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Abstract

Methane decomposition into hydrogen and filamentous carbons was carried outs0gfAteO3 and FeOs3/SiO, (7-77 wt% as F£03)
at 1073 K. The carbon yield in the methane decomposition feOBRAI ,O3 (22.5 g-G'g-Fe) was greater than that forf&&;/SiO» (7.5 g-C/
g-Fe). The difference of the catalytic performance between the two catalysts can be explained by the particle size of the catalytically active
speciesdq-Fe metal and F£C); i.e., an average particle size of catalytically active species, @@l ,03 did not change appreciably despite
an increase of loadings, while the size inpPa/SiO, became larger with loadings. $@3 crystallites of diameters smaller than ca. 30 nm
in the fresh catalysts were transformed intd-e metal and F£C (cementite) immediately after contact of methane at 1073 K, while those
of larger diameters were transformed iptd=e metal saturated with carbon atoms (austenite). The structures of carbons formed by methane
decomposition were dependent on the types of catalytic suppe@aF&l O3 catalysts formed multiwalled carbon nanotubes and chain-like
carbon nanotubes. On the other handyB#SiO, catalysts formed filamentous carbons which were composed of many spherical carbon
particles without a hollow structure, in addition to chain-like carbon nanotubes.
0 2003 Elsevier Inc. All rights reserved.
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1. Introduction acrylnitrile (PAN) for carbon nanofiber synthesis [10]. It is
well-known that Fe, Co, and Ni supported on $j®@l,03,

The synthesis of novel nanoscale materials is a major and MgO are effective catalysts for the synthesis of filamen-
target in current material science research. Many researchtous carbons through hydrocarbon decomposition [11-19].
groups devoted their efforts to preparation, characterization, In the current process for the synthesis of filamentous car-
and application of nanostructure materials. One of the mostbons such as vapor-grown carbon fibers, hydrocarbons such
fruitful and active fields in nanostructures is the preparation as benzene and acetylene diluted with hydrogen are decom-
and characterization of nanostructure carbons such as filaposed over Fe-based catalysts at temperatures higher than
mentous carbons (carbon nanotubes and carbon nanofibers).273 K [1-3]. Although a high reaction temperature favors
because of their attractive physical and chemical propertiesthe formation of filamentous carbons with proper graphi-
[1-3]. Filamentous carbons are expected to be utilized, for tization for Fe-based catalysts, the homogeneous pyroly-
example, as hydrogen-storage materials, nanoelectrical desjs of benzene and acetylene becomes excessive above a
vices, nanowires, and nanosensors [4-6]. certain temperature depending on the carbon sources used.

CatalytiC decompOSition of the molecules Containing car- The homogeneous pyr0|ysis of benzene and acety|ene pro-
bon atoms, such as CO and hydrocarbons is one of thequces amorphous carbons, which brings about a low purity
promising methods for the preparation of filamentous car- of filamentous carbons [2]. In contrast, methane, which is
bons in large quantities, compared to arc-discharge [7,8] andthe most abundant resource among all the hydrocarbons,
laser vaporization methods [9] for carbon nanotube synthe-js an ideal carbon source for production of highly graphi-
sis or the thermal decomposition of polymers such as poly- tized filamentous carbons because of its kinetic stability at

high temperatures. In most studies on the production of fil-
~* Corresponding author. amentous carbons from methane over Fe-based catalysts,
E-mail address: kotsuka@o.cc.titech.ac.jp (K. Otsuka). methane diluted with hydrogen was contacted with the cat-
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alysts at temperatures higher than 1273 K [21-25]. As for catalyst was packed in a tubular reactor made from quartz
the methane decomposition over iron-based catalysts, it was(length and diameter of the reactor were 40 and 2 cm, re-
reported that catalytically active species for the growth of fil- spectively). Prior to the methane decomposition, the catalyst
amentous carbons were iron species of the liquid state whichwas heated at 1073 K in an argon stream. Methane decompo-
were saturated with carbons [26,27]. The iron species satu-sition was initiated by contact of methane with the catalyst
rated with carbons were transformed into a liquid state at at 1073 K. During the reaction, a part of exit gases from cat-
temperatures higher than 1273 K. Hydrogen was cofeed inalyst bed was sampled out and analyzed by GC. The forma-
order to suppress the rapid deactivation of Fe-based catalystsion rate of each product during the methane decomposition
due to the coverage of the catalytically active iron species was estimated on the basis of the concentration of the prod-
with graphite layers. Recently, several research groups stud-uct evaluated by GC and the total flow rate of effluent gases.
ied methane decomposition without cofeed of hydrogen at  X-ray diffraction (XRD) patterns of the catalysts were
temperatures lower than 1073 K over Fe-based catalystsrecorded with a Rigaku RINT 2500V diffractometer using
[28-30]. Ermakova et al. examined the effects of the addi- Cu-K, radiation at room temperature.
tion of hard-reduced oxides such as §i®I,03, TiO,, and SEM and TEM images of carbons deposited on the cat-
ZrOy into iron oxides on the catalytic activity for methane alysts by the methane decomposition were measured with
decomposition [28,29]. Iron oxides added with SEhowed a Hitachi FE-SEM S-800 (field emission gun-scanning elec-
a high yield of filamentous carbons in the methane decom- tron microscope) and with a JEOL JEM-2010F, respectively.
position at a temperature range from 953 to 1073 K. They = Raman spectra of carbons deposited on the catalyst by the
proposed that iron species with high fluidity were catalyti- methane decomposition were measured with a laser Raman
cally active species for the growth of filamentous carbons at spectrometer (JASCO NRS-2100). The spectra were taken
temperatures lower than 1073 K. These results indicated thatwith 514.5-nm line of an argon laser at room temperature.
iron-based catalysts showed high activity for the methane The incident laser power was adjusted to 2 mW at the sam-
decomposition at temperatures lower than 1273 K. How- ple. The spectra were recorded with a resolution of 4&m
ever, a detailed study on the methane decomposition over X-ray absorption spectra (XANES, X-ray absorption
Fe-based catalysts at temperatures lower than 1273 K, eshear-edge structure; and EXAFS, extended X-ray absorp-
pecially on the structure of iron species during the methanetion fine structure) were measured on the beam-line BL-7C
decomposition, has not been reported at the present stage. at the Photon Factory in the Institute of Materials Structure
In the present study, methane decomposition was carriedScience for High Energy Accelerator Research Organization
out over FeO3/Al>,03 and FeOs/SiO;, catalysts at 1073 K at Tsukuba in Japan (Proposal Number 2002G255). X-ray
in order to examine the catalytic activities and the shape absorption spectra of E©3(14 wt%)/Al,O3 catalysts before
and structure of carbons formed by the reaction. In addition, and after methane decomposition were measured with a flu-
structural changes of iron species during methane decompo-orescence mode with a Si(111) two-crystal monochromator
sition over these catalysts were investigated by XRD patternsat room temperature. The spectra 0pb®g(77 wt%)/Al,03
and FeK -edge XAFS spectra (XANES/EXAFS). and FeOj3 catalysts without a support after methane de-
composition and of reference samplesy®B¢ and Fe foil)
were measured with a transmission mode at room tempera-
2. Experimental ture. Prior to the measurements, the catalyst samples were
contacted with methane at 1073 K, followed by cooling to
Supported Fe catalysts used in this work were preparedroom temperature under Ar stream. Then, each catalyst was

by a conventional impregnation method.,@s and SiQ packed in a bag made from polyethylene under an argon
were utilized as a catalytic supports.2@3 (JRC-ALO4) atmosphere. The analyses of the spectra were performed
(specific surface aree 177 nfg~! and pore volume= as described elsewhere [31,32]. For EXAFS analysis, the

0.66 mlg1) and SiQ (JRC-SIO8) (specific surface area oscillation was extracted from the EXAFS data by a spline-
303 nfg~! and pore volume= 0.54 mlg-1) were supplied  smoothing method. The oscillation was normalized by the
from the Catalysis Society of Japan as reference catalystsedge height around 70-100 eV above the threshold. The
The catalytic support was impregnated with an aqueous solu-Fourier transformation of théS3-weighted EXAFS oscil-
tion of Fe(NQ)3 - 9H,0. The solvent of impregnated sample lation was performed over the range= 40-140 nm? to
was evaporated to dryness at 363 K and the sample was fur-obtain a radial structural function.
ther dried in air at 423 K for 5 h. The process was followed
by calcination in air at 873 K for 5 h. The calcined catalysts
were ground and sieved to smaller sizes than 60 mesh. Thes8. Results and discussion
catalyst samples are denoted as®g£X wt%)/SiO, and
FeO3(X wt%)/Al,03 (X means loading of F©3), here- 3.1. Methane decomposition over supported Fe catalysts
after.

Methane decomposition was performed with a conven-  Fig. 1 shows changes of the formation rate of hydrogen
tional gas-flow system with a fixed catalyst bed. The powder as a function of time on stream in the methane decom-



522 S Takenaka et al. / Journal of Catalysis 222 (2004) 520-531

- —— 77 wt% £ 1o

1000 —a— 38 wt% = 300

%00 L —@— 14 wt% E 120 %
L - —O— 7 wt% 3 250 E
E 600 = 100 - g
—_ - < =l
2 400 5 g0l 200 =
=or $ z
© 200 “ S
E C S 60l 150 %
5] & &
g E 100 &
s 2 40 | g
£ :
= 5 20 50 2
g £
2 g
= s 0 = 0

0 02 04 06 038 1 12 14 16
Time on stream / h
Fig. 2. Change of the formation rates of products (COp @0, and H)

as a function of time on stream in the methane decomposition at 1073 K
over FeO3(77 wt%)/Al, O3. Catalyst weight= 0.16 g, P(CHg) = 5.8 kPa,

Time on stream / h P(Ar) = 955 kPa, and flow rate= 70 mImin1,
Fig. 1. Change of the formation rate of hydrogen as a function of time o .
on stream in the methane decomposition at 1073 K oveOE#l,03 In order to obtain kinetic curves of the formation rates of CO,
catalysts with different loadings. Catalyst weight0.04 g, P(CHyg) = CO, H20, and b at the early period of the methane decom-

- i1 L. .
1013 kPa, and flow rate of C= 70 mimir™=. position over FgOs/Al,O3 catalyst, the reaction was per-

formed under a low partial pressure of methane (5.8 kPa) by

position over FgO3/Al,O3 catalysts with different load-  using a large amount of the catalyst (0.16 g). The results are
ings at 1073 K. The upper figure indicates the results at shown in Fig. 2. It is clear that the contact of methane with
the early stage of the reactior: (L h). The FeO3/Al,03 FeO3(77 wt%)/Al,O3 brought about the formation of4@,
catalysts decomposed methane actively at early periodsCO, CQ, and k. The formation rate of bO decreased with
of the reaction to form hydrogen. The formation rates of time on stream (at 0.4 h) butitincreased after 0.4 h, where
hydrogen at the early period became higher in the or- the formation rates of CO and GQ@lso increased. The for-
der of FeOs(7 wt%)/Al,03 < Fe03(14 wt%)/AbO3 < mation rates of HO, CO, and C@showed maximaatca. 1 h
Fe03(77 wt%)/AlLbO3 < Fe03(38 wt%)/Al,O3. The for- of time on stream. These products resulted from reduction of
mation rates of hydrogen decreased quickly with time on iron oxides on A}O3 with methane. The formation rate of
stream for all the catalysts. Amounts of carbons deposited H, increased sharply at 0.8 h and reached to an apparent
by the methane decomposition in 16 h were estimated by plateau at 1-1.6 h. The continuous formation efdfter 1 h
integration of the formation rates of hydrogen in Fig. 1, as- could be due to the catalytic methane decomposition. These
suming that the stoichiometric reaction, £H> C + 2Ho, observations implied that methane decomposition was cat-
took place selectively. The carbon yields, C/Fe, which cor- alyzed by reduced iron species.
responds to moles of deposited carbons per moles of the Fig. 3 shows XRD patterns of E©3(77 wt%)/Al,O3
total Fe atoms in the catalysts until 16 h of time on stream in used for the methane decomposition at 1073 K for differ-
Fig. 1, were evaluated to be 87, 75, 105, and 49 for the cat-ent times on stream. The reaction was performed under
alysts of 7, 14, 38, and 77 wt% loadings, respectively. The the same conditions as those shown in Fig. 2. After the
methane decomposition over these catalysts was performednethane decomposition, the catalyst samples were cooled
at least twice in order to confirm the reproducibility of the at room temperature under Ar and exposed to air at room
experimental results. The carbon yields were well consistenttemperature. For the XRD pattern of the catalyst before con-
with those evaluated from the weight of the catalysts with tact with methane (a fresh catalyst), peaks due tgOge
carbon after the methane decomposition within experimen- (hematite) were observed. These results suggested that most
tal error. iron species in a fresh E®3/Al,03 were present as (63

For the methane decomposition overn®g/Al,O3 cat- crystallite. After 6 min contact with a methane stream, the
alysts, attempts to observe the formation of CO,>Cénd peaks due to 3 disappeared and those due tag®gonly
H2O in addition to H were made at the early period of the could be observed. In the XRD patterns of the catalysts af-
reaction. However, changes in the formation rates of CO, ter 27 and 40 min of time on stream, the peaks due §®ke
COp, and HO could not be followed under the reaction became small and the peaks due to FeOwmiftt metal ap-
conditions, because the formation of these products stoppedpeared at 2 = 36.0, 42.0, and 60.5and at 2 = 44.5 and
within 15 min after the contact of methane with the catalysts. 65.%°, respectively. The peaks due to FeO decreased and
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lysts showed the maxima. The carbon yields (C/Fe) at 20 h
those due tax-Fe metal increased with time on stream af- of time on stream were estimated to kel 5, 34, 35, and 33
ter 27 min. In the XRD pattern of the catalyst after 60 min for Fe,O3/SiO, of 7, 14, 38, and 77 wt% loadings, respec-
of time on stream, the peaks due to FeO disappeared comiively. The C/Fe values for R©3/SiO, were smaller than
pletely and many peaks could be observed in addition to those for FeO3z/AlOs. In Fig. 4, the result for the methane
those due ta-Fe metal. These peaks could be assignable to decomposition over R®3 catalyst without a catalytic sup-
FesC (cementite) [12]. These results indicated thai®=in port was also shown. The formation rate of hydrogen for the
the fresh catalyst would be reduced stepwise with methaneFe;O3 catalyst also showed the maximum at ca. 5 h of time
during the reaction, i.e., E®3 — Fes0O4 — FeO— «-Fe on stream. The kinetic curve of hydrogen formation for the
metal and FgC [33]. It should be noted that € was FeO3 catalyst without a support was similar to those for
formed at 60 min of time on stream, where the catalyst was Fe,03(38 wt%)/SiQ and FeO3(77 wt%)/SiQ. In contrast,
still active for the methane decomposition as shown in Fig. 2. the formation rates of hydrogen for £83/Al2O3 catalysts
These results suggest thagBeas well asx-Fe metal arethe  decreased monotonously with time on stream, irrespective of
catalytically active species for the methane decomposition. It the FeO3 loadings. The feature of the kinetic curves of hy-
is likely that the decomposition of E€ into «-Fe and car- drogen formation depended on particle sizes of catalytically
bons produced filamentous carbons, as proposed by severadctive iron species, as described later in detail.
research groups [28,33].

Fig. 4 shows the formation rates of hydrogen as a 3.2. Sructure of iron speciesin the catalysts

function of time on stream in the methane decomposition
over Fe0s/SiO, catalysts with different Eg3 loadings at Fig. 5 shows XRD patterns of fresh #&3/Al,O3 and
1073 K. For all the FgO3/SiO; catalysts, the formation of  Fe03/SiO, catalysts. For XRD patterns of all the fresh
H20, CO, and CO in addition to bl could be observed at  catalysts except for E©3(7 wt%)/Al,03, the diffraction
the early period of the reactions, although the results for peaks due to F®s crystallite could be observed, suggest-
the formation of HO, CQ,, and CO are not shown in Fig. 4.  ing that iron species in the fresh catalysts were present
This resultindicated that iron oxides supported onSi@re as FeOjs crystallites mainly. The XRD pattern of fresh
reduced with methane at the early period of the reaction. Fe,O3(7 wt%)/Al,O3 was consistent with that of AD3 sup-
When the loading of F®3 on SiG increased, the forma-  port, suggesting that iron species in fresh®g7 wt%)/
tion rate of hydrogen at the early period became higher. Al,O3 were highly dispersed. Average crystallite sizes of
However, the formation rates of hydrogen for,B8/SiO; FeOs in both fresh catalysts were estimated from full
were significantly lower than those for F&3/Al,0O3. The widths at half-maximum of diffraction lines due to &3
activities of FeOs(7 and 14 wt%)/SiQ catalysts were es-  crystallites at 2 = 54.0° in the XRD patterns. As the load-
pecially low. The catalytic activities of E®3/SiO, with 38 ings of FeOs in the FeO3/SiO, catalysts increased from 14
and 77 wt% loadings decreased until 3 h of time on stream. to 77 wt%, average crystallite sizes ofJa became larger
After 3-5 h, the formation rates of hydrogen for these cata- from 20 to 40 nm. In contrast, an average crystallite size
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Fig. 6. XRD patterns of Fgs3/Al,03 catalysts deactivated for the
methane decomposition at 1073 K. (ap@ support; (b) FeO3(7 wt%)/
Al20Og3; (c) Fe03(14 wt%)/Al,O3; (d) F&O3(38 wt%)/Al,O3; (e) FeOs3
(77 wt%)/Ab O3. a-Fe (@); Fe3C (A); graphite (J).

Fig. 5. XRD patterns of fresh (E©3/Al,03 catalysts (a) and of fresh
Fe,O3/SiO, catalysts (b).

of FeOs3 in the fresh FgO3/Al,03 catalysts was kept al- 9
most constant (ca. 25 nm) in the loading range from 14 to
77 wt%. As for the FgO3 sample without a support used in i
the reaction in Fig. 4, an average crystallite size of@s
was estimated to be 47 nm from the XRD results. As de-
scribed earlier, the catalytic activities of #&83/Al 203 at the
early period of the methane decomposition were higher than
those of FeO3/SiO,. The catalytic activities of F£3/SiO,
with 38 and 77 wt% loadings and of @3 without a sup-
port were very low at the early period of the reaction but they
increased with time on stream. The catalytic performance
of Fe0O3/Al,03 and FeO3/SiO, would depend on a crys-
tallite size of catalytically active iron species, which were
formed during the methane decomposition by the reduction
of Fe,O3 with methane.

Fig. 6 shows XRD patterns of F@3/Al 03 catalysts af-
ter the complete deactivation for the methane decomposi-
tion at 1073 K. The XRD patterns were measured after the 20 25 30 35 40 45 50 ss
methane decomposition shown in Fig. 1 (after 16 h of time 20/ degree
on stream). In XRD patterns of all the deactivated catalysts,
the peak due to graphite was observedé@at2ca. 26 and chig' 7. :;RD F:ja“ems °f_t_':4@3’t5i1(827 :rl‘(d FQSS ;ﬁ'}’s}g de_a‘;“"s‘eg for
it became intense with loadings of #s. XRD patterns of (13 m%;gﬁqfcg:?ioégz?sg wt%)/s'ig;i (§§ ; @(;l(;?zbv(to/)o)/gziqa,
deactivated Fg3/Al>O3 catalysts with 7 and 14 wt% load-  (e) Fe,05 catalyst.a-Fe @); FesC (A); y-Fe saturated with carbonsf;
ings were quite similar to that of AD3. On the other hand,  graphite (0).
peaks due to R could be observed for the deactivated
catalysts with 38 and 77 wt% loadings and their intensi- (14 wt%) during the methane decomposition was discussed
ties increased with the loadings. These results indicated thatin detail later based on the results of Eeedge XAFS.
most of iron species in BE®3/Al,03 catalysts with loadings Fig. 7 shows XRD patterns of F@®3/SiO; and FeOs
> 38 wt% were transformed into g€ during the deactiva-  without a support deactivated for the methane decomposition
tion for methane decomposition at 1073 K. The structural at 1073 K. The XRD patterns were measured after methane
change of iron species in f@3/Al,03 with a low loading decomposition shown in Fig. 4 (20 h of time on stream).

intensity (arb. unit)
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In XRD patterns of all the deactivated #&3/SiO, catalysts,
the peaks due to E€ could be observed, although the peaks
for FeO3(7 wt%)/SiQ, were very weak. In XRD patterns
of deactivated Fg3(77 wt%)/SiQ and FeOs without a
support, new peaks could be found &t2 43.7 and 50.8
in addition to the peaks due to & The XRD pattern of
y-Fe metal which is of a FCC structure shows two peaks
at 2 = 458 and 53.4. When carbon atoms are dissolved
in y-Fe metal, the carbon atoms would expand the lattice
of y-Fe metal, which brings about the shift of the diffrac-
tion lines of y-Fe metal to lower angles. On the basis of
the XRD pattern fory-Fe metal, the peaks ab2= 43.7
and 50.5 for deactivated Fg3(77 wt%)/SiQ® and FeO3
without a support could be assignable jteFe metal sat-
urated with carbon atoms [34]. From the results described
earlier, it is concluded that iron species in the®g/SiO,
catalysts with loadings lower than 38 wt% were transformed
into cementite (F&C) mainly during the deactivation, while
y-Fe metal saturated with carbon atoms (austenite) in addi-
tion to cementite was formed during the deactivation of the
FeOs3(77 wt%)/SiQ and FeOsz without a support. XRD
studies for FgO3/SiO; and FeO3/Al203 shown in Fig. 5
implied that an average crystallite size of;B3 in fresh
Fe03/SiO; catalysts became larger with an increase of
loadings, while the size in E®3/Al,03 was kept almost
constant irrespective of E®3 loadings. It is likely that
Fe O3 crystallites of smaller sizes were transformed into
cementite (FgC) during the methane decomposition, while
those of larger diameters were transformed into austenite.
Fig. 8 shows FeK-edge XANES spectra of B3
(14 wt%)/Al,O3 samples before and after methane decom-
position at 1073 K, of FgO3(77 wt%)/Al,O3 and FeOs
without a support deactivated for the reaction at 1073 K,
and of reference samples g and Fe foil ¢-Fe metal)).
Prior to the measurements of XANES and EXAFS of the
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Fig. 8. FeK-edge XANES spectra of E©3(14 wt%)/Al,O3, of FeO3

(77 wt%)/Al, O3 and Fe O3 without a support before and after the methane
decomposition at 1073 K, and of reference samples@geand Fe foil).

(a) Fe foil; (b) FeOgs; (c) fresh FeO3(14 wt%)/Al,O3; (d and e) FgO3

(14 wt%)/Al, O3 after 5 and 20 min of time on stream of GHespectively;

(f and g) FeO3(14 wt%)/Al,O3 and FeO3(77 wt%)/Al,O3 after deacti-
vation (16 h of time on stream), respectively; (hyPg without a support
after deactivation (20 h of time on stream).

activation of the catalyst for the methane decomposition
(spectrum f), the peak at 7128 eV became unclear, while

catalysts, methane decomposition was performed under thethe peak could be observed clearly in spectra d and e for the

same conditions as those shown in Figs. 1 and &K Fexlge
XANES spectra were quite different between Fe foil (spec-
trum a) and FgO3 (spectrum b). The threshold of XANES
spectrum observed at ca. 7118-7121 eV for Fe foil was po-
sitioned at a lower energy compared to that fop@g In
general, the threshold of XANES spectra of metal species is
sensitive to the oxidation numbers of the metal. The thresh-
old of XANES spectrum for fresh RE©3(14 wt%)/Al,O3
(spectrum c¢) was the same as that fop®g suggesting
that iron species in the fresh catalyst were present & Fe

catalyst which was active for the reaction. The XANES spec-
trum of deactivated F®s3(77 wt%)/Al,O3 (spectrum g) was
consistent with that of deactivated J&&3(14 wt%)/Al,O3
(spectrum f). As described in Fig. 6, XRD patterns of the
deactivated Fgs3(77 wt%)/Al,O3 showed the formation of
FesC (cementite). Thus, the XANES spectra of deactivated
FeO3/Al,03 catalysts would be assignable tozgEe These
results suggest that iron species inp®Gg14 wt%)/Al,03
catalysts were transformed into 4&& during the methane
decomposition. On the other hand, the XANES spectrum of

species which were surrounded with oxygen atoms. Contactdeactivated FgO3 without a support (spectrum h) was dif-

of methane with the fresh E©®3(14 wt%)/ALO3 catalyst
brought about a shift of threshold in XANES spectrum to
the same position as that of Fe foil as shown in Fig. 8(d).
In addition, XANES spectra of the catalyst after contact
with methane showed a shoulder peak at 7112 eV, which
was observed in XANES spectrum of Fe foil. These results
suggest that Fe& species surrounded with oxygen atoms
in the fresh FeO3(14 wt%)/Al,O3 catalyst were reduced
immediately after contact of methane at 1073 K. After de-

ferent from those of deactivated &5/Al O3 catalysts and
of two reference samples (Fe foi{Fe) and FgOs3). XRD
patterns of the deactivated #83; showed that iron species
were present ag-Fe saturated with carbon atoms mainly.
Therefore, XANES spectrum of deactivatecb®e may be
assignable tg -Fe saturated with carbon atoms (austenite).
Fig. 9 showsk3-weighted FeK -edge EXAFS spectra of
Fe03(14 wt%)/Al,03 before and after the methane decom-
position at 1073 K, of Fg3(77 wt%)/AlL,O3 and FeOs
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of Fe,03(77 wt%)/Al,O3, and of FeOs without a support before and Fep03(14 wt%)/Alp O3, Fe,O3(77 wt%)/Al, O3, and FeO3 without a sup-
after the methane decomposition at 1073 K, and of reference sam- portbefore and after the methane decomposition at 1073 K, and of reference

ples (Fe foil and Fg03). (@) FeOs; (b) fresh FeO3(14 wt%)/Al,O3; samples (Fe foil and R©3). (a) F&O3; (b) fresh FeO3(14 wt%)/Al>O3;

(c and d) FeO3(14 wt%)/Al, O3 after 5 and 20 min of time on stream of (¢ and d) FgO3(14 wt%)/AbO3 after 5 and 20 min of time on stream
CHy, respectively; (e and f) B©3(14 wt%)/Al,O3 and FeO3(77 wt%)/ of CHy, respectively; (e and f) B®3(14 wt%)/AlLbO3 and FeOs
Al,O3 after deactivation (16 h of time on stream), respectively; (@J=e (77 wt%)/Al, O3 after deactivation (16 h of time on stream), respectively;
without a support after deactivation (20 h of time on stream); (h) Fe foil. (g) F&O3 without a support after deactivation (20 h of time on stream);
Intensities ofy k3 for Fe foil and FeO3 were decreased to half. (h) Fe fail. Intensities of |FT| for Fe foil and F©3 were decreased to half.

without a support deactivated for the reaction, and of refer- the catalyst was active for the reaction. It is likely that cat-
ence samples (£©3 and Fe foil ¢-Fe metal)). The EXAFS  alytically active species in E©3(14 wt%)/Al,O3 for the
spectrum of a fresh E©3(14 wt%)/ALO3 catalyst (spec- methane decomposition are &2 and the decomposition
trum b) was similar to that of B©s3 (spectrum a), indicating  of Fe3C into «-Fe and carbon forms the filamentous car-
that iron species in the fresh catalyst were presents84e  bons [28,33]. It was found that the amplitude of EXAFS for
This result was consistent with the XRD pattern and XANES Fe>O3(14 wt%)/Al,O3 became stronger with time on stream
spectrum described earlier. Contact of methane with the of methane, although the pattern of EXAFS did not change
fresh FeO3(14 wt%)/AlL,O3 catalyst changed the feature of with time on stream. This spectral change would be due to
EXAFS spectrum. EXAFS spectra of #&&3(14 wt%)/Al,O3 improvement of the crystallization degree ogEewith time
catalyst after contact of methane (spectra c, d, and e) wereon stream. On the other hand, the EXAFS for deactivated
different from those of Fgs3 (a) and Fe foil (h). The pat- FeOs catalyst without a support (spectrum g) was different
terns of EXAFS for the catalysts after the contact of methane from those for deactivated E®3/Al>03 and Fe foil -Fe
(spectra c, d, and e) were similar to each other irrespectivemetal). The spectrum was similar to that of a metal with a
of the reaction time, although the amplitude of EXAFS be- face-centered cubic structure (FCC) such as Ni metal [35].
came stronger with time on stream. In addition, the feature of The XRD pattern of deactivated @3 showed the forma-
EXAFS of deactivated R®3(77 wt%)/Al,O3 (spectrum f) tion of y-Fe saturated with C atoms (austenite), which has
was similar to that of deactivated F@3(14 wt%)/AlOs. a FCC structure. Thus, iron species inBg without a sup-
The EXAFS of deactivated E©3(77 wt%)/Al,O3 could port were transformed into austenite during the deactivation
be assigned to BE€ based on the XRD studies. Therefore, for the methane decomposition.

it was concluded that the greater part of iron species in  Fig. 10 shows Fourier transforms (RSF, radial structural
Fe03(14 wt%)/Al,0O3 was transformed into BRE at the function) of k3-weighted EXAFS spectra in Fig. 9. In RSF
early period of the reaction (5 min of time on stream), where of a fresh FeO3(14 wt%)/AlLO3 (spectrum b), peaks were
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(¢) Fe;03 (14 wi%)/Si0,. (d) FexOs (77 Wt%)/SiOy.

Fig. 11. SEM images of R®3/Al>,03 and FeO3/SiO, catalysts after the deactivation for methane decomposition at 1073 K.

observed in the range of 0.9—1.7, and of 2.3-3.6 A. The for- of the deactivated B©3 was similar to that of metal with a
mer and latter peaks could be assignable to Fe—O bonds andFCC structure such as Ni metal [35], suggesting that iron
Fe—Fe bonds, respectively, on the basis of the spectrum ofspecies in the deactivated & without a support were
reference Fg03 (spectrum a). By contact of methane with transformed intoy-Fe metal saturated with carbon atoms
the fresh FeO3(14 wt%)/ALO;3 catalyst, peaks due to Fe—O  during the methane decomposition.

bonds became small and a new peak appeared at 2.1 A. The o )

peak at 2.1 A became stronger with time on stream. Con- -3+ Characterization of deposited carbons

i 0,
tact of rr_lethan.e with _E®3(14 wit%)/Al,O3 brought about Fig. 11 shows SEM images of F@/Al 203 and FeOs/
a reduction of iron oxides. Therefore, the new peak at 2.1 A _. ; .
Id be due to Fe—Fe bond in reduced i o5, RSF fSlOz catalysts which were deactivated for the methane de-
would be gue fo Fe~e bondn reduced iron Species. - 0composition at 1073 K. The SEM images of the catalysts
deactivated Fg3(14 wt%)/AlL,O3 (spectrum e) was similar

; were measured after the reactions shown in Figs. 1 and 4.
to that of deactivated BE®3(77 wi%)/ALO3 (spectrum f),  Aj| the SEM images showed that carbons deposited on

although the intensities of the peaks were different betweenine catalysts from methane grew with a filamentous struc-
the two RSFs. These RSF could be assigned ¥CHee-  tyre, as reported by many researchers [21-30]. In the SEM
mentite) on the basis of the XRD studies described earlier.images of FeO3/Al O3 catalysts, it was found that a di-
On the other hand, the RSF of the deactivateflzavithout ameter range of the filamentous carbons was almost the
a support (spectrum g) was different from those of deacti- same (20-40 nm) despite different loadings. In contrast, di-
vated FeO3/Al,03 and Fe foil @¢-Fe metal). The spectrum ameters of filamentous carbons deposited opOBESIO,
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100 nm (a) — (b)

20 nm (c) 20 nm (d)

Fig. 12. TEM images of Fg3(14 wt%)/Al, O3 catalyst after the complete deactivation for methane decomposition at 1073 K.

catalysts became larger with an increase in loadings of 1073 K. The images were measured after the reaction in
Fe0s. In addition, a diameter range of filamentous car- Fig. 1 (16 h). As can be seen in Fig. 12a, filamentous carbons
bons deposited on each &&/SiO, catalyst was distrib-  with different structures were formed by methane decom-
uted widely, i.e., 20—-80 nm for E©3(14 wt%)/SiG and position over the catalyst. These carbons could be classi-
20-200 nm for FgO3(77 wt%)/SiQ, while the diameter  fied into two types on the basis of the structures. One was
range for FeO3/Al,03 was relatively uniform (20-40 nm).  multiwalled carbon nanotubes as shown in Fig. 12b. Outer
It is well accepted that metal particles such as Fe, Co, and hollow diameters for multiwalled carbon nanotubes ob-
and Ni formed filamentous carbons with almost the same served in TEM images ranged from 18 to 25 nm and from
diameter as that of themselves by hydrocarbon decompo-10 to 15 nm, respectively. Another type was filamentous
sition [20]. These results suggested that size distributionscarbons with a chain-like structure, as can be observed in
of catalytically active species were quite different between Fig. 12c [28,34]. The wall of a chain-like carbon fiber was
Fe03/Al,03 and FeO3/SiOy; i.e., a particle size of catalyt-  of uneven structures and the hollows of this carbon fiber
ically active species in R®3/SiO, samples was distributed  were divided into many cells. In addition, chain-like carbons
widely (20-200 nm), while that for E©3/Al203 catalyst fibers containing some cells filled with iron species could be
was relatively uniform (20—40 nm). also observed (Fig. 12d).

Fig. 12 shows TEM images of carbon formed on®Gg Fig. 13 shows TEM images of carbons deposited on a
(14 wt%)/Al,O3 catalyst by methane decomposition at FeOs3(14 wt%)/SiQ catalyst deactivated for methane de-
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100 nm (@) 20 nm (b)

50 nm (C) 20 nm (d)

Fig. 13. TEM images of FgD3(14 wt%)/SiQ catalyst after the complete deactivation for methane decomposition at 1073 K.

composition at 1073 K. The images were measured after thethe units. TEM images of the spherical carbon units showed
reaction in Fig. 4 (20 h). TEM image in Fig. 13a showed that that graphite layers of the unit grew with concentric spheres
filamentous carbons with various structures were formed on from the central iron species. The filamentous carbons with-
the FeOs/SiO; catalyst. In Fig. 13b, chain-like carbonfibers out a hollow structure could not be observed in the TEM
could be observed and their structure was similar to that images for FeOs/Al,O3. Baker et al. proposed that interac-
on the FeO3/Al,03 shown in Figs. 12c and 12d. Concern- tion of «-Fe with silica supports brings about a decrease in
ing the chain-like carbon fibers on theJ&3/SiO, catalyst carbon solubility and diffusion rate of carbon atoms in the
shown in Figs. 13b and 13c, iron species covered with car- metal [36]. Itis likely that this interaction af-Fe with SIQ

bon layers could be observed at the tip or at the center ofresulted in the formation of flamentous carbons different
the fibers. In addition, many filamentous carbons without from those on Fg03/Al>03 catalyst. As described earlier,
a hollow structure were also observed in the images for the catalytic activity of FgO3/SiO; for the methane decom-
Fe03/Si0; (Figs. 13a and 13d). The filamentous carbons position was significantly lower than that for F&&3/Al203.
were composed of many spherical carbon units, and iron The interaction of iron species with Si@vould decrease the
species of sizes smaller than 20 nm were sometimes found incatalytic activity for the methane decomposition.
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structure in addition to chain-like carbon nanotubes were
formed on FeOs3(14 wt%)/SiQ. The graphitization degree
of filamentous carbons without a hollow structure would be
higher compared to those with a hollow structure.

4, Conclusion

On the basis of the results described above, we concluded
as follows;

Intensity (a.u.)

1. The catalytic activity of FgD3/Al203 for the methane
decomposition was higher than that obBa/SiO,. The
Fe,0,/Si0, catalytic gctivity d_ependeo! strongly on the particle sizes
) of catalytically active species.
2. During the methane decomposition over supported Fe-
, | | | | : based catalysts, £©3 particles with smaller sizes were
1700 1600 1500 1400 1300 1200 transformed into F&C (cementite), while larger ones
were transformed intg -Fe saturated with carbon atoms
(austenite).
Fig. 14. Raman spectra of carbons on®g(14 wt%)/Al,O3 and FeO3 3. In the methane decomposition OVEsz@/A|203 cata-
(14 wt%)/SIQ deactivated for methane decomposition at 1073 K. Iysts, multiwalled carbon nanotubes and chain-like car-
bon fibers were formed, while E®3/SiO, formed car-
SEM and TEM images of filamentous carbons deposited bon fibers which were composed of many spherical car-

on FeO3/Al203 and FeOs/SIO, catalysts suggested that bon units, in addition to chain-like carbon fibers.
iron species were gradually divided into smaller ones cov-

ered with graphite layers during the methane decomposition.
Based on the results of XRD and #&-edge XAFS stud-
ies, the iron species covered with graphite would bglre
The fragmentatipn of iron species, follqwed by coverage of [1] K.P. de Jong, J.W. Geus, Catal. Rev. Sci. Eng. 42 (2000) 481.
them with graphite layers should deactivate the catalysts for 5| p giro, c.A. Bernardo, G.G. Tibbetts, Ph. Lambin (Eds.), Carbon
the methane decomposition, because the iron species can not  Filaments and Nanotubes: Common Origins, Differing Applications?,

Raman shift / cm™
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