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Abstract

The effect of the addition of different metals (Cu, Rh, Pd, Ir, and Pt) into supported Ni catalysts on the catalytic performance of
decomposition into pure hydrogen and carbon was examined. The addition of Pd brought about considerable increases in th
life and in the accumulated yields of hydrogen and carbon at the complete deactivation of the catalyst, while modification with
metals decreased the yields compared to those for Ni/SiO2. For the Ni catalysts modified with Pd, the appropriate preparation condi
of the catalysts, the effect of catalytic supports, and the optimum reaction temperature on the methane decomposition were exa
hydrogen yield attained a high value, 16,000 molH2/molPd+ Ni , when Pd and Ni were of a mole ratio Pd/(Pd+ Ni) = 0.5 and a total loading
Pd+ Ni = 37 wt% on carbon nanofiber support. This yield is the highest among those reported so far. Methane decompositio
catalysts modified with Pd produced carbon nanofibers with unique structures, i.e., branched carbon nanofibers. XRD studies
catalysts modified with Pd indicated the formation of Pd–Ni alloys. The alloys are responsible for the increase in the catalytic life
formation of carbon nanofibers with unique structures.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Hydrogen is expected to become an important energy
rier for sustained energy consumption with reduced imp
on the environment. A hydrogen-based energy system i
garded as a viable and advantageous option for delive
high-quality energy services. Hydrogen should be use
a fuel for H2–O2 fuel cells because of the high efficien
of hydrogen energy to electricity as well as no emiss
of any pollutant gases. Traditionally, hydrogen is synt
sized through steam reforming and/or partial oxidation
methane. The CO coproduced with hydrogen is conve
to CO2 through the shift reaction with H2O in order to ob-
tain relatively pure hydrogen. However, 1–3% of CO is
evitably contained in the hydrogen after the shift reactio
CO. If the hydrogen is utilized as a fuel for the polymer el
trolyte fuel cells (PEFC), the concentration of CO should

* Corresponding author.
E-mail address: kotsuka@o.cc.titech.ac.jp (K. Otsuka).
0021-9517/$ – see front matter 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00244-6
-

decreased less than 20 ppm through the selective oxid
of CO. This purification of CO adds extra cost and sys
volume for the production of hydrogen for PEFC.

Methane decomposition into hydrogen and carbon i
current interest as an alternative route of hydrogen
duction [1,2]. Methane decomposition produces hydro
only as a gaseous product. It is well known that suppo
Ni catalyst is one of the most effective among the ca
lysts tested so far [3–5]. We have already examined
catalytic performance of Ni catalysts supported on differ
supports and obtained the highest yields of hydrogen
Ni(40 wt%)/SiO2 [6,7]. The catalyst decomposed metha
actively at the early period of the reaction. However, the
tivity of the catalyst decreased gradually with time on stre
and finally the catalyst was deactivated completely. Thus
catalysts having a longer life should be explored. In addit
the supported Ni catalysts cannot decompose methane
ciently at temperatures higher than 923 K because of a
rapid deactivation after contact with methane, while they
very active for the reaction in the temperature range f
773 to 873 K [7]. The methane conversion in the meth

http://www.elsevier.com/locate/jcat
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decomposition is restricted by thermodynamic equilibriu
for example, to 28, 51, 72, and 80% under atmospheric p
sure at 773, 873, 973, and 1023 K, respectively, assum
that methane is converted into H2 and graphite. Therefore
the catalysts which can decompose methane at tempera
higher than 923 K are required in order to obtain a high o
pass conversion of methane.

Methane decomposition over supported Ni catalysts
duces carbon nanofibers accompanied by hydrogen pro
tion [8–10]. The synthesis of novel nanometer-scale m
rials is a major target in current material science resea
One of the most fruitful and active fields in nanostructure
the preparation and characterization of carbon nanotube
carbon nanofibers, because of their attractive physical
chemical properties [11]. Carbon nanofibers are expecte
be utilized, for example, as hydrogen storage materials
noelectrical devices, nanowires, and nanosensors [12].

In the methane decomposition over supported Ni
alysts, Ni metal particles on catalytic support decomp
methane into carbon and hydrogen atoms [8]. Carbon at
deposited on Ni metal surfaces would diffuse through
bulk of metal particles and/or on the metal surface to
precipitation sites to form graphitic layers, generating a
bon nanofiber. The Ni metal particles would be deactiva
by coverage of the metal surfaces with graphite layers
the structural changes to some nickel carbide species
This reaction mechanism implies that the catalytic life wo
be determined by the balance of the deposition rate of
bons from methane on the surface of Ni metal particles
the diffusion rate of carbon atoms through bulk or surf
of metal particles. If Ni metal is modified with other me
als, it is expected that the balance of deposition and d
sion rates of carbons would be changed, which may b
about the improvement in the catalytic performance of s
ported Ni catalysts. In addition, the modified Ni metal m
grow carbon nanofibers with structures different from th
formed on the unmodified one through methane decomp
tion [14,15].

In the present study, we have investigated the cata
performance of supported Ni catalysts modified with ot
metal species for the methane decomposition. We repor
perior performance of supported Ni catalysts modified w
Pd and the formation of carbon nanofibers with a uni
structure.

2. Experimental

All the catalysts were prepared by a conventional
pregnation method. MgO, Al2O3, SiO2 (Cab-O-Sil, supplied
from Cabot. Co.), TiO2, and carbon nanofiber were u
lized as catalytic supports in the present study. MgO (J
MGO1), Al2O3 (JRC-ALO4), and TiO2 (JRC-TIO4) were
supplied as reference catalysts from the Catalysis So
of Japan. The carbon nanofiber (denoted as CF herea
used in this study was homemade by the methane deco
s

-

.

-

)
-

sition over Ni (5 wt%)/Cab-O-Sil at 823 K [13]. The specifi
surface areas of the CF, MgO, Al2O3, SiO2, and TiO2 were
evaluated by the BET method (nitrogen adsorption at 77
to be 98, 52, 177, 200, and 40 m2 g, respectively. Ni(NO3)2,
Cu(NO3)2, RhCl3, PdCl2, IrCl3, and H2PtCl6 were used as
metal sources for the preparation of the supported metal
alysts. The catalytic support was impregnated with an aq
ous solution containing these metal salts. The impregn
sample was dried at 373 K for 12 h.

Methane decomposition was carried out with a c
ventional gas-flow system. The catalyst (0.02–0.04 g)
spread on the flat bottom of a reactor (diameter= 3 cm and
length= 20 cm) made from quartz. Prior to the reaction,
catalyst was reduced by hydrogen at 573 K for 1 h. After
reduction of the catalyst, hydrogen was flushed out with
gon and methane was reacted with the catalyst at the req
temperature. During the methane decomposition, a pa
gases at the exit of the catalyst bed was sampled out an
alyzed by GC.

X-ray diffraction (XRD) patterns were measured by
Rigaku RINT 2500V diffractometer using Cu-Kα radiation
at room temperature.

SEM and TEM images of carbons deposited by
methane decomposition were measured using a Hitach
SEM S-800 (field emission gun scanning electron mic
scope) and a JEOL JEM-3000F, respectively.

3. Results and discussion

3.1. Effect of different metals (M) added to Ni/SiO2

Fig. 1 shows changes of methane conversions as a f
tion of time on stream of methane in the methane dec
position over Ni/SiO2, Pd/SiO2, and the Ni/SiO2 catalysts

Fig. 1. Change of methane conversion as a function of time on strea
methane in the methane decomposition over Ni/SiO2 modified with differ-
ent metal species, Ni/SiO2 and Pd/SiO2. Reaction temperature= 823 K;
catalysts= 0.040 g; CH4 = 101 kPa and 40 ml/min.
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modified with different metal species (M= Cu, Rh, Pd,
Ir, and Pt). The reactions were performed at 823 K. T
modified catalysts are denoted as M–Ni/SiO2 hereafter. The
loading of Ni in M–Ni/SiO2 and Ni/SiO2 was adjusted to
5 wt%. The molar ratio of the metal species (M) added
Ni/SiO2 was 0.1 (M/Ni). For all the catalysts, methane d
composition proceeded selectively to form hydrogen o
as a gaseous product. The addition of metal species
Ni/SiO2 brought about slight decreases in the methane
version at the initial period, irrespective of the kind of add
metals. Methane conversion for Ni/SiO2 was kept high un
til 2 h of time on stream. However, the conversion decrea
quickly with the time on stream after 2 h and the cata
was deactivated completely at ca. 4 h. The features of kin
curves of methane conversion for Rh–, Ir–, and Pt–Ni/SiO2
were similar to those for Ni/SiO2. The catalytic activities o
Rh–, Ir–, and Pt–Ni/SiO2 declined gradually with time o
stream and their activities were lost completely at 3.8,
and 1.8 h of time on stream, respectively. These results
cate that the addition of Rh, Ir, and Pt shortens the cata
life of Ni/SiO2 for the methane decomposition. In contra
the addition of Cu and Pd improved the catalytic life
Ni/SiO2. The catalytic activities of Cu– and Pd–Ni/SiO2
declined gradually with time on stream in the same way
that of Ni/SiO2. However, the decrease in methane con
sion became moderate after 4 and 6 h for Cu–Ni/SiO2 and
Pd–Ni/SiO2, respectively. Especially, the catalytic activ
of Pd–Ni/SiO2 decreased very gradually after 6 h and
complete deactivation was observed at ca. 50 h. The
lytic activity of Pd/SiO2 was very low compared to thos
of Ni/SiO2 and Pd–Ni/SiO2. The loading of Pd in Pd/SiO2
was adjusted to be the same as that in Pd–Ni/SiO2. There-
fore, the specific activity of the Pd–Ni/SiO2 catalyst after
6 h of the time on stream cannot be explained by the su
those of Ni/SiO2 and Pd/SiO2; i.e., the synergy of Ni and
Pd is suggested.

Fig. 2 shows hydrogen yields (H2/(M + Ni); moles of
hydrogen formed per mole of the total metals (M+ Ni) in
the catalyst) at the complete deactivation of the cata
Carbon yield denoted as C/(M + Ni) (moles of carbon de
posited per mole of the total metals (M+ Ni) in the catalyst)
corresponds to a half of H2/(M + Ni). The yields were esti
mated from the kinetic curves of methane conversion sh
in Fig. 1, assuming that methane decomposition to ca
and hydrogen proceeded stoichiometrically. Hydrogen y
for Ni/SiO2 was evaluated to be 2184. The addition of me
species except for Pd resulted in decreases in the hydr
yields. Avdeeva et al. reported the improvement of yield
hydrogen and carbon in the methane decomposition by
dition of Cu into Ni/Al2O3 [16]. In the present study, th
addition of Cu into Ni/SiO2 brought about the elongation
catalytic life, but the yield for Cu–Ni/SiO2 was lower than
that for Ni/SiO2. In contrast, the addition of Pd improve
the hydrogen yield (H2/(Pd+ Ni) = 4532), which is more
than twice that for Ni/SiO2. These results shown in Figs.
and 2 indicate that the addition of Pd into Ni/SiO2 improves
-

n

-

Fig. 2. Hydrogen yields in the methane decomposition over Ni/SiO2 mod-
ified with different metal species and Ni/SiO2.

Fig. 3. Change of methane conversion as a function of time on st
of methane in the methane decomposition over Pd–Ni catalysts supp
on different supports. Reaction temperature= 823 K; catalyst= 0.020 g;
CH4 = 101 kPa and 50 ml/min.

the catalytic life and the yields of hydrogen and carbon
the methane decomposition. As will be described in de
later, we confirmed the formation of alloys between Pd
Ni for supported Pd–Ni catalysts. It is likely that Pd–Ni
loys bring about a long catalytic life and a high hydrog
yield in the methane decomposition. Hereafter, we paid
attention to Ni catalysts modified with Pd.

3.2. Methane decomposition over Pd–Ni catalysts

Fig. 3 shows changes of methane conversions as a
tion of time on stream of methane in the methane decom
sition over Pd–Ni catalysts loaded on different supports.
(carbon fiber), MgO, Al2O3, SiO2, and TiO2 were utilized
as catalytic supports. For all the catalysts, the loadings o
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and Ni were adjusted to be 2.5 and 27.5 wt%, respectiv
which corresponds to a mole ratio of Pd/(Pd+ Ni) = 0.05.
The initial activity of Pd–Ni/MgO for the methane decom
position was peculiarly low compared to those of the ot
catalysts, while the initial activities of the other cataly
were almost the same level. We have already reported
methane decomposition over Ni (5 wt%) catalysts loaded
different supports [6]. The order of catalytic activity of N
catalysts according to the kind of supports was simila
that of Pd–Ni catalysts, i.e., Ni/MgO showed a low activity
for the methane decomposition, while the catalytic act
ties of Ni/TiO2, Ni/SiO2, and Ni/graphite were high. In
the case of methane decomposition over supported Ni
alysts, we concluded that the difference in the catalytic
tivities among Ni catalysts on different supports could
explained by the state of Ni species. Most of Ni spec
in Ni/MgO were present as solid solutions, NiMgOx , and
they were not reduced easily into Ni metal, while Ni spec
in Ni/graphite, Ni/SiO2, and Ni/TiO2 were present as N
metal mainly. It is generally accepted that Ni metal pa
cles decompose methane and grow carbon nanofibers
Thus, the catalytic activity of Ni/MgO for the methane de
composition was low. It is likely that the catalytic activi
of Pd–Ni/MgO would also be low because Ni species in
catalyst form the NiMgOx solid solutions.

For all the supported Pd–Ni catalysts except for P
Ni/MgO in Fig. 3, similar kinetic curves of methane conv
sion were obtained. The methane conversions were hi
than 10% until ca. 10 h of time on stream and then t
declined significantly with time on stream. However, t
decline was mitigated at 10–15 h and continuous con
sions of methane were observed. These continuous co
sions have not been observed so far in the methane de
position over supported Ni catalysts [6,7,13]. Therefore
is speculated that the alloys of Pd and Ni bring about
continuous reaction. The level of continuous methane c
version depended on the type of catalytic support, i.e.,
conversion became higher in the order of Pd–Ni/CF> Pd–
Ni/TiO2 > Pd–Ni/SiO2 > Pd–Ni/Al2O3.

The hydrogen yields for Pd–Ni catalysts supported
different supports were estimated from the kinetic cur
of methane conversion from 0 to 30 h of time on stre
shown in Fig. 3. The hydrogen yields were of the or
as Pd–Ni/CF (5342)> Pd–Ni/TiO2 (4764)> Pd–Ni/SiO2
(4064)> Pd–Ni/Al2O3 (3558)� Pd–Ni/MgO (572). Pd–
Ni/CF kept the highest methane conversion (ca. 4%) at
of time on stream among all the Pd–Ni catalysts, as ca
seen in Fig. 3. Thus, if the reactions were continued
longer time, the hydrogen yield for the Pd–Ni/CF became
far greater than those for the other catalysts. Thus, we
chosen Pd–Ni/CF for further studies on the effect of mo
ratio of Pd and Ni, and of the loading of Pd and Ni on t
methane decomposition.

Fig. 4 shows changes of methane conversion with t
on stream of methane over Pd–Ni/CF catalysts with differ-
ent mole ratios of Pd/(Pd+ Ni). The reactions were pe
.

r

-
-

Fig. 4. Change of methane conversion as a function of time on str
of methane in the methane decomposition over Pd–Ni/CF catalysts with
different mole ratios of Pd/(Pd + Ni). Reaction temperature= 873 K;
catalyst= 0.020 g; CH4 = 101 kPa and 50 ml/min.

Fig. 5. Hydrogen yields in the methane decomposition over Pd–Ni/CF cata-
lysts with different mole ratios of Pd/(Pd+ Ni).

formed at 873 K. For all the fresh catalysts, the total m
of Pd and Ni loaded on the CF support was adjusted to
7.8 mol% ((Pd+ Ni)/(Pd+ Ni + C) = 7.8 mol%). The hy-
drogen yields in the methane decomposition were estim
from the kinetic curves of methane conversion from 0
50 h of time on stream (Fig. 4). The hydrogen yields c
culated are shown in Fig. 5. Ni/CF catalyst without Pd wa
deactivated immediately after the contact of methane a
reaction temperature (873 K), although the initial cataly
activity was high. Thus, the total hydrogen yield for Ni/CF
became very low (H2/Ni = 150) compared to the result
823 K (Figs. 1 and 2). Pd/CF also showed a low activity an
a low hydrogen yield (H2/Pd= 150). On the other hand, P
addition into Ni/CF changed the feature of kinetic curves
methane conversion. The initial conversion of methane
creased with higher mole ratios of Pd, which implies that
Pd–Ni alloys with a higher fraction of Pd show lower activ
for the methane decomposition. It should be noted that
addition of Pd into Ni/CF extended the catalytic life for th



472 S. Takenaka et al. / Journal of Catalysis 220 (2003) 468–477

ream

ole
le
ic
nts
d
the
in

e
n
t

ted
0 h

on

time

the
tal
he
cti-

t of
the
t%

ki-
on

s.
d Ni
n in
than
w-
ith

ver-
ble

m of

ome
rted
e de-
-
he
-

[7].
of
of

si-
ize

func-

nged

ver-
Fig. 6. Change of methane conversion as a function of time on st
of methane in the methane decomposition over Pd–Ni/CF catalysts
with different loadings of Pd and Ni. Reaction temperature= 873 K;
catalyst= 0.02 g; mole ratio of Pd/(Pd+ Ni) = 0.5; CH4 = 101 kPa and
50 ml/min.

methane decomposition remarkably irrespective of the m
ratio Pd/(Pd+ Ni). Especially, the Pd addition of the mo
ratio Pd/(Pd+ Ni) of 0.25 to 0.5 prolonged their catalyt
lives dramatically. However, the addition of excess amou
of Pd (mole ratio Pd/(Pd+ Ni) from 0.75 to 0.95) decrease
the catalytic life. In addition, as can be seen in Fig. 5,
hydrogen yield increased significantly with an increase
Pd/(Pd+ Ni) ratio from 0 to 0.2 and the yield attained th
maximum at 0.5 of Pd/(Pd+ Ni). The maximum hydroge
yield was ca. 14000 mol/mol of (Pd+ Ni), which was abou
90 times greater than those for Ni/CF and Pd/CF. It should
be noted that the hydrogen yields in Fig. 5 were estima
from the kinetic curves of methane conversion from 0 to 5
of time on stream. The catalysts with Pd/(Pd+ Ni) of 0.25,
0.35, 0.50, and of 0.75 were still active at 50 h of time
stream in Fig. 4.

Fig. 6 shows changes of methane conversions with
on stream of methane over Pd–Ni/CF catalysts with differ-
ent total loadings of Pd and Ni. For all the catalysts,
Pd/(Pd+ Ni) molar ratio was adjusted to 0.5 but the to
amount of Pd and Ni was changed from 10 to 90 wt%. T
catalysts with loadings of 37, 60, and 90 wt% were dea
vated gradually with time on stream, while the catalys
10 wt% loading was deactivated quickly. In particular,
deactivation of the catalysts with loadings of 60 and 90 w
was quite slow after 50 h of time on stream.

Fig. 7 shows the hydrogen yields estimated from the
netic curves of methane conversion from 0 to 50 h of time
stream for Pd–Ni/CF with different total loadings of metal
We cannot discuss exactly the effect of loading of Pd an
on the hydrogen yield on the basis of the results show
Fig. 7, because the catalysts with metal loadings higher
30 wt% were still active at 50 h of time on stream. Ho
ever, the most striking point is that even the catalyst w
loading of 90 wt% showed a continuous and high con
sion of methane or a high hydrogen yield. It is reasona
Fig. 7. Hydrogen yields in the methane decomposition over Pd–Ni/CF cata-
lysts with different loadings of Pd and Ni.

Fig. 8. Change of methane conversion as a function of time on strea
methane in the methane decomposition over Pd–Ni/CF catalysts at differ-
ent temperatures. Catalyst,= 0.02 g; metal loading= 37 wt% (7.8 mol%);
mole ratio of Pd/(Pd+ Ni) = 0.5; CH4 = 101 kPa and 50 ml/min.

to consider that the particle size of metals should bec
larger with higher loadings of metal in the case of suppo
catalysts. We have already reported that in the methan
composition over Ni/SiO2, the catalytic activity and hydro
gen yield were very low at a Ni loading of 90 wt%; i.e., t
catalytic activity and life of Ni/SiO2 for the methane decom
position are determined by the particle size of Ni metal
However, Figs. 6 and 7 show a long life and a high yield
hydrogen even at a high loading of 90 wt% in the case
Pd–Ni/CF. It is likely that the catalytic methane decompo
tion over Pd–Ni alloys is not so sensitive to the particle s
as the reaction over Ni metal without Pd.

Fig. 8 shows changes of methane conversions as a
tion of time on stream of methane for Pd–Ni/CF catalysts
at different temperatures. The temperatures were cha
from 873 to 1123 K. A Pd–Ni/CF sample with 37 wt%
(7.8 mol%) of metal loading and 0.5 of Pd/(Pd+ Ni) mole
ratio was used for the reactions. The initial methane con
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Fig. 9. Hydrogen yields in the methane decomposition over Pd–Ni/CF cata-
lysts at different temperatures.

sions became higher when the temperature was raised
873 to 1023 K. For the methane decomposition at 1023
the conversion was kept to ca. 43% for 7 h of time
stream but it decreased quickly with time on stream a
7 h. In contrast, the conversion at 873 K was kept alm
constant (11–14%) for 30 h of time on stream. On the o
hand, the catalyst was deactivated at 1123 K immedia
after the reaction with methane. Fig. 9 shows the hyd
gen yield in the methane decomposition over Pd–Ni/CF at
different temperatures. The yields for the reactions at 8
1023, and 1123 K were estimated from the kinetic cur
of methane conversions in Fig. 8 from 0 to 50, 30, and
4.2 h, respectively. The hydrogen yields for the methane
composition over Ni (40 wt%)/SiO2 (SiO2; Kieselgel from
Merck) at different temperatures are also shown in Fig
The Ni (40 wt%)/SiO2 (Kieselgel) was one of the most e
fective catalysts for the methane decomposition among
the supported Ni catalysts reported previously [7]. The
drogen yields for the Ni (40 wt%)/SiO2 (Kieselgel) were
estimated after the complete deactivation of the catalys
the methane decomposition, while the yields for Pd–Ni/CF
at 873 and 1023 K were estimated before the complete
activation of the catalyst. The Ni/SiO2 showed a high hy
drogen yield (H2/Ni = 4806) at 773 K; however, the yield
decreased sharply with a rise in the reaction temperat
In particular, the Ni/SiO2 showed extremely low hydroge
yields (H2/Ni < 60) at temperatures higher than 973 K.
contrast, the hydrogen yields for the Pd–Ni/CF at 873 K
and 1023 K were remarkably high. These results sug
that Pd–Ni/CF can catalyze the methane decomposition
ficiently in a broad range of temperatures at< 1050 K, com-
pared to Ni/SiO2.

Fig. 10 shows the effect of contact time of metha
with the Pd–Ni/CF catalyst on the methane decompo
tion. The specific formation rate of hydrogen and conv
sion of methane were plotted against W/F in the figure. The
methane decomposition was performed at 1023 K over
.

Fig. 10. Dependence ofW/F on the formation rate of hydrogen an
methane conversion in the methane decomposition over Pd–Ni/CF cata-
lysts at 1023 K. Pd–Ni/CF: metal loading= 37 wt% (7.8 mol%); and mole
ratio of Pd/(Pd+ Ni) = 0.5.

Ni/CF catalysts with 37 wt% (7.8 mol%) of metal loadin
and 0.5 of Pd/(Pd+ Ni). In the reaction, weights of th
catalyst (W ) and flow rates of methane (F ) were changed
from 0.05 to 0.17 g and from 50 to 150 ml/min (STP),
respectively, in order to adjust requiredW/F values. The
specific formation rate of hydrogen per 1 g of the cata
became higher asW/F values decreased. The specific r
attained 0.45 mol/(min gcat) at W/F = 0.035 gcat/l(STP)
min, which corresponds to ca. 10 l(STP)/(min gcat). The
methane conversion increased with a rise inW/F . The
conversion of methane increased to 70% atW/F = 3.3
gcat/l(STP) min, which corresponds to a hydrogen conc
tration of 83 vol%. These results indicate that the Pd–Ni/CF
is a quite active catalyst for the production of hydrogen
methane decomposition.

As described earlier, supported Pd–Ni catalysts were
fective for the methane decomposition at< 1050 K. The
highest hydrogen yield obtained in this work was 16,0
mol/mol of (Pd+ Ni) when the methane decomposition w
performed at 1023 K for 30 h over Pd–Ni/CF catalysts with
a Pd/(Pd+ Ni) mole ratio of 0.5 and a total loading of P
and Ni of 37 wt% (7.8 mol%), as shown in Figs. 8 and
The catalyst was still working at 30 h of time on stream
can be seen in Fig. 8. Thus, the total hydrogen yield
til the complete deactivation of the catalyst will be grea
than this value, if the reaction is performed for longer tim
The maximum yields of hydrogen and carbon correspon
390 g of hydrogen and 1170 g of carbon per 1 g of me
(Pd+Ni) in the catalyst. Recently, the Ni-based catalysts
fective for the methane decomposition have been desig
by several research groups. Avdeeva et al. reported y
of 92 gH2/gNi and 276 gC/gNi when the methane decom
position was performed over Ni (90 wt%)/Al2O3 modified
with Cu of 3 at.% [16]. Ermakova et al. investigated t
methane decomposition over the Ni/SiO2 catalyst which
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was prepared by impregnation of NiO with an alcohol
lution of tetraethoxysilane (TEOS) [17]. The highest yiel
128 gH2/gNi and 384 gC/gNi, were obtained when SiO2 was
added by 10 wt% to Ni metal. We have recently repor
yields of 164 gH2/gNi and 491 gC/gNi in the methane de
composition over Ni (40 wt%)/SiO2 (Kieselgel) [7]. Thus,
the Pd–Ni/CF catalysts in Figs. 4 to 10 are quite effective
methane decomposition compared to others reported s
In addition, the Pd–Ni/CF catalyst can catalyze the metha
decomposition efficiently in a wide range of reaction te
peratures at< 1050 K, while Ni/SiO2 is deactivated imme
diately at temperatures higher than 873 K, as can be se
Fig. 9. Therefore, the Pd–Ni/CF can be used at high tempe
atures in order to avoid the thermodynamic limitation for
production of concentrated hydrogen (> 80%) by one-pas
methane decomposition.

3.3. Characterization of Pd–Ni catalysts and carbons
formed from methane

Fig. 11 shows XRD patterns of Ni/CF, Pd/CF, and Pd–
Ni/CF. The loading of metal was adjusted to 7.8 mol%
all the catalysts. Prior to the measurement of XRD patte
the catalysts were contacted with methane at 873 K for
20 min in order to examine the structure of metal spe
in these catalysts under the reaction conditions. For al
XRD patterns shown in Fig. 11, the diffraction lines due
CF support and carbons deposited from methane were f
at 2θ = 26 and 43◦, although the peak at 43◦ was very weak
For the XRD pattern of Ni/CF, the sharp diffraction line
due to Ni metal were observed at 2θ = 44.5 (Ni(111)) and
52.0◦ (Ni(200)), indicating that Ni species were present
Ni metal crystallites. As for the XRD pattern of Pd/CF, the

Fig. 11. XRD patterns of Ni/CF, Pd/CF, and Pd–Ni/CF with different mole
ratios of Pd/(Pd+ Ni). Metal loading= 7.8 mol%.
.

sharp diffraction lines due to Pd metal were observed at 2θ =
40.0 (Pd(111)) and 46.5◦ (Pd(200)). Thus, the Pd species
Pd/CF were present as Pd metal crystallites. The additio
Pd into Ni/CF decreased or diminished the diffraction pe
due to Ni metal crystallites. It seems that the XRD patt
of Pd–Ni/CF of mole ratio 0.25 shows two wide diffra
tion patterns between the lines due to metallic Ni and
For the XRD pattern of the catalyst of Pd/(Pd+ Ni) = 0.5,
two clear diffraction peaks appeared at 2θ = 42.0 and 49.0◦
and those due to metallic Ni and Pd disappeared. Each
seems to be overlapped with broad diffraction spectra
served at 2θ = 40–44.5 and 46–52◦, respectively. When th
mole ratio Pd/(Pd+ Ni) increased to 0.75, the diffractio
lines at 2θ = 42.0 and 49.0◦ and those at 40.0 and 46.5◦ due
to Pd metal were observed. The broad diffraction spect
2θ = 40–44.5 and 46–52◦ indicate the formation of Pd–N
alloys. The results that the diffraction spectra due to Pd
alloys were broad and those due to Ni and Pd metal w
also observed in the XRD patterns of Pd–Ni/CF strongly
suggest that the Pd/Ni ratio of the alloys must be widel
distributed, i.e., the Pd–Ni alloys with different fractions
Pd and Ni could be present in addition to isolated Ni and
metals. In the case of bulk alloy formation, it is well know
that Ni and Pd form homogeneous Pd–Ni alloys over
whole Pd/Ni composition range [18]. In the present stu
the metal species in the Pd–Ni/CF were reduced with hydro
gen at relatively low temperatures (573 K) in order to av
the reduction of the support (CF) into methane. This red
tion temperature of the catalyst might be too low to m
uniform alloys of Pd and Ni. This is the reason why the XR
spectra for the Pd–Ni/CF catalysts in Fig. 11 gave broad d
fraction lines at 2θ = 40.0–44.5 and 46.0 and 52◦. However,
it should be noted that the methane decomposition was
formed at temperatures higher than 873 K. Therefore, we
expect that the Pd/Ni fraction in the metal particles on th
support (CF) would become uniform during the reaction
fact, the energy dispersive X-ray spectra (EDS) of the Pd
catalyst after the methane decomposition at 873 K, wh
were measured at the same time as TEM images, sh
that the Pd/Ni ratio in Pd–Ni alloys became uniform du
ing the reaction. Therefore, we believe that the Pd–Ni al
thus formed would show superior catalytic performance
methane decomposition, i.e., a longer life and high yield
hydrogen and carbon, as described earlier.

Fig. 12 shows SEM and TEM images of carbons
posited by the methane decomposition over Ni/CF and
Pd/CF catalysts. The SEM and TEM images were meas
after the reactions shown in Fig. 4. Because large amoun
carbons were deposited on both the catalysts by the me
decomposition, most of the carbons in the images were
of CF support but of the ones formed by the reaction.
SEM image for the Ni/CF (Fig. 12a) indicated the prefere
tial formation of carbon nanofibers with relatively unifor
diameters from 60 to 100 nm. From the TEM image for
Ni/CF (Fig. 12b), it was confirmed that a Ni metal pa
cle was present at the tip of each carbon nanofiber, as m
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Fig. 12. SEM and TEM images of carbons deposited by the methane decomposition at 873 K over Ni/CF and Pd/CF. Loading of metal (Ni or Pd)= 7.8 mol%.
SEM (a) and TEM images (b) for Ni/CF; SEM (c) and TEM images (d) for Pd/CF.
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researchers already reported [8,13,19,20]. The Ni metal
ticles would decompose methane to grow carbon nanofib
The Pd/CF catalyst also produced carbon nanofibers as
be seen in Fig. 12c, but their shapes were quite different f
those on the Ni/CF. The diameter of carbon nanofibers
the Pd/CF ranged widely from 10 to 150 nm. A TEM imag
for the Pd/CF in Fig. 12d shows that a Pd metal particle w
present at the tip of a carbon nanofiber. In addition, sm
Pd metal particles seem to be left in the fiber, while a
metal particle was always present at a fiber tip. However
believed that the Pd metal particle at the tip of the car
nanofiber is still responsible for fiber.

Fig. 13 shows SEM and TEM images of carbons
posited by methane decomposition over the Pd–Ni/CF cata-
lyst of mole ratio Pd/(Pd+ Ni) = 0.5. The SEM and TEM
images were measured after the reactions shown in Fi
Carbon nanofibers with a variety of diameters from
to 300 nm could be found in the SEM images for t
.

.

Pd–Ni/CF (Fig. 13a). The most interesting observation
the formation of branched carbon nanofibers over the
Ni/CF, as indicated in Fig. 13b. Carbon nanofibers sim
to those on the Ni/CF and Pd/CF catalysts were also ob
served in Fig. 13a. The branched carbon nanofibers c
not be found in the SEM and TEM images for the Ni/CF
or Pd/CF. Thus, only the Pd–Ni alloys appear to produ
branched carbon nanofibers. The formation of branched
bon nanofibers is a very rare case in the catalytic meth
decomposition reported so far. The TEM images for
Pd–Ni/CF in Figs. 13c and d indicate the presence of P
Ni alloy particles. It was found that carbon nanofibers w
and without branched structures grow from the alloy pa
cles. The alloy particles seem to grow the carbon nanofi
in more than two directions, while particles of Ni and
metal grew those in one direction. It is suggested that
eral surfaces on a Pd–Ni alloy particle would grow carb
nanofibers, which might explain the formation of branch
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Fig. 13. SEM (a) and TEM images (b, c, d) of carbons deposited by methane decomposition at 873 K over Pd–Ni/CF. Loading of metal (Pd+ Ni) = 7.8 mol%,
mole ratio Pd/(Pd+ Ni) = 0.5.
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carbon nanofibers over the Pd–Ni/CF catalyst. These resul
suggest that the formation mechanism of carbon nanofi
for the Pd–Ni/CF is different from those for the Ni/CF
and Pd/CF. We have already reported that Ni metal pa
cles in supported Ni catalysts were transformed into nic
carbide species during the deactivation of the catalysts
methane decomposition [13]. This result implies that c
centration of carbons in Ni metal particles becomes hig
during the methane decomposition, which brings about
formation of stable nickel carbide species at the comp
deactivation of the catalysts. In the case of Pd–Ni/CF cat-
alysts, Pd–Ni alloys formed carbon nanofibers in sev
directions, while Ni metal particles formed fibers in one
rection. It is likely that the concentration of carbon atoms
Pd–Ni alloys during methane decomposition is lower t
that in Ni metal particles, because Pd–Ni alloys precipi
carbon atoms dissolved in the alloys from several surfa
of the alloys. Thus, life of Pd–Ni alloys for methane d
composition would be longer than that of Ni metal alo
However, we cannot discuss the formation mechanism
ther at the present stage. In the near future, we will
port the chemical and physical properties of the car
nanofibers formed by Pd–Ni catalysts and the forma
mechanism of the fibers on the basis of the results by T
Raman spectroscopy, and X-ray absorption spectros
(XANES/EXAFS).
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4. Conclusion

Based on the results described above, we conclude a
lows:

1. Addition of Pd into supported Ni catalysts improv
significantly the catalytic life and hydrogen yield f
methane decomposition. The highest yields of hydro
and carbon, 390 gH2/g(Pd+ Ni) and 1170 gC/g(Pd+ Ni),
were obtained by using the catalyst with mole ra
Pd/(Pd+ Ni) of 0.5 and total metal loading of 37 wt%
on carbon nanofiber support.

2. Pd–Ni alloys were formed on supported Pd–Ni cataly
The Pd–Ni alloys on various supports brought abou
long life and a high hydrogen yield for the methane
composition.

3. Methane decomposition over Pd–Ni/CF catalyst pro-
duced carbon nanofibers of unique structures,
branched carbon nanofibers.
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