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Supported Ni catalysts on perovskite-type CaTiO3, SrTiO3, and
BaTiOj; oxides were prepared by the solid-phase crystallization (spc)
method and tested for the partial oxidation of CHy4 to synthesis
gas. The impregnation (imp) method was used for comparison.
spc-Ni/SrTiO3 showed the highest activity as well as the highest
sustainability against both coke formation and reoxidation of Ni
metal, followed by spc-Ni/BaTiO3, spc-Ni/CaTiO3, and then imp-
Ni/SrTiO3. The order of the activity was clearly confirmed in the re-
action at high space velocity. Both transmission electron microscopy
and temperature-programmed reduction showed the presence of
finely dispersed and stable Ni metal particles on the catalysts and
their amount correlated well with the order of the catalytic activity.
It is suggested that incorporation of Ni is enhanced in SrTiO3, fol-
lowed by BaTiO3, and much less in CaTiO3, resulting in the higher
dispersion of Ni metal particles on SrTiO3;. Less heat was gener-
ated over spc-Ni/SrTiO3 during CH4 oxidation, suggesting that the
heating of the catalyst bed by CH4 combustion must be quickly
compensated for by endothermic reforming reactions. Oxygen mo-
bility was highest over spc-Ni/SrTiO3; as judged from CO, pulse
measurements. The high sustainability against coke formation may
be due to the high activity of finely dispersed nickel metal particles
for the reforming reactions partly assisted by the mobile oxygen on
the catalyst. © 2002 Elsevier Science (USA)

Key Words: Ni catalysts; perovskite oxides; CaTiOs; SrTiOs;
BaTiOs3; in situ reduction; high dispersion of Ni; partial oxidation
of CHy; coke formation; mobile oxygen.

INTRODUCTION

The partial oxidation of CH4 to synthesis gas is an es-
tablished industrial process (1) which operates at high tem-
perature (>1473 K) and under high pressure (10.1 MPa).
Recently, intensive study has been done on the catalytic
partial oxidation of CHy4 to synthesis gas (2-16):

CH;+1/20, — CO+2H, AHyg =—36kImol™'. [1]
This process has advantages over the conventional steam
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reforming of CH4 to synthesis gas, as the latter process
is highly endothermic and produces synthesis gas with a
H,/CO ratio of 3. The partial oxidation of CH4, expected
to afford synthesis gas with a H,/CO ratio of 2, makes
methanol synthesis an ideal follow-up process. Ashcroft
et al. (4-7) reported that transition metals like Ni, Ru, Rh,
Pd, I, and Pt supported on alumina were active in this reac-
tion at 1048 K. Especially, Ru catalyst in situ prepared from
Ru pyrochlore (Ln;Ru,07) during the reaction showed a
high activity (4). Ni/Al,O3, a typical catalyst for steam re-
forming, was studied for the partial oxidation of CH4 above
973 K (10). This process involves first the oxidation of a part
of CH4 to H,O and CO,, followed by the reforming of CH4
with H,O and COx:

CH;+20;— CO, +2H,0  AHg « =—801kJmol ™" [2]
CH;+H,0 - CO+3H, AHgx =+206kImol™!  [3]
CH; +CO; —2CO+2H, AHNg x =+247kIJmol™!. [4]

In the partial oxidation of CH4 to synthesis gas, coke
formation over the catalyst takes place frequently, result-
ing in catalyst deactivation. Claridge et al. (7) observed
that the relative rate of coke formation follows the or-
der Ni > Pd >» Rh, Ru, Pt, and Ir. Nickel catalysts are
highly effective for partial oxidation of CHy to synthesis
gas, but they are unsatisfactory with respect to coke for-
mation. We have proposed the concept of the preparation
of well-dispersed and stable metal-supported catalysts, i.e.,
“solid-phase crystallization” (spc). This method has been
successfully applied to the preparation of a Ni-supported
catalyst for the partial oxidation of CH,4 to synthesis gas (18—
24). By using CaTiO3 perovskite containing small amounts
of Ni in the Ti sites as the precursor, a highly dispersed
and stable Ni metal was formed in situ on the catalyst, re-
sulting in both high activity and sustainability against coke
formation during the partial oxidation of CH4 to synthesis
gas. However, the details of the dependency of the cata-
lytic properties on the nature of the materials have not
yet been well elucidated. Here we report the relationships
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between the physicochemical properties and the catalytic
behaviors of the Ni/perovskite catalysts prepared by the
spc method and tested in the partial oxidation of CHy to
synthesis gas.

EXPERIMENTAL METHODS

Preparation of the Catalyst

The spc-Nig,/CaTiOs3, spc-Nig,/SrTiOs,  spc-Nigo/
SrTip303, and spc-Nig,/BaTiO; catalysts were obtained
in situ by the spc method from the perovskite precursors
prepared by the citrate method (18-24). The precur-
sors were prepared as follows: An aqueous solution of
reagent-grade nickel nitrate, alkaline earth carbonates, and
titanium isopropoxide was treated with an excess amount
of citric acid and ethylene glycol; this mixture was evap-
orated at 353-363 K to make a sol of the organometallic
complex. This was followed by two-step decomposition by
heating at 473 K for 5 h and 773 K for 5 h and finally by
calcining at 1123 K in air for 5 h. The imp-Nig,/SrTiO;
catalyst was prepared by an impregnation (imp) method
using SrTiOs, which was separately prepared by the citrate
method. @-Al,O3 and MgO were purchased and also used
as supports. In both spc and imp, the Ni/Ti atomic ratio
was fixed at 0.2/1.0, which corresponds to a Ni loading
of 5.9 wt%. The catalyst was pressed binder-free into
25-mm-diameter pellets, using 5 tons of pressure. The
pellets were calcined in air at 1173 K for 5 h and crushed
to 22-30 mesh size particles.

Characterization of the Catalyst

The structures of the catalysts were studied by XRD,
TEM, BET, and TPR. X-ray diffraction was measured
by using a Rigaku RINT2550VHF diffractometer with
CuK o radiation. Transmission electron micrographs were
obtained on a JEOL JEM 3000F instrument equipped
with a Hitachi/Kevex H-8100/Deltal V EDS. BET measure-
ments were conducted using N, at 77 K with a BEL Japan
BELSORP18 instrument. Temperature-programmed re-
duction of the catalyst was performed at a heating rate of
10 K min~! using a mixture of 3 vol% H,/Ar as reducing
gas after passing through a 13X molecular sieve trap to
remove water. A TCD was used for monitoring the H, con-
sumption. Prior to the TPR measurements, the sample was
calcined at 573 K for 2 h in 20 vol% O,/N; gas.

Catalytic Testing

All catalysts were tested by using a temperature-
programmed reaction in a mixture of CH4/O,/N; = 10/5/
20 ml min~! (all purchased from Takachiho Chemical
Co. Ltd.). The reaction was carried out by increasing the
reaction temperature from room temperature to 1073 K at
a rate of 2.5 K min~!. Moreover, the reactions for test-
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ing the coking were carried out at 1073 K for 6 h un-
der the same conditions. A U-shaped quartz reactor was
used, with the catalyst bed near the bottom. One hun-
dred fifty milligrams of catalyst was dispersed in 2 ml of
quartz beads to avoid sintering and clogging of the reactor.
The hourly space velocity of the gas was changed when
necessary. The thermocouple by which the reaction tem-
perature was controlled was placed at the center of the
catalyst bed. Product gases were analyzed by online gas
chromatography. The selectivities to CO,, CO, and H, were
calculated based on the numbers of carbon and hydrogen
atoms in CHy4. A blank test without the catalyst showed
low enough values of 22 and 8% of O, and CH,4 conver-
sion, respectively, at 1073 K. It was confirmed that no chan-
neling of the reactant gas occurred under all experimental
conditions.

After 6 h of testing, the reactor was filled with ni-
trogen and cooled according to normal procedures. Fi-
nally, temperature-programmed oxidation was performed
by heating the reactor from room temperature to 1223 K at
a rate of 2.5 K min~! under air atmosphere at a flow rate
of 41 ml min~!. Off-gases were analyzed as usual, and the
amount of coke formed on the catalyst was estimated from
the amount of CO; formed during the reaction.

Pulse reactions were carried out to estimate the amount
of mobile oxygen in the catalysts using the U-shaped quartz
reactor. One hundred milligrams of the sample was treated
by Hy (1 ml x 5) pulses at 1123 K. The reduced sam-
ple was treated by a CO, pulse and the amount of mo-
bile oxygen was then estimated from the amount of CO
formed.

RESULTS

CH, Oxidation over the Catalyst

As the temperature increased from room temperature
to 1073 K during the reaction, the CH,4 conversion curves
clearly showed two steps (Fig. 1, left-hand side), corre-
sponding to the combustion of CHy (reaction [2]) in the
first step followed by reforming reactions of CHy to syn-
thesis gas (reactions [3] and [4]) in the second step. The
catalysts were used as prepared (after the calcination at
1123 K for 5 h) and reduced in situ to the active form dur-
ing the reaction. The results of CH, oxidations over the
Ni/perovskite catalysts are also shown in Table 1. The val-
ues calculated from the thermodynamic equilibrium of re-
actions [2], [3], and [4] are shown as references in the table.
The molar ratio of CH4/O; = 2/1 used in the reaction al-
lowed 1/4CHy4 to react with all O, to form a gas mixture of
CH4/CO,/H;0 in the combustion step (reaction [2]). The
mixed gas thus formed reduces the nickel in the rest of the
catalyst bed to Ni’, which then catalyzes the reforming re-
action of the remaining 3/4CHy4 with CO, and H,O at the
higher temperature (reactions [3] and [4]). The combustion
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FIG.1. Temperature-programmed oxidation of CHy (left-hand side)

followed by life test for 6 h (right-hand side) over the Ni/perovskite cata-
lysts.

of CHy4 took place around 25% of CH,4 conversion and was
then followed by the reforming reaction to produce synthe-
sis gas with high selectivity. A transition from combustion
to reforming is clearly seen in the product distributions of
each reaction, i.e., by the formation of CO, with high selec-
tivity at 973 K, followed by CO and H; at 1073 K (Table 1).
spc-Nig,/SrTiOs; (Fig. 1, left-hand side) showed the highest
activity for both combustion and reforming, followed by
spc-Niy/BaTiOs and imp-Nig,/SrTiOs. spc-Nig,/CaTiO3
showed no activity for the reforming reactions, even at
1073 K, and became active after being held under the re-
ducing atmosphere at 1073 K for 30 min (Table 1 and Fig. 1,
right-hand side).

Structure of the Ni/Perovskite Catalysts

The surface areas of the catalysts are presented in Table 2.
All the catalysts showed a rather small surface area of about
10 m? g~!. The X-ray diffraction patterns of powders of
SpC-Nio'z/CaTin,, spc-NiO,z/SrTiO3, and SpC-Ni()'z/BaTiO::,,
together with those of imp-Nig,/SrTiOs, as prepared and

TABLE 1
CH4 Oxidation over the Ni/Perovskite Catalysts®

Conversion (%) Selectivity (%)
Catalyst CH,4 O, CcO H, CO,

spc-Nig,/CaTiO; 24.8 100 0 14 100

93.8" 100 98.3 98.2 1.7
spc-Nig/StTiO3 94.4 100 97.9 97.9 2.1
spc-Nig,/BaTiO3 93.9 100 96.5 95.9 3.5
imp-Nig,/SrTiO; 94.7 100 97.8 97.8 22
thermodynamics® (97.1) (100) (96.8) (97.0) (3.2)

¢ Catalyst, 150 mg; CH4/O,/N, =
1073 K.

b After reaction at 1073 K for 30 min.

“Numbers in parentheses show the values calculated from thermo-
dynamic equilibrium of reactions [2]-[4].

10/5/20 ml min~!; temperature,
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after reaction are shown in Fig. 2. “As prepared” means
“after the calcination at 1123 K for 5 h,” and “after
reaction” means “after temperature-programmed reaction
from room temperature to 1073 K, followed by the reac-
tion at 1073 K for 6 h.” The catalysts as prepared showed
the lines of the perovskite structure of CaTiO3; (JCPDS:
22-153) (JCPDS: Joint Committee of Powder Diffraction
Standard), SrTiO3 (JCPDS: 35-734), and BaTiO; (JCPDS:
5-626), together with those of NiO (JCPDS: 4-835). Appar-
ently only NiO was reduced to Ni metal (JCPDS: 4-850) in
all the catalysts after the reaction. The intensities of the
diffraction lines of each perovskite (110), NiO (111), and
Nimetal (111), and the full-width at half-minimum (fwhm)
values of each line are shown in Table 2. The diffraction lines
of perovskite, NiO, and Ni metal were sharp and strong in
the imp catalyst but much weaker and broader in the spc
catalysts. Among the spc catalysts, the lines of NiO were
observed most strongly in spc-Nig,/CaTiOs3 (Fig. 2a), while
traces of the lines were observed in both spc-Nig,/SrTiO;
(Fig. 2¢) and spc-Nij »/BaTiOs3 (Fig. 2e). Both the width and
the strength of the line of Ni metal (Figs. 2b, 2d, and 2f) cor-
related well with those of the original NiO, suggesting that
the order of crystal growth of both NiO and Ni metal is as
follows: spc-Niy,/CaTiO3 > spc-Nig,/BaTiO3 > spc-Nig,/
StTiOs.

The results of the TEM observation of the catalysts after
the reactions for 6 h are shown in Fig. 3. imp-Nij,/SrTiO;
showed large Ni metal particles, with a diameter of around
40-50 nm, and aggregates of perovskite single crystals
(Fig. 3a). In spc-Nij »/CaTiOs3, the size of the Ni metal par-
ticles decreased to about 20-30 nm, and in addition sev-
eral dark spots appeared on the perovskite single crystals
(Fig. 3b). The number of dark spots increased with a further
decrease in the size of the Ni metal particles to less than
20 nm on spc-Nip,/BaTiOs (Fig. 3c). Some substructures
were observed and were probably due to the orientation
of the crystal growth of the perovskite in this catalyst.
No Ni metal particles were observed, and the number of
the dark spots increased enormously on spc-Nij,/SrTiO3
(Fig. 3d). However, the presence of XRD lines due to Ni
metal (Fig. 2) suggests that the Ni metal particles still ex-
ist in spc-Nig,/SrTiO3. The size and the shape of the dark
spots are not clear enough, and therefore their quantita-
tive evaluation is not possible. In a previous paper (22),
it was shown that the TEM image of spc-Ni/BaTiO3; un-
der high magnification suggests that the dark spots may be
the aggregates of finely dispersed Ni metal particles with
a diameter of less than 1 nm. This strongly suggests that
ultrafine particles of Ni metal were formed on the present
catalysts prepared by the spc method. We failed to deter-
mine the distribution of the Ni metal particles by H, ad-
sorption, suggesting that either the size of the Ni metal
particles was too small or their nature was changed by the
interaction with the supports. According to the TEM re-
sults, the relative amounts of ultrafinely dispersed Ni metal
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TABLE 2

Surface Areas and X-Ray Diffraction Data of the Ni/Perovskite Catalysts

Perovskite (110)
intensity” NiO (111) Ni (111)
Surface area
Catalyst (m? g™1) Before?  After¢ Intensity* fwhm? Intensity” fwhm?
spc-Nig,/CaTiO3 10.3 3067 1779 261 0.34 299 0.32
spc-Nig2/StTiO3 12.4 9138 5279 219 0.54 135 0.43
spc-Nig,/BaTiO; 13.7 4305 4000 80 0.50 133 0.30
imp-Nig/StTiO3 12.8 8691 11227 367 0.26 467 0.14

¢ cps.

b Before the reaction.

¢ After the reaction.

4 Full width at half minimum.

in the total surface Ni metal can be placed in the follow-
ing order: spc-Nig2/SrTiO3 > spc-Nig2/BaTiO3 > spc-Nig o/
CaTiO3 > imp-Nig,/SrTiOs. Generally, finely dispersed
metal particles are not very stable and tend to sinter. How-
ever, this is not the case in the present catalysts, since ultra-
finely dispersed Ni metal particles were still observed after
the reaction for 50 h at 1073 K on spc-Nig »/SrTiO3 and their
activity did not decline at all during the reaction. This may be
due to a strong interaction between the Ni metal particles
and the perovskite support, since the Ni species were origi-
nally incorporated in the crystal structure in the precursor.

Stability of the Catalysts

After the steady state of reforming activity was attained
on all the catalysts at 1073 K, the temperature of the reac-
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FIG.2. X-ray diffraction patterns of the Ni/perovskite catalysts. (a)
spc-Nig,/CaTiO5 as prepared, (b) spc-Nig,/CaTiO;5 after reaction, (c)
spc-Nig2/SrTiO3 as prepared, (d) spc-Nig,/SrTiOs after reaction, (e) spc-
Nij,/BaTiO3 as prepared, (f) spc-Nip,/BaTiO; after reaction, (g) imp-
Niy,/StTiO3 as prepared, and (h) imp-Nig,/SrTiO; after reaction.

tor was decreased step by step, and the reaction was carried
out for 2 h at each temperature (Fig. 4). spc-Nij,/CaTiOs3,
spc-Nig»/SrTiOs, and spc-Nig,/BaTiO3 showed a reform-
ing activity which almost followed thermodynamic equi-
librium, while only imp-Nip,/SrTiO; showed a decrease
in reforming activity when temperature decreased below
873 K. The activity of spc-Nig,/CaTiO3 was not stable,
and the conversions of CHy and O, decreased from 39
to 9% and from 100 to 36%, respectively, during the re-
action at 773 K for 2 h. During the CHy4 oxidation over
spc-Nig,/CaTiO3 at 773 K, the reaction slowly changed
from the reforming mode to the combustion mode judg-
ing from the product selectivities and the CH4/O; con-
versions. Both spc-Nig»/SrTiOs and spc-Nig,/BaTiOs still
produced CO and H; together with CO, following ther-
modynamic equilibrium, while both imp-Nij,/SrTiO3; and
spc-Nig»/CaTiO3 produced only CO,. This may be due to
the surface oxidation of Ni metal over the catalyst. In the
XRD patterns of imp-Nig,/SrTiOs and spc-Nig,/SrTiO;
after the reaction at 573 K for 2 h, i.e., by further de-
creasing the temperature, the peaks of NiO were observed
more strongly in imp-Nig»/SrTiO; than in spc-Nig »/SrTiOs.
These results suggest that Ni metal particles are more
easily oxidized on the former than on the latter. spc-
Nig,/CaTiO3 also showed peaks of NiO more enhanced
than those of spc-Nig,/SrTiOs3. Thus, it is likely that Ni
metal species formed on both imp-Nij,/SrTiO; and spc-
Nig,/CaTiO3 are not stable and are quickly oxidized on
the former and slowly on the latter in the presence of O,.

Effect of the Space Velocity

As seen in Table 1, the reactions are almost controlled
by the thermodynamic equilibrium at 1073 K, and the com-
parison of the activities between the Ni/perovskite catalysts
is not easy. The activities can be rationally compared un-
der kinetically controlled conditions, and the reaction was
therefore carried out at 1073 K by increasing the space ve-
locity (Fig. 5). The CH,4 conversion decreased significantly
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FIG.3. TEM observations of the Ni/perovskite catalysts after reaction. (a) imp-Nig,/StrTiOs, (b) spc-Nip,/CaTiOs, (¢) spc-Nig,/BaTiOs, and

(d) spe-Nig,/SrTiO;.

with increasing space velocity on imp-Nig/SrTiO3, while
the spc-catalysts, among which spc-Nig,/SrTiO3; showed
the highest activity followed by spc-Nig,/BaTiO3 and spc-
Nip,/CaTiO3, were active enough even under the high space
velocity. The order of the activity shown by the CH4 conver-
sion at high space velocity correlated well with that of the
CO selectivity (Fig. 5) as well as with that of the H; selecti-

vity, suggesting that ultrafinely dispersed Ni metal particles
are effective for the partial oxidation of CHy into synthesis
gas. At increasing space velocity, a large amount of CHy is
oxidized (reaction [1]) and the heat is accumulated in the
catalyst bed, resulting in an increase in the temperature.
This may also cause a shift in the thermodynamic equilib-
rium to increase the selectivity of CO. In the present work,
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FIG. 4. Oxidation of CH, over the Ni/perovskite catalysts by stepwise
decrease of the reaction temperature from 1073 to 773 K.

however, the reaction temperature was controlled and al-
ways kept at 1073 K at the center of the catalyst bed, even at
high space velocity. The heat of the reaction, if it appeared,
was almost compensated by lowering the temperature of
the electric furnace. Moreover, the heat of exothermic com-
bustion was also effectively compensated by the following
endothermic reforming reactions (vide infra). When the
CO; reforming of CHy4 was carried out on the same cata-
lysts, the selectivity of CO settled down in the same or-
der as that for the catalytic activity. These results strongly
suggest that the effect of temperature can be neglected and
that the CO selectivity reflects the character of the catalysts
well. Thus, spc-Nig2/SrTiO3 was the most effective catalyst

spc-Nig »/StrTiO5
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FIG.5. Effect of the space velocity on CH4 conversion and CO selec-
tivity in the CHy4 oxidation over the Ni/perovskite catalysts.
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for the production of synthesis gas and maintained a high
activity as well as a high selectivity to CO above 98%, even
at the high space velocity of 112,000 ml g-cat~' h™!.

Coke Formation and Mobile Oxygen on the Catalyst

The amount of coke formed on the catalyst after the
reaction for 6 h was measured. imp-Niy,/SrTiO3; showed
the highest value (4.7 wt%) of coke formation. Among
the spc-catalysts, both spc-Nig,/SrTiO; (0.22 wt%) and
spc-Nig,/BaTiO3 (0.32 wt%) showed smaller amounts of
coke formation, while spc-Nig ,/CaTiO3 afforded the largest
amount (4.0 wt%) of coke after the reaction. It is reported
that finely dispersed Ni metal particles are effective for sus-
tainability against coke formation (17). However, we did
not observe a clear difference in anti-coking properties be-
tween spc-Nig,/SrTiOs and imp-Nig,/SrTiO3 in the CHy
pyrolysis at 1073 K (25). At 1073 K and at atmospheric
pressure, the main source of coke formation is considered
to come from CHy pyrolysis rather than from CO dispro-
portionation (7). Both catalysts quickly lost the activities
of CHy4 pyrolysis, since Ni metal particles were encapsu-
lated in graphite layers on both spc-Nij,/SrTiO3 and imp-
Nig/SrTiO3. Quick deposition of carbon on the Ni surface
exceeded the migration of carbon over the surface of or
through the bulk of Ni metal particles, resulting in the de-
activation of the catalysts. A quick elimination of carbon
formed on the catalyst surface will be effective for keeping
the catalyst active, and this may be achieved by the highly
active sites for the reforming reactions. Thus, the high dis-
persion alone cannot explain the anti-coking property of
the catalyst well.

We have reported that a mobile oxygen species is ef-
fective for lowering the coking on the Ni catalyst (21).
The amount of mobile oxygen in the supports or the cat-
alysts was measured by the CO; pulse reaction. The sam-
ples of both supports and catalysts were treated with H,
pulses. The mobile oxygen in the samples reacted with Hj
to form H,O and oxygen vacancies, which were in turn re-
oxidized with CO, to form CO. The amounts of CO formed
during 10 CO; pulses on several samples are shown in
Fig. 6. Thus, the amounts of mobile oxygen in the sup-
ports and the catalysts were calculated from the CO in-
tegrated during the pulse experiments (Table 3). Gener-
ally, the perovskite supports showed higher values than
those for the conventional supports, among which the val-
ues for SrTiOs; were higher than those of CaTiO; and
BaTiO3;. When Ni was supported on SrTiOs, a significant
increase was observed on spc-Nig,/SrTiO3, while no sub-
stantial change was observed on imp-Nig»/SrTiOs. This is
probably due to the incorporation of Ni in the Ti site in
SrTiO;. A similar increase was observed when Ni was sup-
ported on MgO but not so clearly on a-Al,Os. This may
reflect that Ni forms a solid solution in MgO (26) but not in
a-ALOs.
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The order of the oxygen mobility of the supports and
the catalysts almost coincides with that of the sustainabil-
ity against coking, suggesting that mobile oxygen may be
effective for eliminating coke formed on the catalyst sur-
face. The oxygen species can migrate from the support to
the surface of the Ni metal particles by reverse spillover
and react with the carbon species formed from either CHy
or CO. Oxygen vacancies can be refilled by oxygen species
from either O, or CO;. Fine Ni metal particles may have
an advantage in the carbon removal, since the path of oxy-
gen migration to carbon species is rather short compared
to that of large-sized Ni metal particles. It is likely that a
synergic effect between the fine Ni metal particles and the
oxygen mobility explains the sustainability against coking
on the spc-catalysts.

TPR of the Ni/Perovskite Catalysts

Ni species originally included in the crystal structure of
the perovskite precursors may appear at the surface of

TABLE 3

Oxygen Mobility of the Supports and the Catalysts’

Amount of mobile oxygen

Sample (mol g-sample)
CaTiO3 143
SrTiO; 285
BaTiO; 76.4
MgO 4.0
o —Alz 03 0.7
SpC-NiQ_z/SI‘TiO3 468

imp-Ni/MgO 148
imp-Ni/a-Al,O3 11.0

“ Amount of mobile oxygen was measured by CO; pulse reactions.
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FIG.7. TPR of the Ni/perovskite catalysts.

the catalyst during the reaction. During the TPO (Fig. 1),
the reducibility of Ni species substantially changed de-
pending on the nature of the catalyst. Moreover, TEM
and XRD observations suggest that the surface Ni disper-
sion strongly depends on both the preparation method and
the nature of the support. TPR of the catalysts was car-
ried out under H; gas flow (Fig. 7). NiO showed the re-
duction peak to Ni metal at around 690 K. When NiO
was loaded on the perovskite, the peak of the Ni re-
duction shifted to a higher temperature; this temperature
was lower for imp-Nig,/SrTiO3; than for spc-catalysts. Ni
loading by the imp method resulted in the formation of
large NiO particles on the perovskite, and the TPR re-
vealed a rather simple reduction of NiO at low temper-
ature. The spc-catalysts showed two peaks of the Ni re-
duction, i.e., a broad one between 800 and 850 K and
a relatively sharp one at around 960 K, the former cor-
responding to the peak observed on imp-Nig,/SrTiOs.
The intensities of the former peaks were in the order
spc-Nig,/CaTiOs > spc-Nig,/BaTiOs > spc-Nig,/SrTiOs,
coinciding well with the order of the peak intensity of
NiO in the XRD of these catalysts (Table 2). This sug-
gests that NiO particles formed by the phase separation
during the spc preparation were loaded on the surface of
perovskite and were reduced at 800-850 K. The second
peak, which appeared around 960 K, differed from the
broad peak, and was observed at 968, 960, and 958 K for
SpC-Ni(),z/SI‘TiO% SpC-Nio,z/BaTiO% and SpC-Ni(),z/CaTiOg,
respectively. Again the reducibility of Ni species was
in the order of spc-Niy,/CaTiO3 > spc-Nig2/BaTiO3 > spc-
Nig,/SrTiO3, suggesting that the second peak was due to
the reduction of Ni species incorporated in the perovskite
structure.
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DISCUSSION

During the partial oxidation of CHy4, the combustion re-
action is a necessary first step not only for affording CO,
and H, O but also for reducing the Ni species; the reduction
can be accelerated in the absence of oxygen and make Ni
species active for the reforming reactions. The appearance
of the reforming activities on spc-Nig,/CaTiO3; was slow
compared to that of those on spc-Nip,/BaTiOs and spc-
Nig»/SrTiO3; nonetheless, Ni species in spc-Nig,/CaTiO;
can be more easily reduced than those in the other catalysts,
as observed in TPR results (Fig. 7). This may be due to the
low activity of spc-Nig,/CaTiO3; for the CH4 combustion
(Fig. 1) resulting in a slow reduction of the catalyst system.
In contrast, the most sustainable precursor against reduc-
tion, i.e., spc-Nip,/SrTiOs, was accompanied by an early
appearance of reforming activity; this may be due to a high
combustion activity (Fig. 1). imp-Nig »/SrTiO3 showed a low
activity for CH4 combustion and an easy reduction of the
surface nickel species, resulting in an activity in between
that of spc-Ni,/SrTiO3 and that of spc-Nig,/CaTiOs.

The CH4 combustion (reaction [2]) is exothermic, while
the reforming reactions of CH4 by H,O and CO, (reac-
tions [3] and [4]) are endothermic. The former is rapid
over the conventional Ni-supported catalysts, while the lat-
ter is slow, resulting in the formation of a hot spot at the
beginning of the catalyst bed (10). Moreover, an increas-
ing space velocity may result in an enormous increase in
the temperature due to an accumulation of the heat of
combustion. In the present work, the reaction tempera-
ture was controlled at the center of the catalyst bed, and
therefore the temperature of the furnace had to be low-
ered at high space velocity. Actually, the temperature of
the outer wall of the reactor was measured and compared
to that of the catalyst bed. The differences between the
center of the catalyst bed and the outer wall of the re-
actor in the temperatures observed at a space velocity of
14,000 ml h=! g-cat™! were —12, —4, and —9 K for spc-
NiQAz/CaTiO3, SpC-Ni(].z/SI‘TiO:;, and SpC-Ni()Az/BaTiO% res-
pectively. Those for the imp-catalysts supported on the per-
ovskites, including imp-Ni/MgO and imp-Ni/a-Al, O3, were
between —20 and —30 K. Moreover, the temperature dis-
tribution was measured by using either 200 or 400 mg of the
catalyst without diluting with quartz beads to see the tem-
perature profile more precisely (Table 4). The temperature
differences between the top and the bottom of the cata-
lyst bed were 5-6 and 17 K for spc-Nig»/SrTiOs and imp-
Nig »/SrTiO3, respectively. Combustion occurs at the top of
the catalyst bed, resulting in increasing temperature, while
reforming at the center and at the bottom causes decreas-
ing temperature. Even though it is not easy to measure the
temperature at the hot spot, smaller values of overheating
were observed over the spc-catalysts than over the imp-
catalysts, among which the smallest value was obtained
over spc-Nig,/SrTiOs. This value most likely reflects the
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TABLE 4

Temperature Profile in the Catalyst Bed”

Temperature in catalyst bed (K)

CHy4 conv.

Catalyst (%) Head Center Tail
spc-Nig»/SrTiO5" 95.2 1084 1081 1079
spc-Nig,/SrTiO5¢ 94.6 1081 1076 1075
imp-Nig 2/STTi05¢ 89.5 1095 1088 1078

Note. Reaction temperature was controlled at outer wall of the reactor
at 1073 K.

@ CH4/0,/N, = 10/5/20 ml min~!. Catalyst, 200" and 400° mg. The
length of the catalyst bed, 4.5 and 8.0¢ mm.

high activity of spc-Nig,/SrTiOj3 in the reforming reactions
[3] and [4]; the heat formed by exothermic combustion
(reaction [2]) is quickly removed by the endothermic re-
forming reactions [3] and [4], resulting in the small increase
in temperature. In contrast, the low activity of the imp-
catalysts for the reforming reactions cannot eliminate the
heat, resulting in both heat accumulation and a large differ-
ence in temperatures.

Tolerance factors [t = (ra +ro)/ V2(rg + ro), where ra,
rg, and ro are ionic radii of A, B, and O, respectively, in
ABOs perovskite] were calculated for each perovskite pre-
cursor. CaTiO3; and BaTiOj3 have values of 0.966 and 1.06
and orthorhombic and tetragonal structures, respectively
(27). SrTiO; has the ideal value of 1.00 and has the most
stable cubic crystal structure (28). The traces of NiO peaks
observed in the XRD patterns of both spc-Nig »/SrTiO3 and
spc-Nip»/BaTiOs may be due to either a good solubility of
Ni in the perovskite or, at least, crystallites too small to
give a signal. After catalytic testing, the XRD patterns of
spc-Nig»/SrTiO3 and spc-Nig/BaTiO3 also showed traces
of Ni metal peaks. We believe that a substantial part of
the nickel in the structure was reduced to its metallic form
on the surface during the reaction. The nickel metal par-
ticles are probably too small to give reasonable signals in
XRD.

From the intensities and fwhm of the strongest lines
of each perovskite (110), NiO (111), and Ni metal (111)
(Table 3), it is concluded that SrTiOj; crystallized well
in both spc-Nig,/SrTiOs and imp-Nig,/SrTiOs, followed
by BaTiO; in spc-Nip,/BaTiO3; and then CaTiO; in spc-
Nig,/CaTiOs. It is obvious from the change in the per-
ovskite (110) intensity that the crystallinity of SrTiO3 de-
creased in spc-Nip,/SrTiOs during the reaction, while no
significant change was observed in imp-Nig»/SrTiOs, sug-
gesting that Ni in the perovskite structure was released in
the former catalyst during the reaction. The NiO (111)
peak was weakened in the order of imp-Nij,/SrTiO; >
spc-Nip/CaTiOs > spc-Nig,/SrTiO3 > spc-Nig,/BaTiOs,
and the Ni metal (111) peak also decreased in the same
order. The linewidth of the NiO (111) peak was the
largest for spc-Nig,/SrTiO3, followed by spc-Nig ,/BaTiOs,
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spc-Nig,/CaTiO3, and then spc-Nig,/SrTiOs; that of the
Ni metal (111) peak was of the same order. All nickel
species must be segregated from the perovskite structure
in the case of imp-Nip,/SrTiO3, considering the prepara-
tion method of impregnation. All the spc-catalysts showed
smaller peak intensities of NiO (111) and larger linewidths
of Ni metal (111) than those of imp-Nig,/SrTiO3. This
suggests that the segregation of Ni species in the spc-
catalysts was less significant than that in imp-Nig,/SrTiOs.
A substantial amount of Ni species must either be incor-
porated into the perovskite structure or, at least, exist
as finely dispersed particles that cannot be detected by
XRD.

Iwahara et al. (29) reported that the solid solution forma-
tion range is limited to x = 0.1 or less in CaTi;_,Ni, O3_s.
We failed to detect evidence for Ni incorporation by a shift
of the diffraction lines of spc-Nig,/SrTiO3. This may be
due to the amount of Ni incorporation, being too small.
The driving force of the Ni migration from the perovskite
lattice to the surface may be partly due to the thermody-
namic equilibrium in the structure. The amount of oxygen
defects (8) in SrTi;_,Ni,Os_s prepared under an oxygen-
rich atmosphere can be increased under the reducing at-
mosphere. The increase in § may be accompanied by the
reduction of metal cations in the structure. The reduc-
tion of Ni** (or even Ni**) to Ni’ may be much easier
than that of Ti** to Ti**, even when the thermodynamic
equilibria between NiO/Ni and TiO,/Ti4O7 are compared
(30). Ni’ formed by the reduction can no longer stay in
the oxide lattice, resulting in the migration to and depo-
sition on the surface. Thus, Ni may appear on the sur-
face during the reaction to form highly dispersed metal
species.

CONCLUSION

The spc-Nij,/CaTiOs, spc-Nig,/SrTiOs, and spc-Nig o/
BaTiOs3 catalysts were prepared in situ during the reac-
tion from the perovskite-type mixed-oxide precursors and
tested for the partial oxidation of CHy to synthesis gas.
spc-Nig»/SrTiOs, followed by spc-Nig,/BaTiOs; and spc-
Nig,/CaTiO3, showed the highest activity as well as the
highest sustainability against coking on the catalyst; spc-
Nip»/SrTiO3 also showed stable activity even under oxi-
dizing atmosphere. The incorporation of Ni was most en-
hanced in SrTiOs3, followed by BaTiOs, and much less in
CaTiOs, resulting in a higher dispersion of Ni metal par-
ticles on the former support. These results coincided well
with the order of the activity at high space velocity spc-
Nig,/StTiO3 > spc-Nig2/BaTiO3 > spc-Nig,/CaTiOs. The
reaction proceeds by CH4 combustion followed by reform-
ing of CHy with H,O and CO,, and the heat of combus-
tion is quickly removed by the reforming on the highly
active catalyst. The high and stable activity may be due
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to highly dispersed and stable Ni metal particles on the
perovskite. The high sustainability against coke formation
may be due to the high activity for the reforming reac-
tions partly assisted by the mobile oxygen in the perovskite
supports.
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