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Abstract

The structural changes of Ni species iryNi»O3z, Ni/SiO,, and Nj/TiO» catalysts during the repeated cycles of the methane decomposi-
tion and the subsequent gasification of deposited carbons wighh@@ been studied. The catalytic activity for the methane decomposition
depended on the size of Ni metal particles; i.e., the particle size from 60 to 100 nm was most effective. The catalytically active Ni species
in Ni/SiO, were present as Ni metal particles with diameter from 40 to 100 nm at the first reaction cycle, but they were aggregated into
ones with diameters larger than 200 nm, resulting in the deactivation/&i® for methane decomposition. In contrast, catalytic activity
of Ni/TiO2 was kept high during the repeated reactions because the particle size of Ni metal was kept at the optimum size range effective
for the methane decomposition. On the other hand, Ni species in a frgsthyi; were composed of highly dispersed Ni(ll) species and
Ni metal particles of a diameter smaller than 20 nm. During the repeated reactions, the Ni(ll) species were gradually reduced, forming the
fine Ni metal particles, and the fine metal particles were aggregated into ones with a larger diameter, which brought about an increase in th
catalytic activity of NyAl,03.
0 2003 Elsevier Inc. All rights reserved.

Keywords: Ni/Al>03; Ni/SiOy; Ni/TiO2; CH4 decomposition; Gasification of carbon nanofiber; Particle size of Ni metal

1. Introduction Methane decomposition into hydrogen and carbon is of
current interest as an alternative route of hydrogen syn-

The increase in C@concentration in the atmosphere due thesis because th? reaction does not produce KMD co

to increasing burning of fossil fuels (petroleum, coal, and [1+2]- Supported Ni catalysts are well known as being effec-
natural gas) may lead to irreversible disastrous changes intV® for methane decomposition into hydrogen and carbon
the climate of our planet. Hydrogen is a clean-burning, non- nanoflbgrs [3-7]. Only hydroge;n is produced as a gaseous
polluting fuel that can eliminate many of our insufferable product in methane decomposition .over.supported Ni cata-
environmental, economic, and health problems. In the near!YSts: Thus, hydrogen can be supplied directly to fuel cells.
future, hydrogen would be utilized widely as a fuel fos-H However, the catalyt-lt': activity of suppprteq Ni catalysts for
0, fuel cells. However, the current processes of hydrogen methane decomposition decreases with time on stream and
production use fossil fuels and water, emitting huge quanti- Inally the catalysts are deactivated completely due to the de-
ties of CQ into the atmosphere. In addition, hydrogen in- position of graphite layers on'to the surface of Ni metal [8].
evitably contains CO, which poisons strongly the Pt electro- To sqpply hydrogen successively thrpugh methane decom-
catalysts at the anode of fuel cells. Therefore, a new methogPosition to fuel cells, catalysts deactivated for the methane

for hydrogen synthesis without production of CO and,CO decompo'sition should be regenerated by removal of carbons.
In a previous paper, we demonstrated that the treatment of

Is required. the deactivated catalysts in a flow of g@t 923 K resulted
in the recovery of catalytic activity for methane decompo-
* Corresponding author. sition as well as production of CO due to the gasification
E-mail address: stakenak@o.cc.titech.ac.jp (S. Takenaka). of deposited carbons with a conversion higher than 95%
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(C+ COzx — 2CO0) [9]. These results suggest that the pro- will be described in more detail in the Results and discussion
duction of hydrogen for fuel cells and that of CO as a syn- section in this paper. In the present study, the amount of car-
thetic reagent for the chemical industry can be performed bons deposited on the catalysts by methane decomposition
repeatedly without C® emission. The conversion of de- and of those converted into CO by gasification with O
posited carbons into CO was always higher than 95% irre- were estimated from the total amounts of hydrogen and CO
spective of the number of repeated cycles and of the type offormed during the reactions, respectively, assuming that the
catalytic supports of Ni [10]. However, the catalytic activ- reactions, Cld — C + 2H; and C+ CO, — 2CO, occurred
ity for methane decomposition decreased or increased withselectively. In fact, formation of only land only CO could
the repeated reactions according to the type of catalytic sup-be observed during methane decomposition and gasification
ports; i.e., NfYSiO> showed high activity in the early cy- of deposited carbons with GQOrespectively.
cles but the activity decreased with repeated cycles, whereas SEM images and back-scattering electron images of the
the catalytic activity of NiTiO, was kept high and that of  catalyst were measured using a Hitachi FE-SEM S-800 (field
Ni/Al>0s3 increased with the repeated reactions. We specu-emission gun scanning electron microscope).
late that the change in the catalytic activity for methane de-  X-ray absorption experiments were carried out on the
composition results from the structural changes of Ni speciesbheam line BL-9A at the Photon Factory in the Institute
during the repeated reactions. of Materials Structure Science for High Energy Acceler-
The purpose in this work is to examine the structural ator Research Organization, Tsukuba, Japan, with a ring
changes of Ni species in supported Ni catalysty ;O3 energy of 2.5 GeV and a stored current of 250—-450 mA
Ni/SiO,, and Ni/TiO2) during the repeated cycles of metha- (Proposal No. 2002G255). The X-ray absorption spectra of
ne decomposition and subsequent gasification of carbonNi/Al,Os, Ni/SiOp, and Ni/TiO2 were recorded in a flu-
nanofibers with C@ by Ni K-edge XAFS (XANES orescence mode with a Si(111) two-crystal monochromator
EXAFS), XRD, scanning electron microscopy (SEM), and atroom temperature. The X-ray absorption spectra of Ni foil
back-scattering electron microscopy. The role of catalytic and NiO were recorded in a transmission mode at room tem-
supports in the structural changes of Ni species will be dis- perature. Normalization of XANES and analyses of EXAFS
cussed on the basis of these spectroscopic studies. were performed as described elsewhere [11].
X-ray diffraction (XRD) patterns were measured by a
Rigaku RINT 2500V difractometer using CuzKradiation
2. Experimental at room temperature.
To prepare the catalyst sample for the measurement of
Supported Ni catalysts were prepared by impregnation Ni K-edge XAFS, XRD, SEM images, and back-scattering
of the supports (AIO3, SiQy, and TiQ) with an aque- electron images, methane decomposition at 823 K and sub-
ous solution of Ni(NQ)2 - 6H20, followed by drying up sequent gasification of deposited carbons with @023 K
of the impregnated samples at 373 K in air. The samples were performed repeatedly over the catalyst. For the pur-
were calcined at 873 K for 5 h in air. AD3 (JRC-ALO4; pose of the structural analysis of Ni species in the cata-
177 nfg~1), Si0, (Cab-O-Sil supplied from Cabot. Co.; lyst, methane decomposition was ceased in the early period,
200 nfg1), and Ti® (JRC-TIO4; 50 Mg~1) were uti- where moles of carbons deposited per mole of the total Ni
lized as catalytic supports of Ni. The JRC-ALO4 and JRC- atoms in the catalysts (@li) were 20-50. The structure of
TIO4 were supplied as reference catalysts from the CatalysisNi species in the catalyst which had been deactivated com-
Society of Japan. Methane decomposition over the supportedpletely for methane decomposition was also examined.
Ni catalysts was carried out in a conventional gas-flow sys-
tem. Prior to the reaction, the Ni catalyst was treated in a
stream of hydrogen at 873 K for 1 h. The methane decompo-3. Resultsand discussion
sition was initiated by contact of methane with the reduced
catalyst at 823 K. After the catalyst was deactivated com- 3.1. Reaction cyclesfor supported Ni catalysts
pletely for methane decomposition, the methane remaining
in the reactor was purged out with an Ar stream at 823 K Methane decomposition at 823 K and subsequent gasifi-
and the temperature was raised to 923 K. Gasification of thecation of deposited carbon with G@t 923 K were exam-
deposited carbon was followed by introduction of £i@to ined repeatedly for NiAl2O3, Ni/SiOp, and Ni/TiO2 [10].
the same reactor at 923 K. During methane decompositionFig. 1 shows the changes in the formation rate of hydrogen
and gasification of deposited carbons, a part of the gases inn methane decomposition and the rate of CO in subsequent
the exit stream from the catalyst bed was sampled out andgasification of deposited carbons with €0ver Ni/TiO>.
analyzed by on-line gas chromatography. In this study, Ni Contact of methane with a fresh NiiO, catalyst produced
(5 wt%)/Al 203, Ni (5 wt%)/SiO», and Ni (2.5 wt%) TiO2 hydrogen selectively as a gaseous product. The conversion
were utilized unless otherwise noted because these catalystsf methane at 10 min of time on stream (the first plot) was
suggested the typical effects of catalytic supports on the cat-8.8%. The formation rate of hydrogen declined with time on
alytic activity changes during the repeated reactions [10], as stream and the catalyst was deactivated completely within
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Fig. 1. Kinetic curves of the formation rate of hydrogen in methane decom- 1 b 3 4 5 6
position and that of CO in subsequent gasification of deposited carbons with

COy, over Ni/TiO catalyst. Ni(2.5 wt%)TiO»: 0.04 g, methane decompo- repetition number
sition; P(CH,4) = 1013 kPa, 60 mImin 1, gasification of deposited carbon

- . _ _ i1
with COp; P(CO) =33 kPa,P (Ar) = 68.3 kPa, flow rate= 60 mi min~-. Fig. 2. Change in carbon yields (Ni) evaluated at the complete deac-

tivation of each catalyst for methane decomposition as a function of the
100 min of time on stream. The methane remaining in the repeated number.

reactor was flushed out with Ar and G®vas introduced

at 923 K. The contact of COwith carbons from methane sition was very low, but the value increased gradually with
formed CO efficiently from 110 to 210 min of time on the repeated number.

stream. The carbons deposited by methane decomposition

were converted into CO with a conversion higher than 95%. 3.2. SEM images and BElIs of the catalysts during repeated
After the formation of CO could not be observed, £@as reactions

purged out with Ar and methane was introduced at 823 K

again. The contact of methane with the catalyst produced Fig. 3 shows SEM images and back-scattering electron
hydrogen again and a kinetic curve similar to that of the first images (BEI) of NfSiO; in the early period of methane de-
run (0-100 min) was observed. These results indicate thatcomposition (Ni = ca. 50). Each BEI was measured at
gasification of deposited carbons with €@sults in the se-  the same time as the corresponding SEM image. SEM im-
lective formation of CO as well as the regeneration of the ages show the preferential formation of carbon nanofibers
deactivated catalyst for methane decomposition. As can beon the NySiO, catalyst, indicating that the carbons from
seen in Fig. 1, the reaction cycles of methane decomposi-methane grow with a filamentous structure. BEls show many
tion and subsequent gasification of deposited carbons withbright spots which indicate the position and size of Ni metal
CO, could be carried out repeatedly. The reaction cycles particles in this case. Most of the bright spots in the BEIs
over Ni/Al,03 and Ni/SiO, could also be performed re- were located at the tip of carbon nanofibers and the sizes of
peatedly (the kinetic curves are not shown). For gasification the bright spots were almost the same as that of the corre-
of the deposited carbons with G@ver all the catalysts, the  sponding carbon nanofibers. These results indicate that a Ni
carbons deposited by the previous methane decompositiormetal particle produces a carbon nanofiber of the same size
were converted into CO with conversions higher than 95% as itself. The Ni metal adsorbs methane and decomposes it
irrespective of the repeated numbers. However, the changento hydrogen and carbon atom and the process is followed
in catalytic activity for each methane decomposition with by diffusion of carbon atoms on the metal surface and/or
the repeated cycles was different among the three catalyststhrough the bulk of metal particle to the precipitation sites,
Fig. 2 shows the change in carbon yieldy i) evaluated where they are crystallized to form a graphitic layer, starting
at the complete deactivation of the catalysts for methane de-growth of a carbon nanofiber [12]. In the BEI of the cata-
composition as a function of the repeated number. At the lyst after the first methane decomposition (a), it was found
first methane decomposition, MBiO, showed the highest that the sizes of bright spots ranged from 40 to 100 nm.
C/Nivalue among all the catalysts. However, théNCvalue On the other hand, the BEls of the catalyst after the third
for Ni/SiO, decreased significantly with repeated reactions. and the fifth methane decomposition show some bright spots
The C/Ni value for Ni/TiO2 increased from the first to the  with the sizes larger than 200 nm, indicating that Ni metal
third cycle and became unchanged since the third cycle. Asparticles were aggregated during the repeated reactions. It
for Ni/Al»0g3, the G/Ni value of the first methane decompo- is worthwhile noting that Ni metal particles with too large
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1000 nm (c) the fifth cycle. 1000 nm (c) the fifth cycle.

Fig. 3. SEM images (left side) and back-scattering electron images (right Fig. 4. SEM images (left side) and back-scattering electron images (right
side) of Ni/SiO; catalyst in the early period of the first (a), third (b), and  side) of Ni/TiO, catalyst in the early period of the first (a), third (b), and
fifth methane decomposition (c). fifth methane decomposition (c).

sizes & 200 nm) did not form carbon nanofibers, while the Fig. 4 shows the SEM images and BEls of/NiO2
metal particles with sizes from 30 to 120 nm formed car- catalyst in the early period of repeated methane decompo-
bon nanofibers. We have already proposed that the particlesition (C/Ni = ca. 50). As for the catalyst after the first
size of Ni metal determines the carbon yield in methane de- methane decomposition, the SEM image shows many car-
composition over supported Ni catalysts; that is, Ni metal bon nanofibers with diameters smaller than 40 nm and the
particles of the diameter range from 60 to 100 nm are the corresponding BEI shows no clear bright spot. As described
most effective ones for methane decomposition [13]. The earlier, the diameter of carbon nanofiber was almost the
catalytic activity of NySiO; for the first methane decompo- same as that of Ni metal particle on the tip of the corre-
sition was high since the fraction of Ni metal particles with sponding carbon nanofiber. Therefore, the diameter of Ni
diameters from 60 to 100 nm was high for the frespSD,. metal particles on the MO in the early period of the
With the repeated cycles, the Ni metal particles were aggre-first methane decomposition would be smaller than 40 nm.
gated, which brought about a decrease in the fraction of Ni We could observe the clear bright spots in the BEI when Ni
metal particles of the effective diameter (60—100 nm). This metal particles of sizes larger than 40 nm were present on
explains the reason why N6iO, had been deactivated for the catalyst surface, as shown in Fig. 3. The unclear BEI of
the methane decomposition with repeated reactions (Fig. 2).the Ni/TiO> in the early period of the first methane decom-
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position may imply the presence of Ni metal particles with
size below the detectable limit; i.e., the unclear image would
show the presence of THOON the other hand, many carbon
nanofibers with diameters of 50-100 nm were found in the
SEM image of the catalyst after the third methane decom-
position and many bright spots of the same size range as the |
carbon nanofibers were observed in the corresponding BEI
image. Therefore, the small Ni metal particles must have
been aggregated during the first and second cycles. How-
ever, as described earlier, the catalytic activity of ND,
increased with the cycles from the first to the third methane
decomposition. This suggests that the aggregation of Ni
metal particles in NiTiO2 is desirable for improving the
catalytic activity for methane decomposition, i.e., this aggre-
gation of Ni metal results in the formation of metal particles
with the diameter range effective for methane decomposi-
tion (60—100 nm). The size of carbon nanofibers and bright
spots observed in the SEM image and BEI of ND after
the fifth methane decomposition was almost the same as that
after the third reaction. Thus, TiGupport prevents serious
aggregation of Ni metal after the third methane decomposi-
tion and may maintain the size of Ni particles in the range
favorable for the growth of carbon nanofibers, which keep
the catalytic activity of NiTiO2 for the methane decompo-
sition high after the third reaction cycle in Figs. 1 and 2.

Fig. 5 shows the SEM images and BEls of/Ni>O3
in the early period of methane decomposition. For the cat-
alyst after the first methane decomposition, many carbon
nanofibers with diameters smaller than 20 nm were found in
the SEM image and no clear bright spot could be observed
in the corresponding BEI. On the basis of these images, we
consider that Ni metal particles with diameters smaller than
20 nm were dominant in a fresh catalyst and these metal
particles produced fine carbon nanofibers. With repeated re- 1000 nm (c) the fifth cycle.
action cycles, the diameter range of carbon nanofibers be-
came larger. In addition, the bright spots with diameter rang- Fig. 5. SEM images (left side) and back-scattering electron images (right
ing from 40 to 60 nm could be observed in the BEIs of s_ide) of Ni/Al>,03 catalys.t_in the early period of the first (a), third (b), and

. . fifth methane decomposition (c).

the catalyst after the third and the fifth methane decompo-
sition, although the number of spots was very few. These
results suggest that Ni metal particles smaller than 20 nm 3.3. Ni K-edge XANES/EXAFS of the catalysts during
are aggregated into ones ranging from 40 to 60 nm with re- repeated cycles
peated reaction cycles. However, the size range of carbon

nanofibers and bright spots was very small even after the  Fig. 6 shows Ni K-edge XANES spectra of MO, ca-

fifth methane decomposition, which indicates that the aggre- talyst at the different stages of the repeated reactions and
gation of Ni metal particles with repeated cycles is not fast of Ni foil. The XANES spectra of NiTiO, are shown in

for Ni/Al203. As described earlier, the catalytic activity of Fig. 7. The XANES spectra of fresh J8iO, and Ni/TiO2
Ni/Al 203 for methane decomposition increased with the re- resemble that of a Ni foil, indicating that Ni species in the
peated number. This improvement in catalytic activity must fresh catalysts are present in the state of Ni metal mainly.
have resulted from the change in the particle size; i.e., the di- In addition, the XANES spectra of N&iO, and Ni/TiO»
ameter range of Ni metal particles is too small to be effective in the early period of methane decomposition, (c)—(e), were
for methane decomposition in the early cycles, whereas thesimilar to those of the corresponding fresh catalyst (b) ir-
particle size range approaches the ones that are effective forespective of the repeated number of reactions, indicating
methane decomposition (60-100 nm) by the repeated reacthat the Ni species in the active catalysts for methane de-
tions, which increase the catalytic activity of Mil,O3 for composition is present as a Ni metal crystallite. In contrast,
methane decomposition. deactivation of both catalysts for methane decomposition
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Fig. 6. Ni K-edge XANES spectra of NSIO, catalyst and Ni foil. (a) Ni

foil; (b) fresh catalyst (after reduction with hydrogen); (c), (d), and (e) in
the early period of methane decomposition of the first, third, and fifth cycle;
(), (g), and (h) after complete deactivation for methane decomposition of
the first, third, and fifth cycle.
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Fig. 7. Ni K-edge XANES spectra of NTiO» catalyst and Ni foil. (a) Ni

foil; (b) fresh catalyst (after reduction with hydrogen); (c), (d), and (e) in the

early period of the methane decomposition of the first, third, and fifth cycle;
(), (9), and (h) after complete deactivation for methane decomposition of
the first, third, and fifth cycle.
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Fig. 8. Ni K-edge XANES spectra of NAlI,O3 catalyst, Ni foil, and NiO.

(a) Ni foil; (b) NiO; (c) fresh catalyst (after reduction with hydrogen); (d),
(e), and (f) in the early period of methane decomposition of the first, third,
and fifth cycle; (g), (h), and (i), after complete deactivation for methane
decomposition of the first, third, and fifth cycle.

brought about the change in XANES spectra, (f)-(h);i.e., the
two shoulder peaks were observed at 8332 and 8341 eV and
two peaks at 8349 and 8358 eV characteristic of Ni metal
became faint. We have already reported that the change in
the XANES spectrum during the deactivation of the catalyst
for methane decomposition can be assigned to the structural
change of the Ni species from Ni metal to some nickel car-
bide species [14]. Thus, some parts of Ni metal particles
present at the tips of carbon nanofibers change into nickel
carbide species at the deactivation of SiiO, and Ni/TiO».

Fig. 8 shows Ni K-edge XANES spectra of Mil,03
at different stages of the repeated reactions. XANES spec-
tra of Ni foil (a) and NiO (b) are also shown in Fig. 8.
The features of the XANES spectrum of NiO are signifi-
cantly different from those of Ni foil; i.e., threshold is ob-
served at ca. 8330 eV for the XANES spectrum of a Ni
foil and sharp absorption is observed at ca. 8350 eV for
that of NiO. The XANES spectrum of fresh M\ 203 (c)
was similar to that of NiO rather than that of Ni foil, al-
though a threshold at 8330 eV, which is characteristic of
the spectrum of Ni foil, could be seen in the spectrum of
a fresh catalyst. Thus, Ni species in freshy Ali,O3 consist
of Ni metal and Ni(ll) species that is surrounded by oxygen
atoms. As will be described later, the XRD pattern of fresh
Ni/Al>03 showed the presence of NiADs. Therefore, the
Ni(Il) species observed by XANES would be attributed to
the presence of NiAlD4. XANES spectra of NiAl2Os in
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Fig. 9. Fourier transforms df3-weighted Ni K-edge EXAFS of NiSiO» Fig. 10. Fourier transforms @f-weighted Ni K-edge EXAFS of NiTiO»

catalyst and Ni foil. (a) Ni foil; (b) fresh catalyst (after reduction with hy-  catalyst and Ni foil. (a) Ni foil; (b) fresh catalyst (after reduction with hy-
drogen); (c), (d), and (e), in the early period of methane decomposition of drogen); (c), (d), and (e), in the early period of methane decomposition of
the first, third, and fifth cycle; (f), (g), and (h), after complete deactivation the first, third, and fifth cycle; (f), (g), and (h), after complete deactivation
for methane decomposition of the first, third, and fifth cycle. for methane decomposition of the first, third, and fifth cycle.

the early period of methane decomposition ((d), (e), and (f)) cycles. Taking the results of the EXAFS and the SEM im-
were similar to those of a fresh one. However, the thresh- ages for both the catalysts into consideration, we consider
old at 8330 eV became slightly intense and absorption at that the aggregation of Ni metal particles during the repeated
8350 eV became weak with the repeated cycles. These re+eactions is not accompanied by an increase in the crystallite
sults suggested that the fraction of Ni metal to all Ni species size of Ni metal.
in Ni/Al,O3 became greater with repeated cycles. Itis likely On the other hand, the peaks due to Ni—Ni in RSFs of both
that a part of NiAbO4 in Ni/Al2O3 changes into Ni metal ~ deactivated catalysts ((f), (g), and (h)) were low and broad,
during the repeated cycles because carbon and hydrogemompared to those in the active catalysts ((c), (d), and (e)).
formed by methane decomposition could work as reductantsThe XANES spectra (Figs. 6 and 7) showed the formation of
for NiAl 204, as demonstrated in the case of the steam re- Ni carbide species after the deactivation of the catalysts for
forming of methane over supported Ni catalyst [15]. methane decomposition. The weakening and broadening of
Fig. 9 shows Fourier transforms (RSF; radial structure the peak due to Ni-Ni in RSFs of the deactivated catalysts
function) of k3-weighted Ni K-edge EXAFS of NiSIiO; at can be ascribed to the interference by carbon in the environ-
different stages of the repeated reactions and Ni foil. The re- ments of Ni-Ni bonds due to the formation of nickel carbide
sults for Ni/TiO2 are shown in Fig. 10. The RSFs of fresh species for the deactivated catalysts [14].
Ni/SiO; and Ni/TiO2 (b) were similar to that of Ni foil (a), Fig. 11 shows Fourier transforms bf-weighted Ni K-
which was consistent with the XANES spectra. The peakin- edge EXAFS (RSFs) of MAI O3 catalyst, Ni foil, and NiO.
tensities around 2.2 A due to Ni—Ni for both the catalysts in RSF of fresh NiAl;O3 (spectrum (c)) showed two peaks
the early period of methane decomposition (spectra (c)—(e))at 1.4 and 2.1 A. Taking into consideration the results drawn
did not change irrespective of the number of repeated reac-by the XANES spectra that some Ni species are surrounded
tions. The peak intensity corresponds to an average size ofby oxygen atoms, the former peak could be assigned to a
Ni metal crystallite. Thus, the average crystallite size of Ni Ni—O bond. The Ni species would be Ni&4 based on the
metal in the active NiSiO; and Ni/TiO> (in the early period XRD pattern of NfyAlI,O3. The position of the latter peak
of methane decomposition) does not change by repeated re{at 2.1 A) in RSF for fresh NiAl,O3 was close to that for
actions. As described earlier, the increase in the particle sizeNi foil (2.2 A) rather than that for NiO (2.8 A). On the ba-
of Ni metal was observed by the SEM images of 8iO, sis of the EXAFS and XANES spectra, we consider that Ni
during the repeated reactions and of/ND> in the early species in fresh NiAl 203 consist of Ni metal and NiAlO,.
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Fig. 11. Fourier transforms ﬁﬁ-weighted Ni K-edge EXAFS of NiAl,03
catalyst, Ni foil, and NiO. (a) Ni foil; (b) NiO; (c) fresh catalyst (after re-
duction with hydrogen); (d), (e), and (f), in the early period of methane
decomposition of the first, third, and fifth cycle; (g), (h), and (i), after com-
plete deactivation for methane decomposition of the first, third, and fifth
cycle. Magnitudes for Fourier transforms of Ni foil and NiO were divided
by 5.

RSFs for NjyAIl,Os in the early period of methane decom-
position also showed the two peaks due to Ni—-O and Ni—Ni
irrespective of the number of repeated reactions. However,
the intensity of the peak due to Ni-O became lower and that
of the peak due to Ni—-Ni became higher with the repeated Fig. 12. SEM images and back-scattering electron images of Ni(10 wt%)
cycles. These changes in RSFs would be assigned to the reliO; catalyst before and after gasification of carbon nanofibers with. CO
duction of a part of NiA}O4 to Ni metal. In addition to the (&) After methane decomposition (8i = 200); (b) and (c), the carbons
aggregation of small Ni metal particles observed by the SEM were gasified with C@from C/Ni = 200 to 150 and 100, respectively.
images, the reduction of Ni(ll) species into Ni metal with the

repeated reactions should bring about improvement in the Ni (10 wt%),/TiO before and after gasification of carbon
catalytic activity of Nj/Al,Os for methane decomposition ~nanofibers with C@. After the carbons of Ni = 200 were
because the reduction increases the total number of activedeposited on NiTiO2 by methane decomposition, the car-
sites (Ni metal). On the other hand, the peak due to Ni—-Ni bons were gasified with CQo C/Ni = 150 (b) and 100 (c).

in the RSFs of NiAl,O3 deactivated for the first and third  To examine the interaction of Ni metal particles with car-
methane decomposition became intense compared to that ifPon nanofibers, NiTiO2 with a relatively high Ni loading,
the early period of the corresponding methane decomposi-i.€., Ni (10 wt%) TiO> instead of Ni (2.5 wt%)TiO2, was
tion, suggesting that the fraction of Ni metal to all the Ni utilized for the measurement. In the SEM image of the cata-
species increased during methane decomposition. Thus, thdyst after methane decomposition (a), carbon nanofibers with
reduction of Ni(ll) species into Ni metal would take place diameters from 60 to 100 nm were found and a Ni metal

>
300 nm ©)

during methane decomposition. particle was observed at the tip of each carbon nanofiber
in the corresponding BEI image. SEM images and BEls of
3.4. Role of catalytic supports the catalyst after the gasification of carbon nanofibers with

CO, showed that most of the Ni metal particles were also
Finally, we would discuss the role of catalytic sup- present at the tip of carbon nanofibers. In addition, we have
ports in the structural change of Ni species during the re- already demonstrated that the carbon nanofibers which had
peated cycles. Fig. 12 shows SEM images and BEls of been washed with aqueous Hjl® remove Ni species were
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Fig. 13. XRD patterns of Ni(10 wt%BiO, catalyst before and after gasi-
fication of carbon nanofibers with GO (a) After methane decomposi-
tion (C/Ni = 50); (b), (c), and (d), carbons were gasified with f@bm
C/Ni =50 to 40, 2, and 0, respectively.

not gasified with CQ@ at 923 K [9]. Therefore, we consider
that the Ni metal particle at the tip of a carbon nanofiber cat-
alyzes the gasification of the contacted carbon withp @D
shorten the length of the fiber.

Fig. 13 shows XRD patterns of Ni (10 wt¥8iO, be-
fore and after the gasification of carbon nanofibers with CO
To obtain intense diffraction lines due to Ni species, a silica
support was utilized and the loading amount of Ni was ad-
justed to be 10 wt% since the diffraction line due to silica
is not overlapped with that of Ni species due to the amor-
phous structure of silica. After the carbons corresponding to
the amount of ZNi = 50 were deposited on the }8iO,
by methane decomposition, they were gasified with, @D
C/Ni = 40, 2, and 0. The XRD pattern of NsiO, after
methane decomposition (a) showed the diffraction lines due
to Ni metal crystallite at 2 = 44 and 52 and due to de-
posited carbons att2= 26 and 48. The diffraction lines

due to deposited carbons disappeared upon gasification with

COy,. After complete gasification of deposited carbons (d),
diffraction lines due to NiO appeared & 2 37.5 and 43.5
in addition to those due to Ni metal. The results suggest
that Ni metal particles are oxidized gradually with &£&xf-
ter the complete gasification of deposited carbons, while Ni

S Takenaka et al. / Journal of Catalysis 219 (2003) 176-185

because the carbon nanofibers work as reductants for Ni
species.

As described earlier, most Ni metal particles are present
at the tip of carbon nanofibers during methane decomposi-
tion and the gasification of carbon nanofibers with,CtThe
Ni metal particles during the reactions are spatially apart
from each other because they are located on the tip of carbon
nanofibers. Thus, the contact between the Ni metal particles,
i.e., the aggregation of them, would not take place during
the reactions. However, when carbon nanofibers are gasi-
fied completely, Ni metal particles inevitably return to the
supports. These Ni metal particles on the supports would
be oxidized partially to NiO with C@as demonstrated in
Fig. 13. If the interaction between the Ni species and cata-
lytic supports is weak, the nickel species (Ni metal and/or
NiO) migrate on the supports to be aggregated when they
return to the surface of the support.

Here, we speculate that the important point for the sup-
pression of aggregation of Ni species during the repeated
reactions is how strong is the interaction of the supports with
Ni metal particles or with those partially oxidized by €0
Fig. 14 shows XRD patterns of oxidized MHiO,, Ni/TiO2,
and Ni/Al>O3. To obtain intense diffraction lines, the load-
ing amount of Ni increased for NTiO2 and Ni/Al2Os3.

For the XRD pattern of oxidized MEiO, (a), diffraction
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Fig. 14. XRD patterns of oxidized Ni catalysts and catalytic supports.

species are preserved as Ni metal during gasification when) ni(s wios)/sio,; (b) TiO, (JRC-TIO4): (c) Ni(2.5 wt%)TiOo: (d) Ni

the deposited carbons remain on the catalyst [16]. It is likely
that Ni species are present as Ni metal during gasification

(5 Wt%)/TiO2; (e) AloO3 (JRC-ALO4); (f) Ni(5 wt%)yAl»03; (g) Ni
(10 wt%)/Al»03.
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lines due to NiO were found at¥2= 37.5, 43.5, and 63

On the other hand, diffraction lines due to NigGnd
NiAl 204 were observed at®2= 33 and 49 and at & =

37 and 48 in the XRD patterns of oxidized NTiO2 and
Ni/Al203, respectively, although the diffraction lines due
to NiAl2O4 were overlapped with those due to,83 [17,
18]. It is unlikely that the compound oxides (NiTiGand
NiAl 204) would migrate preferentially on the catalytic sup-
ports [19-21], compared to NiO on silica, which prevent the
serious aggregation of Ni species ory Ni;Oz and Ni/TiO»
during the repeated reactions as described earlier (Figs.
and 5). This is the reason why the catalytic activities of
Ni/TiO2 and Ni/Al,03 for methane decomposition did not
decrease with repeated cycles.

4. Conclusions

We conclude as follows from the results mentioned pre-
viously:

1. Ni species in fresh NBiIO, were present as Ni metal

185

3. Ni species in fresh NAlI,Os were composed of
NiAl 204 and Ni metal particles of diameter smaller than
20 nm. NiALO4 was gradually reduced into Ni metal.
The formed Ni metal was aggregated gradually, which
brought about increases in the number and the size of Ni
metal particles active for methane decomposition. Thus,
the catalytic activity of NiAl2O3 for methane decom-
position increased gradually during repeated reactions.
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