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Abstract

Hysteresis of catalytic performance with respect to temperature increasing and decreasing in oxidative steam reforming of methane
(CH4/H,O/05/Ar = 40/30/20/10) over the monometallic Ni catalysts disappeared by the modification with Pt, and the additive effect of Pt
by the sequential impregnation method (Pt/Ni) was much more significant than that by the co-impregnation method (Pt 4 Ni) in terms of catalytic
performance and catalyst bed temperature profile. Characterization results by means of TEM, TPR, EXAFS, and FTIR suggest that the Pt atoms
on the Pt/Ni catalysts were located more preferably on the surface to form a Pt—Ni alloy than those on the Pt 4 Ni catalysts. The modification of
Ni with Pt suppressed the oxidation of Ni species near the bed inlet in the oxidative steam reforming of methane at 1123 K, although the species
on the monometallic Ni catalysts were oxidized under similar conditions. This can be due to the decreased oxidation rate of the species and the
increased reduction rate caused by the surface modification of Ni with Pt. Consequently, the Pt—Ni species can be maintained in the metallic state
near the bed inlet, and the species can be the active site for the reforming reaction as well as the combustion reaction, which this leads to a lower
bed temperature and smaller temperature gradient than those seen for the monometallic Ni catalysts.
© 2006 Published by Elsevier Inc.
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1. Introduction A well-known internal heat supplying system for syngas pro-

duction is the autothermal reforming process (ATR), which was

Production of a synthesis gas using natural gas reforming is
very important in the gas to liquid process [1,2]. A conventional
and industrial method for syngas production is steam reform-
ing of methane [2—4]. Steam reforming of methane is a highly
endothermic reaction, as described below; therefore, external
heating using methane combustion is required:

CHy +H20 — CO+3Hy AHNg « =+206kImol™'. (1)

On the other hand, internal heat supplies are well known to
be more energy efficient than external heat supply systems.
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developed by Haldor Topsoe [5]. In the ATR process, oxygen
is fed together with methane and steam. The added oxygen
engenders exothermic reactions, such as noncatalytic partial ox-
idation [Eq. (2)] and combustion of methane [Eq. (3)] in the
noncatalytic reaction zone; this heat is used for the catalytic re-
forming reaction on the catalysts,

CH4 + (1/2)02 — CO+2Hy AH%g ¢ = —36KImol™! (2)
and
CHy + 205 — CO2 +2Hy0  AHjog x = —803 kimol ™. (3)

In the ATR process, the contact between the reforming cata-
lysts and oxygen is inhibited for suppression of hot-spot for-
mation [6]. Hot-spot formation is a common problem in the
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reforming of hydrocarbons to synthesis gas using oxygen [7,8].
The active component of conventional steam-reforming cata-
lysts is Ni; however, in the presence of oxygen, Ni species can
be oxidized and thereby lose their reforming activity [9—11]. On
the other hand, after oxygen is consumed in the catalyst bed, Ni
species can maintain their metallic state and contribute to the
reforming reaction. As a result, a large temperature gradient
appears because the exothermic and the endothermic reaction
zones are separated completely [12—14]. The large temperature
gradient over the catalyst bed can also be related to the hot-spot
formation in catalytic partial oxidation of methane [15-18].
Recently, catalysts for oxidative steam reforming have been de-
veloped in connection with hydrogen production for fuel cells
[19-21] and syngas production [22-24]. Our group has found
that the temperature gradient of Pt and Rh was much smaller
than that of Ni catalyst in oxidative steam reforming of methane
[25,26]. This behavior is related to the lower oxygen affinity of
Rh and Pt compared with that of Ni [27]; the small tempera-
ture gradient in the catalyst bed is explainable by the overlap
of the combustion reaction zone with the reforming reaction
zone. On the other hand, although Pd has low oxygen affin-
ity, it has a larger temperature gradient than Ni catalyst because
of the very low reforming activity of Pd catalysts [26]. Con-
sidering the high cost and limited availability of Pt and Rh,
a decreased loading amount is desired. However, obtaining high
activity of the catalysts with a very small loading quantity is
difficult [28]. Our possible strategy of catalyst development for
oxidative reforming of methane with high resistance to hot-spot
formation is to use Pt—Ni bimetallic catalysts containing small
amounts of Pt, in which the high reducibility of Pt and high
reforming activity of Ni are applied. In addition, intermetallic
compounds and alloys have been known to form between Pt and
Ni [29-34]. Their strong interaction can be expected. Further-
more, the preparation method can influence the structure of the
bimetallic particles and catalytic performance.

In this study, the Ni catalysts were modified with Pt in two
methods (sequential impregnation [Pt/Ni] and co-impregnation
[Pt + Ni]), and the modification effect of Pt was evaluated
by catalytic performance and catalyst bed temperature pro-
file in the oxidative steam reforming of methane. We found
that the introduction of Pt to Ni catalysts by the sequential
impregnation enhanced the catalytic performance and gave a
flat bed temperature profile. The monometallic Pt and Ni cat-
alysts and Pt-Ni bimetallic catalysts were characterized by
temperature-programmed reduction (TPR), transmission elec-
tron microscopy (TEM), extended X-ray absorption fine struc-
ture (EXAFS), and Fourier transform infrared spectroscopy
(FTIR). It is suggested that the modified Pt atoms are located
more preferably on the surface of metal particles on the Pt/Ni
catalysts prepared by the sequential impregnation method, and
that these Pt atoms can contribute to the enhanced catalyst re-
ducibility and keep Ni species metallic under the presence of
oxygen. It is thought that this species can be the active site for
the steam reforming of methane as well as methane combustion
even under the presence of oxygen, which can explain the flat
bed temperature profile and the suppression of hot-spot forma-
tion.

2. Experimental
2.1. Catalyst preparation

A commercially available y-Al,O3 (JRC-ALO-1) (Catalysis
Society of Japan, Sggr = 143 m? g~ !, grain size of 2-3 mm)
was calcined at 1123 K in air for 3 h; it was used as a sup-
port material. The support thus obtained had a specific surface
area of 110 m? g~ ! It was crushed and sieved to particle sizes
of 180-250 um before impregnation. Supported monometallic
Ni and Pt catalysts were prepared by wet impregnation us-
ing Ni(NO3),2-6H>0 (99.9%, Wako Pure Chemical Industries
Ltd.) or HyPtClg-6H20 (99.9%, Soekawa Chemical Co., Ltd.).
The catalyst was prepared by impregnating the support mater-
ial with an aqueous solution of the precursor. After removal of
the solvent by heating and evaporation at 353 K, the resulting
product was dried in an oven at 383 K for 12 h. Subsequently,
the sample was calcined at 773 K in air for 3 h. Bimetallic
Pt—Ni catalysts were prepared by two methods: sequential im-
pregnation and co-impregnation. In the sequential (two-step)
impregnation method, the monometallic Ni catalysts mentioned
above were used. Before the second impregnation, the calcined
monometallic Ni catalysts were reduced with Hy at 1123 K
for 0.5 h. Then the Pt was loaded by impregnating the Ni cat-
alysts with the acetone solution of Pt(C5H70;)2-H>0 (99.9%;
Soekawa Chemical Co., Ltd.) under air. After the acetone sol-
vent was removed, the catalyst was dried at 383 K for 12 h
and calcined in air at 573 K for 3 h. The resultant catalyst is
denoted as Pt/Ni. In the co-impregnation method, the precur-
sor was a mixture of aqueous solution of Ni(NO3),-6H>O and
H,PtClg-6H,0. After co-impregnation, the preparation proce-
dure was identical to that of monometallic catalyst. This resul-
tant catalyst is denoted as Pt + Ni. The number in parentheses
refers to the weight percent of the catalyst’s metallic compo-
nent.

2.2. Activity test and thermographical observation

Oxidative steam reforming of methane was conducted un-
der atmospheric pressure in a fixed-bed quartz reactor (i.d.
4 mm &, o.d. 6 mm &). The quartz reactor had an axial ther-
mowell (o.d. 1.5 mm &) containing a chromel-alumel ther-
mocouple located at the outlet of the catalyst bed, which was
used for temperature control. The temperature indicated by the
thermocouple is denoted as Ttc. An electronic furnace was con-
nected with this thermocontroller; it had a window (15 mm x
15 mm) for observing the temperature profile of catalyst gran-
ules. The temperature profile was measured using infrared ther-
mograph equipment (TH31; NEC San-ei Instruments Ltd.). The
details of thermographical observation were described previ-
ously [28]. The catalyst (0.08 g) was reduced in the hydrogen
flow (30 mImin—', 100% H,) at 1123 K for 0.5 h in the reactor.
After reduction, the feed gases (the mixture of CHy, O», steam,
and Ar) were introduced to the catalyst bed at various contact
times W/F [W (g) = catalyst weight, F (mol h™!) = total flow
rate of gases]. Gases such as CHy (99.99%), O, (99.999%), H;
(99.999%), and Ar (99.999%) were obtained from Takachiho
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Trading Co. Ltd. The gases were used without further purifi-
cation. Steam was obtained by vaporizing distilled water that
was supplied using a feeding pump. The partial pressure ra-
tio of the feeding gases was CH4/H,0O/O»/Ar = 40/30/20/10.
An iced water trap was located at the reactor exit to remove
the steam contained in the effluent gas. A part of the efflu-
ent gas was collected with a microsyringe through the septum
equipped in the gas line. Then it was analyzed using a gas chro-
matograph (GC-14A; Shimadzu Corp.) equipped with a flame
ionization detector (FID) and a thermal conductivity detector
(TCD). Concentrations of CO, CO;, and CHy in the effluent gas
were determined using an FID-GC equipped with a methana-
tor, with a stainless steel column packed with Gaskuropack 54
(GL Science). The H; concentration was determined using
TCD-GC with a stainless steel column packed with a 13X mole-
cular sieve. Methane conversion and CO selectivity in oxidative
steam reforming of methane were calculated as

Cco + Cco,
Cch, + Cco + Cco,

x 100

methane conversion (%) =

and

Cco
Cco + Cco,

where C is the concentration of each gas in the effluent gas.

We also checked the amount of deposited carbon on the cat-
alyst after the reaction; the amount was negligible in all results
shown here. We also evaluated the catalytic performance and
the bed temperature profiles of the catalysts with smaller gran-
ule size (140-180 um) than used here. The behavior in the
oxidative reforming of methane agreed well with the catalysts
with the present granule size (180-250 um). This indicates that
the mass transport is not limited under the present experimen-
tal conditions. The catalytic performance in steam reforming of
methane was also evaluated; the method and procedure were
the same as in oxidative steam reforming of methane, except
Trc = 1023 K and the partial pressure ratio (CH4/H,O/Ar =
30/30/40).

CO selectivity (%) = x 100,

2.3. Catalyst characterization

TPR profiles were measured in a fixed-bed quartz reactor.
Each time, 0.01 g of sample was loaded into the quartz reactor
and heated at a rate of 10 Kmin~! from room temperature to
1273 K in 5% hydrogen diluted in argon (30 mlmin~"!) as a re-
ducing gas. Water produced during the reduction was removed
using a cold trap with frozen acetone (ca. 173 K). The TPR pro-
file was monitored continuously with an on-line TCD-GC to
measure the partial pressure change of H, due to the consump-
tion. The H, consumption was estimated from the integrated
peak area of the reduction profiles.

Transmission electron microscope (TEM) images were ob-
tained using a JEOL JEM-2010F microscope operated at
200 kV. First, the catalysts were reduced by H, pretreatment
at 1123 K for 0.5 h in a fixed-bed reactor. Samples were dis-
persed in 2-propanol using supersonic waves. They were put on
Cu grids for TEM observation under air atmosphere.

The Ni K-edge and Pt L3-edge EXAFS were measured at
the BL-9C station of the Photon Factory at the High-Energy Ac-
celerator Research Organization in Tsukuba, Japan. The storage
ring was operated at 2.5 GeV with a ring current of 300-
450 mA. A Si(111) single crystal was used to obtain a mono-
chromatic X-ray beam. The monochromator was detuned to
60% maximum intensity to avoid higher harmonics in the X-ray
beam. Two ion chambers filled with N> and 25% Ar diluted
with Nj for Ni K-edge EXAFS were used to detect Iy and 1.
In the case of Pt L3-edge EXAFS, 15% Ar diluted with N>
and Ar were used. The samples for the EXAFS measurement
were prepared by pressing catalyst powders of 70 and 260 mg,
respectively, for Ni K-edge and Pt L3-edge EXAFS. The re-
spective sample thicknesses were chosen as 0.5 and 1.9 mm,
to give edge jumps of 0.20 and 0.06 for Ni K-edge and Pt L3-
edge EXAFS. The catalyst was treated by Hy at 1123 K for
0.5 h in a fixed-bed reactor, and the samples were pressed into
self-supporting 10-mm-diameter wafers. Then each sample was
treated again with Hp at 773 K for 0.5 h in the cell. After this
pretreatment, each sample was transferred to the measurement
cell using a glove box filled with nitrogen to prevent exposure of
the sample disk to air. Passivated samples were prepared as fol-
lows. After the catalyst powder was reduced with H, at 1123 K,
it was passivated with 0.5% O in He in the fixed-bed reactor at
room temperature. After the passivated catalysts were pressed
into wafers, they were transferred to the measurement cell using
a glove box filled with nitrogen, thereby preventing further ex-
posure of the disk to air. EXAFS data were collected in a trans-
mission mode at 77 K. For EXAFS analyses, the oscillation
was first extracted from EXAFS data using a spline smoothing
method [35]. The oscillation was normalized by the edge height
around 50 eV. The Fourier transformation of the k3-weighted
EXAFS oscillation from k space to r space was performed to
obtain a radial distribution function. The inversely Fourier fil-
tered data were analyzed using a common curve-fitting method
[36,37]. The Fourier transform and Fourier filtering ranges are
given for each result. For the curve-fitting analysis, the empiri-
cal phase shift and amplitude functions for the Pt—Pt and Ni-Ni
bonds were extracted from data for Pt and Ni foils. Theoretical
functions for the Pt—Ni bond were calculated using the FEFF8.2
program [38]. Analyses of EXAFS data were performed using
the “REX2000” program (Version: 2.3.3; Rigaku Corp.).

FTIR spectra were recorded using a spectrometer
(Magna 550; Nicolet Biomedical Inc.) equipped with an MCT
detector in transmission mode (resolution 4 cm~!). An in situ
IR quartz cell with CaF, windows was used. All samples for
the IR measurement were treated in Hy at 1123 K for 0.5 h in
a fixed-bed reactor, as was done for the activity tests. After this
treatment, the samples were pressed into self-supporting 20-
mm-diameter wafers; each disk was about 150 mg. The sample
disk was transferred to the IR cell connected to the closed cir-
culation vacuum system, which was used to expose the sample
to the adsorption and treatment gases. Then the sample was
reduced with Hy at 773 K for 0.5 h under 13 kPa. After the
sample was cooled to room temperature during Hy circulation,
the environment was evacuated at room temperature. For CO
adsorption, CO (0.13 kPa) was exposed to the sample at room
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temperature; the spectra were obtained after evacuation at room
temperature. The coverage of CO on each sample was almost
complete at this CO pressure.

3. Results and discussion

3.1. Catalytic performance and bed temperature in the
oxidative steam reforming of methane

Fig. 1 shows the dependence of methane conversion, CO
selectivity, and H,/CO ratio in oxidative steam reforming of
methane as a function of Ttc. In the activity test, after the cat-
alyst was reduced in H, flow at 1123 K for 0.5 h, Ttc was
first decreased from 1123 to 773 K, then increased from 773 to
1123 K. The catalytic performance at each Ttc was observed
for 15 min. In the profile of decreasing 7tc over monometallic
Ni catalyst (Fig. 1a), methane conversion decreased drastically
at Ttc = 923 K, due to the oxidation of active Ni species, as
discussed later. It dropped to about zero when Ttc was below
873 K, where Ni catalyst lost its methane reforming and com-
bustion activity. In contrast, in the profile of increasing Ttc,
the catalytic activity of Ni(0.9) was not recovered until 1023 K.
When Ttc was beyond 1023 K, methane conversion increased
gradually; however, it did not reach the same conversion level
as in the profile of decreasing Ttc.
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An important finding on the Ni(0.9) catalyst is that methane
conversion showed severe hysteresis with respect to decreas-
ing and increasing Ttc. In contrast, hysteresis was not observed
for the monometallic Pt(0.2), bimetallic Pt(0.2) + Ni(0.9), and
Pt(0.2)/Ni(0.9) catalysts (Figs. 1b—1d); the behaviors in the
profiles of increasing and decreasing temperature were almost
identical. Regarding these three catalysts, the order of methane
conversion was Pt(0.2) < Pt(0.2) 4+ Ni(0.9) < Pt(0.2)/Ni(0.9) in
the entire T1c range. In addition, the sudden drop in methane
conversion at Ttc = 923 K over the Ni(0.9) was not observed
on Pt(0.2) 4+ Ni(0.9) and Pt(0.2)/Ni(0.9). Although the details
are not shown here, the tendencies of Pt(0.1), Ni(2.6), and cor-
responding bimetallic catalysts were similar, indicating that the
addition of Pt also effectively promoted resistance to the ox-
idation of Ni even under much lower Pt-to-Ni ratios. Over the
catalyst Pt(0.1)/Ni(2.6), the molar ratio of Pt/Ni was 0.01, much
lower than the 0.06 on Pt(0.2)/Ni(0.9). The results indicate that
the modification of Ni with Pt was effective for the oxidative
steam reforming of methane and that the preparation method
of the bimetallic catalyst influenced its catalytic performance,
and that the sequential impregnation was more favorable. The
low activity over Ni(0.9) at Ttc < 923 K may be due to the ox-
idation of Ni metal species, because the active species for the
reforming reaction is known to be metallic Ni. Similar phenom-
ena were observed in previous studies [21,39,40]. In addition,
the W/F was chosen to be 0.16 ghmol™'; the reforming re-
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Fig. 1. Dependence of methane conversion, CO selectivity and H>/CO ratio in oxidative steam reforming of methane as a function of Ttc over (a) Ni(0.9), (b) Pt(0.2),
(c) Pt(0.2) + Ni(0.9), (d) Pt(0.2)/Ni(0.9). (®) Methane conversion, (O) CO selectivity, (A) Hy/CO, (—) decreasing temperature, (---) increasing temperature.
Reaction conditions: CH4/HpO/O,/Ar = 40/30/20/10; W/F =0.16 ghmol_1 ; total pressure 0.1 MPa; catalyst weight 0.08 g; Hy pretreatment at 1123 K.
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action did not reach the equilibrium in the 7tc range of 923—
1123 K. The equilibrium states in terms of methane conversion
and CO selectivity at 1123 K are listed in Table 1; those at
923 K were 85 and 62%, respectively. In addition, the equi-
librium methane conversion at 773 K was 47%, lower than
the experimental data over the catalysts except for Ni(0.9) at
Trc =773 K. At Ttc = 773 K, the experimental methane con-
version level was lower than 75% even when the O, conversion
reached almost 100%. Considering the heat balance between
the reforming and combustion reactions, the catalyst bed tem-
perature can be higher than 7Ttc. The obtained conversion was
apparently beyond the equilibrium at 7tc, however, this can be
due to the temperature difference between Ttc and the catalyst
bed at a reaction temperature below 923 K. Note that this kind
of complicated behavior was not observed at reaction tempera-
tures above 923 K under high methane conversion conditions.
Fig. 2 shows results of the thermographical observation dur-
ing oxidative steam reforming of methane at W/F = 0.16 and
0.07 gh mol~! over Pt(0.2)/Ni(0.9), Pt(0.2) + Ni(0.9), and their
reference catalysts at 7tc = 1123 K. Table 1 lists the methane
conversions, H>/CO ratios, and CO selectivities. Two bimetallic
catalysts showed slightly higher methane conversion than the

Table 1

Catalytic performance over Ni(0.9), Pt(0.2) and their corresponding bimetal-
lic catalysts prepared by different methods in oxidative steam reforming of
methane?

Catalyst W/F CHy conversion  CO selectivity H/CO
(ghmol™!) (%) (%)

Pt(0.2)/Ni (0.9)  0.07 >99 81 2.8
0.16 >99 81 29

Pt(0.2) + Ni(0.9) 0.07 >99 80 2.8
0.16 >99 81 2.8

Ni(0.9) 0.07 95 79 2.8
0.16 88 75 2.8

Pt(0.2) 0.07 90 81 2.8
0.16 92 81 2.8

Equilibrium - >99 81 2.9

4 Reaction conditions: CHy4/H, O/O5/Ar = 40/30/20/10; T = 1123 K; total
pressure 0.1 MPa; catalyst weight 0.08 g; Hy pretreatment 1123 K.
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monometallic Ni and Pt catalysts did; however, the difference
in the catalyst bed temperature profiles was great. Fig. 2a shows
the exothermic profile near the bed inlet over Ni(0.9) at W/F =
0.16 ghmol ™!, whereas for the three catalysts, flatter temper-
ature profiles were observed. On the other hand, the exother-
mic profile of Ni(0.9) became more pronounced at W/F =
0.07 ghmol ™!, as shown in Fig. 2b. Two bimetallic catalysts
and monometallic Pt(0.2) also showed exothermic profiles near
the catalyst bed inlet. The order of the bed temperature was
Ni(0.9) > Pt(0.2) > Pt(0.2) + Ni(0.9) > Pt(0.2)/Ni(0.9). In ad-
dition, based on the results given in Table 1, it is possible to
calculate the temperature of catalyst bed outlet assuming that
the water—gas shift reaction reaches the reaction equilibrium. In
all cases, the calculated temperatures are in the range of 1100-
1150 K. When experimental errors for the gas analysis and the
thermographical observation are considered, it appears that the
obtained temperature agrees with the calculated one.
According to previous reports [25,26], the Pt catalysts ex-
hibited flatter bed temperature profiles than the Ni catalysts.
Here, in particular, the Pt(0.2)/Ni(0.9) gave a lower bed tem-
perature profile than monometallic Pt(0.2) and Ni(0.9) cata-
lysts. This result indicates that the synergistic effect of Pt and
Ni in suppressing the increase in bed temperature in the ox-
idative steam reforming of methane. This synergistic effect
was also clearly seen for catalysts with a lower molar ratio of
Pt/Ni like Pt(0.1)/Ni(2.6) [28]. In addition, Pt(0.2)/Ni(0.9) and
Pt(0.1)/Ni(2.6) catalysts were stable in terms of the bed tem-
perature profile as well as methane conversion, CO selectivity,
and H,/CO at Tpc = 1123 K for 8 h. Furthermore, Table 2
compares steam reforming of methane and oxidative steam
reforming of methane over Pt(0.1)/Ni(2.6), Pt(0.1) + Ni(2.6),
and their reference catalysts. As listed in Table 2, the order of
the catalytic activity in the steam reforming of methane was
Ni(2.6) =~ Pt(0.1) 4+ Ni(2.6) > Pt(0.1)/Ni(2.6) > Pt(0.1), very
different from that in the oxidative steam reforming of methane:
Pt(0.1)/Ni(2.6) ~ Pt(0.1) + Ni(2.6) > Ni(2.6) > Pt(0.1). It is
intriguing that Pt(0.1)/Ni(2.6) showed higher activity in the ox-
idative steam reforming reaction, although its activity in the
steam reforming without oxygen was lower. Unlike in the ox-
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Fig. 2. Catalyst bed temperature profile in oxidative steam reforming of methane over various catalysts at W/F =0.16 (a) and 0.07 ghmol*l (b). Reaction
conditions: CH4/HyO/O5/Ar = 40/30/20/10; Ttc = 1123 K; total pressure 0.1 MPa; catalyst weight 0.08 g; Hy pretreatment 1123 K.
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idative steam reforming of methane, in the steam reforming of
methane, the whole catalyst in the bed can be maintained in a
reduced state because of the absence of O,. This result suggests
that the presence of oxygen leads to decreased reforming activ-
ity in Ni(2.6) and Pt(0.1) 4+ Ni(2.6), due mainly to the oxidation
of Ni, whereas Pt(0.1)/Ni(2.6) exhibited a high resistance to ox-
idation and maintained the activity even under the presence of
oxygen. The detailed evaluation was done by TPR characteri-
zation over the samples after the oxidative steam reforming of
methane reaction.

Table 2

Catalytic performance over Ni(2.6), Pt(0.1) and their corresponding bimetal-
lic catalysts in steam reforming of methane and oxidative steam reforming of
methane?

Reaction Catalyst CHy conversion  CO selectivity ~ Hp/CO
(%) (%)

Steam Pt(0.1)/Ni(2.6) 41 68 4.9

reforming  Pt(0.1) 4+ Ni(2.6) 55 80 4.0
Ni(2.6) 58 82 3.9
Pt(0.1) 32 60 5.7
Equilibrium 87 96 32

Oxidative  Pt(0.1)/Ni(2.6) >99 82 2.7

steam Pt(0.1) + Ni(2.6) >99 81 2.7

reforming  Ni(2.6) 97 79 2.9
Pt(0.1) 90 75 2.8
Equilibrium >99 81 2.9

4 Reaction conditions: CH4/H,O/O5/Ar = 30/30/0/40, Tpc = 1023 K for
steam reforming; CH4/H,O/O5/Ar = 40/30/20/10, Ttc = 1123 K for oxida-
tive steam reforming; total pressure 0.1 MPa; catalyst weight 0.08 g; Hy pre-
treatment 1123 K, W/F =0.16 ghmol L.
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3.2. Catalyst characterization

Fig. 3 presents TPR profiles of various catalysts to evaluate
catalyst reducibility. Figs. 3a and 3e show the TPR profiles of
the calcined Ni(0.9) and Ni(2.6) catalysts. The ratio of hydro-
gen consumption based on Ni content was almost 100%, and
the consumption of Hy was observed in the temperature range
of 700-1160 K. This Hy consumption peak is assigned to the re-
duction of highly dispersed NiO, which interacts strongly with
the Al,Oj3 surface [41]. On the other hand, for Pt(0.2) 4+ Ni(0.9)
(Fig. 3b), the main reduction peak started at about 120 K lower
than for Ni(0.9), suggesting that the addition of Pt promoted
NiO reduction, as has been noted previously [40,42,43]. A sim-
ilar tendency was also observed for Pt(0.1) + Ni(2.6) (Fig. 3f),
although the additive effect of Pt was not as significant be-
cause of the lower Pt content and higher Ni content. On the
other hand, Pt(0.2)/Ni(0.9) showed a sharp peak at about 550 K
(Fig. 3c); the profile of Pt(0.1)/Ni(2.6) also gave a sharp and
low temperature peak (Fig. 3g). As a reference, we measured
the TPR of Ni(0.9) and Ni(2.6) calcined at 573 K after reduc-
tion at 1123 K. This procedure resembled that used in the se-
quential impregnation method. In this procedure, nickel species
were reduced to form Ni metal particles. Then, during cal-
cination at 573 K, Ni metal particles were oxidized to NiO.
Figs. 3d and 3h show a strong peak at 610 K, which can be
assigned to the reduction of NiO interacted weakly with Al,O3
[44,45]. Compared with these Ni catalysts, the addition of Pt
decreased the reduction temperature in both Pt(0.2)/Ni(0.9) and
Pt(0.1)/Ni(2.6). This reduction temperature decrease is strongly

(B)

(h)

H2 consumption /a. u.

200 600 1000
Temperature /K

1273

Fig. 3. Temperature-programmed reduction profiles for fresh catalysts. (A) (a) Ni(0.9), (b) Pt(0.2) 4+ Ni(0.9), (c) Pt(0.2)/Ni(0.9) and (d) Ni(0.9)-calcined at 573 K
again after reduction at 1123 K. (B) (e) Ni(2.6), (f) Pt(0.1) + Ni(2.6), (g) Pt(0.1)/Ni(2.6) and (h) Ni(2.6)-calcined at 573 K again after reduction at 1123 K. TPR
conditions: 5% Hj/Ar, 10 Kmin~!, catalyst weight 0.01 g. Intensity of Hy consumption is normalized by the catalysts’ Ni content.
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Fig. 4. TEM images of various catalysts after Hy reduction at 1123 K for 0.5 h. (a) Ni(2.6); (b) Pt(0.1) 4+ Ni(2.6); (c) Pt(0.1)/Ni(2.6).

Table 3

Curve fitting results of Ni K-edge EXAFS of various catalysts after reduction and passivation

Catalyst Pretreatment? Shells CNP R¢ (10~! nm) 910! nm) AEy® (eV) R (%)

Ni(0.9) Reduction Ni-Ni 11.1£25 2.49 +0.01 0.068 £ 0.008 —1.9+£35 0.92
Passivation Ni—Ni 10.5+1.7 2.49 £0.01 0.070 £ 0.007 —2.3+33 0.95

Pt(0.2) + Ni(0.9) Reduction Ni-Ni 10.2+1.5 2.50+0.01 0.075 £ 0.006 —0.4+£3.6 1.1
Passivation Ni-Ni 85+1.2 2.49 £0.01 0.075 £ 0.005 —5.6£3.2 1.2

Pt(0.2)/Ni(0.9) Reduction Ni-Ni 103£1.5 2.50+0.01 0.076 £ 0.006 —0.5+3.1 0.83
Passivation Ni—Ni 10.3+£2.8 2.50£0.01 0.074 £+ 0.009 —7.3+2.0 0.49

Ni foil Ni-Ni 12 2.49 0.060 0

4 Sample pretreatment: reduction (Hp, 1123 K, 0.5 h), passivation (0.5% O, 298 K, 1 h) after the reduction.

b Coordination number.
¢ Bond distance.
d Debye—Waller factor.

€

f Residual factor. Fourier filtering range: 0.150-0.288 nm.

related to the increased catalyst reducibility achieved through
the addition of Pt in the sequential impregnation method.

Fig. 4 shows TEM images of Ni(2.6), Pt(0.1) + Ni(2.6), and
Pt(0.1)/Ni(2.6) catalysts after reduction. Based on the TEM im-
ages, the average particle size of metallic particles is calculated
using the following equation:

d=Y "nid}/Y nd},
i i

where n; is the particle number and d; is the characteristic
diameter of particles [46]. The average particles on Ni(2.6),
Pt(0.1) 4+ Ni(2.6), and Pt(0.1)/Ni(2.6) were estimated respec-
tively as 4.8 £0.4, 4.5+ 0.4, and 5.0 £ 0.4 nm. The results
indicate that the metallic particles of the three catalysts are al-
most identical. Therefore, the catalytic performance and the bed
temperature profile in oxidative steam reforming of methane
cannot be interpreted by differences of the metal particle sizes.

Table 3 lists the curve-fitting results of Ni K-edge EXAFS
of Ni(0.9), Pt(0.2) 4+ Ni(0.9), and Pt(0.2)/Ni(0.9) after Hy re-
duction and passivation. To analyze the position of Pt atoms
in the bimetallic particles, we also measured EXAFS spectra

Difference in the origin of photoelectron energy between the reference and the sample.

of the catalysts after passivation using 0.5% O, in He. For
Pt(0.2) + Ni(0.9) and Pt(0.2)/Ni(0.9), the contribution of Ni—Pt
was not detected in the curve-fitting analysis, which is attribut-
able to the low molar ratio of Pt to Ni (Pt/Ni = 0.06). The
coordination number (CN) of the Ni—Ni bond over Ni(0.9) and
Pt(0.2) + Ni(0.9) decreased after the passivation pretreatment,
which can be explained by the oxidation of Ni metal. In addi-
tion, the contribution of Ni—O was not detected on the sample
after passivation. This lack of the contribution might be related
to superficial oxidation, not to the deep oxidation of Ni metal
particles. In contrast, the CN over Pt(0.2)/Ni(0.9) after passi-
vation was almost equal to that after reduction, meaning that
the oxygen is not accessible to Ni species over Pt(0.2)/Ni(0.9).
The addition of Pt by the sequential impregnation method sup-
pressed oxygen accessibility to Ni.

In addition, we evaluated the composition (Pt/Ni) of each
metal particle. At present, it is impossible to measure the com-
position of each metal particle using TEM combined with en-
ergy dispersive X-ray analysis. Therefore, we discuss the com-
position based only on the EXAFS results, because it can give
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us the information of average structure. We found that the CN
of the Ni—Ni bonds on Pt(0.2)/Ni(0.9) did not change under
the passivation treatment. This indicates that the oxygen can-
not access the major part of Ni. This does not guarantee the
homogeneity of the composition, but it can at least ensure that
the Ni particles without the interaction with Pt are in the mi-
nority; most Ni metal particles interact with the introduced Pt.
If Ni metal particles are separated from the Pt atoms, we can
imagine that the oxidation of Ni can be obviously detected as
observed on Ni(0.9).

Fig. 5 shows the Fourier transform of Pt L3-edge EXAFS
oscillations of Pt(0.2), Pt(0.2) 4+ Ni(0.9), and Pt(0.2)/Ni(0.9)
after H, reduction and passivation. The peak at about 0.2 nm
can be assigned to the Pt—Pt bond over Pt(0.2) after reduction
and passivation. Curve-fitting results of Pt L3-edge EXAFS are
listed in Table 4. The CN of the Pt—Pt bond was almost constant
on the reduced and passivated Pt(0.2). In contrast, the spectra
of Pt(0.2) + Ni(0.9) after reduction and passivation were fitted
to the Pt—Pt and Pt—Ni bonds; the bond lengths of Pt—Pt and
Pt—-Ni were much shorter than that of the intermetallic com-
pound between Pt and Ni (NiPt and Ni3Pt) [33]. The CNs of
the Pt—Pt and Pt—Ni bonds of the bulk intermetallic compound
(NiPt) were 4 and 8, respectively. In addition, regarding the in-
termetallic compound of Ni3Pt, the CNs of the Pt—Pt and Pt—Ni
bonds were 0 and 12, respectively [33]. These findings also in-
dicate that the intermetallic compounds (NiPt and NizPt) were
not formed on the catalyst. The bond length of Pt—Ni was nearly
equal to that of Ni-Ni obtained from the Ni K -edge EXAFS re-
sults. In addition, the bond length of Pt—Pt in Pt(0.2) + Ni(0.9)
was shorter than that in Pt(0.2) and Pt foil. These results suggest
the formation of Pt—Ni alloy phase. The Pt atoms can partially
substitute Ni atoms in Ni metal phase. These structural proper-
ties are supported by the previous report on the alloy formation
of Pt—Ni [34]. In addition, when Pt and Ni are well mixed in
the alloy phase, the CN ratio of Pt—Pt to Pt—Ni must correspond

to its composition (Pt/Ni = 0.06). However, in the present re-
sults, the CN ratio of Pt—Pt to Pt—Ni was much higher. There-
fore, it is thought that Pt can be segregated in the alloy. This
is also supported by the result that the sum of the CNs of the
Pt—Pt and Pt—Ni bonds was calculated as 8.2 after reduction,
which is smaller than the bulk CN of fcc metal (CN = 12). This
smaller CN means that some Pt atoms are located on the near
surface. The CNs of both Pt—Pt and Pt—Ni were decreased by

P1(0.2) reduced

Pt(0.2) passivated

P1(0.2)+Ni(0.9)
reduced

= Pt(0.2)+Ni(0.9)
i’ passivated
Pt(0.2)/Ni(0.9)

reduced

0 1 2 3 4 5 6

Distance /0.1 nm

Fig. 5. Results of Fourier transform of k3—weighted Pt L3-edge EXAFS oscil-
lations of Pt(0.2), Pt(0.2) 4+ Ni(0.9) and Pt(0.2)/Ni(0.9) after the Hy reduction
and passivation. FT range: 30-129 nm™ I, Pretreatment: reduction (Hp, 1123 K,
0.5 h), passivation (0.5% O,, 298 K, 1 h) after the reduction.

Table 4
Curve fitting results of Pt L3-edge EXAFS of various catalysts after reduction and passivation
Catalyst Pretreatment? Shells CNP R® (10! nm) 41071 nm) AE)® (eV) Ret (%)
Pt(0.2) Reduction Pt—Pt 105+2.2 2.72 £0.02 0.112 +0.006 —3.24+49 1.8
Passivation Pt—Pt 10.5+2.3 2.71 £0.02 0.115 4+ 0.007 —5.14£53 2.3
Pt(0.2) + Ni(0.9) Reduction Pt—Pt 37+1.1 2.65+0.01 0.070 + 0.008 —7.2+4.0 0.14
Pt—Ni 4.54+0.6 2.524+0.01 0.070 + 0.003 —62+14
Passivation Pt—Pt 32+1.5 2.65 £0.02 0.070 £ 0.013 —7.5+4.5 0.48
Pt—Ni 33+£0.5 2.51+0.01 0.070 &+ 0.007 —1.24+2.9
Pt(0.2)/Ni(0.9) Reduction Pt—Pt 2.8+1.0 2.65 £0.02 0.070+0.011 —6.5+4.5 0.1
Pt—Ni 43403 2.524+0.01 0.063 +0.003 —6.5+1.3
Passivation Pt—Pt 27+1.1 2.69 +0.03 0.070+0.014 —2.0+6.0 0.85
Pt—Ni 42+1.1 2.52£0.02 0.070 £ 0.010 —4.7+3.6
Pt foil Pt—Pt 12 2.77 0.060 0
4 Sample pretreatment: reduction (Hy, 1123 K, 0.5 h), passivation (0.5% O, 298 K, 1 h) after the reduction.
b Coordination number.
¢ Bond distance.
d Debye—Waller factor.
€

f' Residual factor. Fourier filtering range: 0.160-0.301 nm.

Difference in the origin of photoelectron energy between the reference and the sample.
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Fig. 6. FTIR spectra of CO adsorption at room temperature: (I) (a) Ni(0.9),
(b) Pt(0.2) 4+ Ni(0.9), (¢) Pt(0.2)/Ni(0.9), (d) Pt(0.2); (II) (e) Ni(2.6),
(f) Pt(0.1) 4+ Ni(2.6), (g) Pt(0.1)/Ni(2.6), (h) Pt(0.1).

the passivation pretreatment, and the CN of the Pt-Ni bond
decreased more significantly than that of the Pt—Pt bond in
Pt(0.2) + Ni(0.9), which can be attributed to higher accessibil-
ity of oxygen to Ni. Furthermore, the spectra of Pt(0.2)/Ni(0.9)
after the reduction and passivation were also fitted by the Pt—Pt
and Pt—Ni bonds, and the results regarding the bond length were
similar to those of Pt(0.2) 4+ Ni(0.9). The sum of CNs of the
Pt—Pt and Pt—Ni bonds on Pt(0.2)/Ni(0.9) was estimated as 7.1,
smaller than that of Pt(0.2) 4+ Ni(0.9), suggesting that the ra-
tio of surface Pt atoms on Pt(0.2)/Ni(0.9) was much higher than
that on Pt(0.2) 4+ Ni(0.9). In addition, the contribution of Pt—Ni
to the CN was larger than that of Pt—Pt in Pt(0.2)/Ni(0.9). It is
presumed that greater Pt—Ni interaction resulted from the se-
quential impregnation method than from the co-impregnation
method. From the results, we can also infer that the structure
of Pt(0.2)/Ni(0.9) has higher resistance to oxidation than that of
Pt(0.2) + Ni(0.9), as revealed by Pt L3-edge EXAFS analysis.
The FTIR spectra of CO adsorption were measured to char-
acterize surface properties of Pt—Ni bimetallic particles. Fig. 61
shows that the spectra of four catalysts were very similar. With
the Ni (0.9) catalyst (Fig. 6a), the band at 2080 cm~! can be
attributed to linear CO on Ni [47,48]. In addition, a very small
band assigned to bridge CO was observed at 1930 cm™! [49].
For the monometallic Pt catalyst (Fig. 6d), only one band was
observed at 2070 cm ™!, which is assigned to linear CO [50-52].
In the cases of Pt(0.2) + Ni(0.9) and Pt(0.2)/Ni(0.9) (Fig. 6,
curves b and c¢), the band at 2070 cm~! was observed, simi-
lar to those of the Ni(2.6) and Pt(0.2) catalysts. It is difficult

to detect structural differences between Pt(0.2) 4+ Ni(0.9) and
Pt(0.2)/Ni(0.9) because of the similarity of linear CO on Ni
and on Pt. In contrast, structures differed greatly for catalysts
with higher Ni loadings. For the Ni(2.6) catalyst (Fig. 6e), the
bands at 2070 and 2050 cm™! are attributable to the linear CO
on Ni metal; the band at about 1930 cm™! is assigned to the
bridge CO. Compared with the spectrum of Ni(0.9), the rela-
tive intensity of bridge CO increased significantly over that of
Ni(2.6). For the monometallic Pt catalyst (Fig. 6h), only one
band was observed at 2070 cm™!, which was assigned to lin-
ear CO. In the case of Pt(0.1) 4+ Ni(2.6) (Fig. 6f), two broad
bands at 2070 and 2048 cm™! with similar intensity were ob-
served; these bands were similar to those of the Ni(2.6) catalyst.
In contrast, for Pt(0.1)/Ni(2.6) (Fig. 6g), the intensity of the
band at 2070 cm~! was much stronger than that of the band at
2048 cm~!. The difference of spectra between Pt(0.1)/Ni(2.6)
and Ni(2.6) was caused by the peak intensity at 2070 cm™!,
which is due to linear CO on Pt. Judging from the FTIR of
CO adsorption, the Pt atoms were located on the surface of
metal particles more preferentially on the catalyst prepared us-
ing the sequential impregnation method. This tendency is also
supported by the EXAFS results. The salient implication of this
finding is that the sequential impregnation method is more ef-
fective than the co-impregnation method in terms of surface
modification, particularly with a small amount of Pt. The com-
bination of EXAFS and FTIR results suggests segregation of Pt
atoms on the surface of the Pt—Ni alloy particles.

In the oxidative steam reforming of methane, the oxidation
state on Ni can depend strongly on the position in the cata-
lyst bed, because the partial pressure of introduced oxygen is
rather high at the catalyst bed inlet, but it is almost zero at the
bed outlet because O; conversion was almost 100% in all of
these experimental conditions at 7tc = 1123 K. The TPR pro-
file of the catalyst near the inlet and outlet were obtained to
elucidate the dependence of the catalyst oxidation state on the
position in the catalyst bed. In this experiment, the catalyst was
purged with Ar after the reaction treatment (CH4/H,O/O2/Ar =
40/30/20/10, W/F = 0.16 ghmol~!, 1123 K, W = 0.08 g),
then cooled rapidly from the reaction temperature (1123 K) to
room temperature. Then the catalysts at the bed inlet and out-
let were carefully divided; the amount of the divided catalysts
was 0.01 g. Judging from the thermographic results, the size of
the exothermic zone was as large as a quarter of the catalyst bed,
where the total amount of the catalyst was 0.08 g. Therefore, the
amount of the divided catalyst was suitable for the analysis of
the catalyst bed inlet and outlet. Fig. 7A shows TPR profiles of
fresh and used Ni(2.6) catalyst. Ni(2.6) was reduced completely
at 700-1000 K (Fig. 7A, a), as discussed above. This is assigned
to NiO interacting strongly with the Al,O3 surface [41]. On the
other hand, two TPR peaks were observed for the catalyst at the
bed inlet after the reaction (Fig. 7A, b). The lower temperature
peak (650-760 K) can be assigned to NiO, which interacted
weakly with the Al,Oj3 surface [44,45], as shown in Fig. 3. The
higher temperature peak at 1150 K is attributed to the reduc-
tion of NiAl,O4 compound [53-55], which can be formed by
a solid-state reaction between NiO and Al,O3. The Hp con-
sumption for the reduction of the NiO and NiAl,O4 were 70
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Fig. 7. Temperature-programmed reduction profiles for (A) Ni(2.6), (B) Pt(0.1) + Ni(2.6) and (C) Pt(0.1)/Ni(2.6) catalysts: (a) fresh catalysts before H, reduction
pretreatment; (b) the catalyst at bed inlet after CH4/H> O/O5/Ar = 40/30/20/10; (c) the catalyst at bed outlet after CH4/H,O/O,/Ar = 40/30/20/10; (d) fresh catalyst
after reduction at 1123 K, 0.5 h. The value near each peak is the ratio of Hy consumption on the basis of Hy/Ni = 100%.

and 29%, respectively, indicating that most Ni species at the
catalyst bed inlet were oxidized during the reaction. In contrast,
a peak at 470 K was observed for the catalyst at the bed out-
let (Fig. 7A, c), which resembles that of the reduced sample
(Fig. 7A, d). This resemblance indicates that the metallic Ni
species were present on the catalyst at the outlet under the re-
action condition, which is ascribed mainly to the absence of
oxygen in the gas phase at the catalyst bed outlet. It is note-
worthy that a small amount of Hy consumption was observed in
the TPR profile of the reduced sample (Fig. 7A, d), which is at-
tributable to the reduction of adsorbed oxygen on the Ni metal
surface. This oxygen is adsorbed during the transfer of the sam-
ple in the air from the reactor to the TPR cell. Except at the inlet
part (Fig. 7B, b), under the reaction condition, Pt(0.1) 4+ Ni(2.6)
(Fig. 7B) displayed a similar TPR behavior to that of Ni(2.6).
The amount of H> consumption in the lower temperature peak
was decreased to 59% on Pt(0.1) + Ni(2.6) at the bed inlet. In
addition, the maximum reduction of Ni oxide was observed
at 630 K, which is about 40 K lower than the reduction of
Ni in Ni(2.6) (Fig. 7A, b). Fig. 7C shows TPR results for the
Pt(0.1)/Ni(2.6) catalyst. An important point to note is that at
the catalyst bed inlet, the reduction peak shifted to a much
lower temperature region, around 530-610 K, corresponding
to 44% of the total Ni amount. These results indicate that the
addition of Pt by the sequential impregnation method greatly
increased the amount of reduced Ni at the catalyst bed inlet,
even under the presence of O3 in the gas phase during oxidative
steam reforming of methane. TPR profiles demonstrate that the
reducibility on Pt—Ni bimetallic catalysts and resistance to Ni
oxidation were strongly influenced by the preparation method;
this result is in agreement with the suggestion by EXAFS and

FTIR findings that the Pt atoms introduced by the sequential
impregnation method were located more preferentially on the
surface of Pt—Ni bimetallic particles.

The effect of Pt addition on the resistance to the oxidation
of Ni is thought to be either a thermodynamic or kinetic effect.
We believe that the additive effect is mainly a kinetic effect, be-
cause the oxidized Ni species can be reduced to some extent
by the reactant gas of oxidative steam reforming of methane, as
demonstrated in the increasing temperature profile in Fig. la.
Therefore, the ratio of reduced to oxidized Ni species can be
strongly dependent on the reduction rate of oxidized species
and the oxidation rate of reduced species. As described above,
the shift of H, consumption peak to the lower temperature in
TPR profiles (Fig. 7) indicates that Pt modification enhances the
reduction rate of Ni species. At the same time, the much lower
sticking probability of O, on the Pt surface [56,57] than that
on the Ni surface [58,59] leads us to consider that the oxidation
rate of Ni? can be decreased on the Pt-modified Ni surface. This
can be demonstrated by the enhanced reduction rate of the oxi-
dized Ni species and the decreased oxidation rate of Ni? species
by the surface modification of Ni with Pt. This indicates that the
addition of Pt enhances the resistance to oxidation of Ni, and
also that the addition of Pt is more effective in the sequential
impregnation method than in the co-impregnation method, due
to the difference in the segregation of Pt—Ni surface alloy.

The relationship between the catalytic performance (includ-
ing the bed temperature profile) and the surface modification
of Ni particles with Pt has been evaluated. A large tempera-
ture gradient over Ni catalysts in oxidative steam reforming of
methane has been reported previously [6,13,15-17,25,60]. As
shown in Fig. 7, most Ni species were oxidized in the pres-
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ence of oxygen (e.g., at the catalyst bed inlet). This is because
the rate of Ni oxidation by O, is much higher than the reduc-
tion of oxidized Ni species with reducing agents like CHy, CO,
and Hy, as demonstrated by the hysteresis shown in Fig. 1. As
a result, the oxidized Ni species loses reforming activity and
has only combustion activity. Therefore, at the catalyst bed in-
let, only the exothermic reaction can proceed, which increases
the catalyst bed temperature. In contrast, in the region with no
oxygen (e.g., at the catalyst bed outlet), the Ni species can be
maintained in the metallic state and presents the reforming ac-
tivity. In this reaction zone, only the endothermic reaction can
proceed, and the catalyst bed temperature decreases. This can
result in a large temperature gradient. In contrast, on the Pt/Ni
catalysts, the ratio of reduced species to oxidized species can be
much higher, due to the modification effect of Pt in the presence
of oxygen. In particular, the reduced species can also be the ac-
tive site for methane reforming as well as combustion even in
the presence of oxygen, and the reforming reaction can con-
tribute to the decreased temperature at the catalyst bed inlet.

4. Conclusion

Monometallic Ni catalyst showed hysteresis with respect
to temperature increases and decreases in the oxidative steam
reforming of methane (CH4/H,0O/O,/Ar = 40/30/20/10). This
behavior can be explained by the oxidation of Ni metal species
with O3 due to the higher oxidation rate of the metallic species
compared with the reduction rate of the oxidized species. Al-
though the monometallic Ni catalysts exhibited high catalytic
activity in the steam reforming of methane without the addi-
tion of oxygen (CH4/H>O/O2/Ar = 30/30/0/40), in the oxida-
tive steam reforming of methane at 1123 K, the Ni species near
the bed inlet were oxidized in the presence of oxygen, which
greatly decreased the performance. Oxidized Ni does not have
the reforming activity, and the combustion reaction proceeds at
the catalyst bed inlet, resulting in a high bed temperature and a
large temperature gradient.

The hysteresis with respect to temperature increases and de-
creases in the oxidative steam reforming of methane over the
monometallic Ni catalysts disappeared with the modification of
the catalysts with Pt. The additive effect of Pt by the sequential
impregnation method (Pt/Ni) was much more significant than
that by the co-impregnation method (Pt 4 Ni). This is due to
the tendency of the Pt atoms on the Pt/Ni catalysts to be located
more preferably on the surface to form Pt-Ni alloy compared
with those on the Pt + Ni, as supported by the characterization
results. The superior performance of the catalyst prepared by
the sequential impregnation method (Pt/Ni) can be attributed
mainly to the effective inhibition of Ni oxidation near the bed
inlet in the oxidative steam reforming of methane at 1123 K.
This can be due to the decrease in oxidation rate and increase
in reduction rate caused by surface modification of Ni with Pt.
The Pt—Ni species are maintained in the metallic state near the
bed inlet, which can be the active site for the reforming reac-
tion as well as the combustion reaction, and this can be related
to lower bed temperature and smaller temperature gradient than
for the monometallic Ni catalysts.
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