Ni0.2/SrTiO3 and imp-
Ni0.2/SrTiO3. (a) CH4 conversion vs. reaction time and (b) rate of H2

formation vs. reaction time.

at 798 K can be assigned to the carbon species on the SrTiO3

support, which probably formed by the CH4 pyrolysis on
the SrTiO3 support directly or by overgrowing from the Ni
metal particles [16]. Because of its small amount, the carbon
species on SrTiO3 was hardly observed by TEM. During the
TPH process, the CH4 signal was observed between 723 and
1073 K. A main peak with its maximum rate of CH4 forma-
tion at 883 K and a long tail up to 1073 K were observed
in the process. No higher hydrocarbon was detected in the
TPH process. The carbon species was hydrogenated com-
pletely in the TPH process too. Accordingly, the main peak
in the TPH process can be assigned to solid carbon fibers
formed on the Ni metal particles, while the long tail to the
carbon species on the SrTiO3 support. Comparison between
the TPO and TPH profiles indicates that the carbon species
formed on spc-Ni0.2/SrTiO3 was more reactive to O2.

TPO and TPH of the carbon species formed in the CH4

pyrolysis at 773 K for 1 h over imp-Ni0.2/SrTiO3 (fig-
ure 8(b)) gave similar results to those on spc-Ni0.2/SrTiO3.
In the TPO process, the main peak was found in the same
position as that on spc-Ni0.2/SrTiO3, but the small peak was
found with its maximum rate of CO2 formation at 788 K. In
the TPH process, the main peak was found in same position
as that on spc-Ni0.2/SrTiO3 but the long tail ended at 1198 K.
The carbon species were completely removed by O2 and H2

during the TPO and TPH processes.

Figure 10. SEM images of the carbon species formed in CH4 pyrolysis at
1073 K for 1 h on (a) spc-Ni0.2/SrTiO3 and (b) imp-Ni0.2/SrTiO3.

3.3. CH4 pyrolysis on spc-Ni0.2/SrTiO3 and
imp-Ni0.2/SrTiO3 at 1073 K

CH4 was pyrolysed on spc-Ni0.2/SrTiO3 and imp-Ni0.2/
SrTiO3 at 1073 K for 1 h (figure 9). Similarly to the results
at 773 K, the CH4 conversion and the rate of H2 produc-
tion on imp-Ni0.2/SrTiO3 were slightly higher than those on
spc-Ni0.2/SrTiO3. Also, only CH4 and H2 were detected in
the gas phase during the reactions. The C/Ni ratio of the
carbon species formed at 1073 K on imp-Ni0.2/SrTiO3 was
slightly higher than that on spc-Ni0.2/SrTiO3 (table 1). How-
ever the C/Ni ratio of those formed at 1073 K on both the
catalysts were far lower than those formed at 773 K. The
amount of the carbon species was also approximately 0.5
times the amount of H2 formed in the CH4 pyrolysis on both
the catalysts.

SEM images of the carbon species formed in the CH4 py-
rolysis at 1073 K on both catalysts are shown in figure 10.
On both the catalysts, carbon deposited in fiber shape or
sometimes in ball shape, and the length of fiber was much
shorter than those formed at 773 K. The distribution of outer
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Figure 11. (a1) TEM micrograph, (a2) high-resolution micrograph of carbon fiber and (b1) TEM micrograph, (b2) high-resolution micrograph of carbon
ball formed in CH4 pyrolysis at 1073 K for 1 h on spc-Ni0.2/SrTiO3.

diameters of the carbon fibers formed at 1073 K on spc-
Ni0.2/SrTiO3 (20–90 nm) was also narrower than that on
imp-Ni0.2/SrTiO3 (20–160 nm).

TEM images of the carbon species formed on spc-
Ni0.2/SrTiO3 at 1073K for 1 h (figure 11) indicate that, simi-
lar to the SEM observations, there were two kinds of carbon
species on the catalyst surface. One kind of carbon was hol-
low graphitic fibers (figure 11 (a1) and (a2)) and a Ni metal
particle was located in a hollow nano-fiber, with the same
width as the inner diameter of the hollow fiber. Therefore,
the inner diameter of the carbon fiber depended on the Ni
metal particle size. It is suggested, in this case, that the fibers
were formed via a bi-directional precipitation of carbon on
the opposite faces on the Ni metal particles [17]. The other
kind of carbon, which covered a Ni metal particle (figure 11

(b1) and (b2)), consisted of graphitic platelets oriented paral-
lel to the Ni metal particle. It corresponds to the carbon ball
observed by SEM.

TEM images of the carbon species formed in the CH4

pyrolysis on imp-Ni0.2/SrTiO3 at 1073 K for 1 h are shown in
figure 12. Two kinds of carbon species were observed in this
case too. One was solid graphitic carbon fibers (figure 12
(a1) and (a2)) in which Ni metal particles located and the
other was a graphitic carbon ball with a Ni metal particle
inside (figure 12 (b1) and (b2)).

TPO and TPH of the carbon species formed in the CH4

pyrolysis at 1073 K for 1 h on spc-Ni0.2/SrTiO3 are shown
in figure 13(a). During the TPO process CO2 was observed
between 523 and 923 K as the only product. A peak with
its maximum rate of CO2 formation at 763 K was observed
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Figure 12. (a1) TEM micrograph, (a2) high-resolution micrograph of carbon fiber and (b1) TEM micrograph, (b2) high-resolution micrograph of carbon
ball formed in CH4 pyrolysis at 1073 K for 1 h on imp-Ni0.2/SrTiO3.

in the process. The peak was assigned to oxidation of the
carbon fibers and carbon balls formed on the Ni metal par-
ticles. No peak responsible to carbon species on the SrTiO3
support was found. The carbon species formed at 1073 K
on spc-Ni0.2/SrTiO3 had been oxidized completely under
the present TPO condition. During the TPH process, CH4
was observed between 923 and 1273 K as the only prod-
uct. A broad peak with its maximum rate of CH4 forma-
tion at 1023 K and a long tail up to 1273 K were observed.
Even at 1273 K, unhydrogenated carbon species still re-
mained (15 wt% of the carbon species remained after the
TPH process). Therefore, the carbon species formed on Ni
metal particles at 1273 K could not be hydrogenated com-
pletely under the present TPH condition.

TPO and TPH of carbon species formed in CH4 decom-
position at 1073 K for 1 h on imp-Ni0.2/SrTiO3 (figure 13(b))
were similar to the results on spc-Ni0.2/SrTiO3. The carbon
species formed at 1073 K on imp-Ni0.2/SrTiO3 had been ox-
idized completely under the TPO condition but 10 wt% of
the carbon species remained after the TPH process.

It is clear that the amount of carbon species formed in the
CH4 pyrolysis on imp-Ni0.2/SrTiO3 was slightly greater than
that over spc-Ni0.2/SrTiO3 at both 773 and 1073 K. This is
attributed to the spc method giving the higher dispersion of
Ni metal particles on the SrTiO3 support [10–13]. It is in-
teresting to note that the amount of carbon species formed
at 1073 K on both the catalysts was much smaller than the
amount of carbon species formed at 773 K. Thermodynamic
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Figure 13. TPO and TPH profiles of the carbon species formed in CH4 py-
rolysis at 1073 K for 1 h on (a) spc-Ni0.2/SrTiO3 and (b) imp-Ni0.2/SrTiO3.

calculation indicates that CH4 is more easily decomposed
at 1073 K than at 773 K [18]. Therefore, it is likely that a
quick deactivation by coke formation occurred in the CH4

pyrolysis on both catalysts at 1073 K. The smaller amount
of carbon species formed at 1073 K than at 773 K might be
explained as follows: at 1073 K, Ni particles, which were
encapsulated inside by coke, could not play a catalytic role
for CH4 pyrolysis, whereas at 773 K, Ni particles, which
were on the tip of the carbon fiber, kept their catalytic activ-
ity. The carbon species formed in the CH4 pyrolysis on both
the catalysts at 1073 K showed almost the same reactivity to
O2 as those formed at 773 K. However, the carbon species
formed on both catalysts at 773 K were more reactive to H2
than those formed at 1073 K. The carbon species formed
on both catalysts reacted with O2 at the lower temperature
around 773 K than with H2, suggesting that the carbon could
be easily removed by O2 during the partial oxidation of CH4
at 1073 K.

It was previously reported that the spc-Ni0.2/SrTiO3 cat-
alyst showed high activity as well as high sustainability
against coke formation during the partial oxidation of CH4

at 1073 K, as shown in figures 1–3 [13]. This is due to
the highly dispersed and stable Ni metals particles on spc-
Ni0.2/SrTiO3. C/Ni atomic ratio calculated from the re-
sults of figure 2 is 0.18 and 3.84 for spc-Ni0.2/SrTiO3 and

imp-Ni0.2/SrTiO3, respectively, after the CH4 oxidation at
1073 K for 6 h. These values seem too small compared
to those obtained in the CH4 pyrolysis for 1 h (table 1)
considering the reaction time. More than 20 times larger
amount of carbon deposited in the CH4 oxidation, while
less than 2 times larger amount of carbon was observed in
the CH4 pyrolysis, on spc-Ni0.2/SrTiO3 compared to imp-
Ni0.2/SrTiO3. Moreover, the CH4 oxidation was not signifi-
cantly retarded over the catalysts. However, in the CH4 py-
rolysis, both catalysts were quickly deactivated by coke for-
mation and no significant difference was observed between
spc-Ni0.2/SrTiO3 and imp-Ni0.2/SrTiO3 in the sustainability
against coking (table 1). The CH4 pyrolysis is more appro-
priate than the CO disproportionation as an origin of the coke
formation at 1073 K. It is therefore clear that high disper-
sion of Ni metal particles alone is not sufficient for protect-
ing the catalyst from coke formation. Coke must be elim-
inated by the succeeding reforming reactions. It is likely
that high activity of the reforming reaction is important for
affording the high sustainability against coking on the cata-
lyst.

4. Conclusion

The carbon formation was studied in the CH4 pyroly-
sis over spc-Ni0.2/SrTiO3 and imp-Ni0.2/SrTiO3 at 773 and
1073 K and discussed on related to the anti-coking nature
of spc-Ni0.2/SrTiO3 in the CH4 oxidation at 1073 K. In the
CH4 oxidation, spc-Ni0.2/SrTiO3 showed clearly higher ac-
tivity as well as higher sustainability against coking than
imp-Ni0.2/SrTiO3. In the CH4 pyrolysis, graphitic carbon
fibers formed on both the catalysts and a Ni metal particle
anchored on the tip of the fiber at 773 K, while ball-shaped
carbon with a Ni metal particle inside was observed over
both catalysts at 1073 K. The C/Ni atomic ratio was signif-
icantly higher in the CH4 oxidation, but almost similar in
the CH4 pyrolysis, on imp-Ni0.2/SrTiO3 compared to spc-
Ni0.2/SrTiO3 at 1073 K. The carbon species formed in the
CH4 pyrolysis on both catalysts at 1073 K were rather reac-
tive to O2. Thus no significant difference was observed be-
tween spc-Ni0.2/SrTiO3 and imp-Ni0.2/SrTiO3 from the view
point of anti-coking nature in the CH4 pyrolysis. On both
catalysts at 773 K, CH4 was pyrolysed to form carbon atoms
on the surface of Ni metal particles, which migrated to the
site where filamentous carbon growth occurred steadily. At
1073 K, CH4 was quickly pyrolysed to form numerous car-
bon atoms that in turn quickly covered all the surface of Ni
metal particles, resulting in the deactivation of both the cata-
lysts. It is thus likely that the high sustainability against cok-
ing of the spc-Ni0.2/SrTiO3 catalyst is not due to its intrinsic
nature suppressing the coking but due to its high activity of
reforming which can quickly eliminate the carbon formed on
the catalyst surface.
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