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High yields of hydrogen and carbon nanomaterials can be obtained by the decomposition
of methane using oxidized diamond-supported Ni and Pd catalysts at 873 K. This is the
first report to show that oxidized diamond can serve as an active support material. The
simultaneous synthesis of carbon nanomaterials and hydrogen is especially interesting.
Oxidized diamond is proposed as a novel catalytic means for the synthesis of hydrogen and
carbon nanomaterials, and it is suggested that oxidized diamond may catalyze unique
reactions of importance in nanomaterial synthesis.

Introduction

The production and utilization of nanocarbon materi-
als such as fullerene and carbon nanotubes have at-
tracted much attention recently.1 The surface chemistry
of diamond has recently been investigated, and several
functional groups have been introduced on the diamond
surface.2 The surface of diamond is easily oxidized by
reagents such as HNO3, HClO, H2O2 etc., and also
oxidized with O2 at elevated temperatures to form
C-O-C ether-type structures and CdO carbonyl-type
structures.3 Recently a great deal of attention has been
focused on the unique characteristics, especially the
surface properties, of diamond and oxidized diamond,
including its wide band gap, optical transparency, and
mechanical strength.3-6 Although carbon nanofilaments

have also been studied as novel carbon materials that
can be used for catalysis,7 no carbon material made of
sp3 carbon atoms (diamond) has been examined as a
catalyst support material.

These observations led us to use oxidized diamond in
a novel way. Oxidized diamond-supported metal oxide
or metal catalysts exhibit excellent catalytic activity for
the dehydrogenation of ethane,8 synthesis gas formation
from methane,9 and decomposition of methanol.10 In
these reactions, weak but significant interactions be-
tween metals or metal oxides and the oxidized diamond
surface on which they are loaded seem to play important
roles in enhancing and prolonging the activity of the
respective catalysts. The oxidized diamond acts as a
solid carbon oxide material and provides an excellent
support material for catalysts.

Recently, fuel cells have been promoted as one route
to the development of zero-emission motor vehicles.
Hydrogen is a very attractive clean fuel for reducing
atmospheric pollution. However, significant problems
are involved in the economic production and use of large
quantities of hydrogen fuel without coproducing CO2.
If hydrogen could be produced efficiently, it could be a
clean universal fuel. Methane is an attractive source of
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hydrogen. Decomposition of methane is an effective
hydrogen production process, and can feed a fuel cell
(eq 1).

A hydrogen production process that does not involve CO
is required, because CO strongly poisons the electrode
of a fuel cell. Decomposition of methane has attracted
a great deal of attention because the process requires
little control of side reactions and yields reduced CO2
emission.11-13

For the catalytic decomposition of methane to hydro-
gen to show a high catalytic activity and long lifetime,
it is essential to form whisker- or fiber-type carbon and
to keep active species isolated from the catalyst surface
(eq 2).

The nanometer-sized carbon fiber and tube that are
formed together with hydrogen are very interesting and
unique carbon materials. In contrast, catalytic sites are
covered and deactivation occurs when (as in eq 3) the
carbon is formed as soot, amorphous or encapsulated
carbon on the catalyst surface, and catalytic activity for
the decomposition of methane is then very low.14,15

In this paper, we focus on oxidized diamond, which
interacts weakly with loaded active metal species. We
will deal with the decomposition of methane over
oxidized diamond-supported metal catalysts. We have
found that Ni- and Pd-loaded oxidized diamond catalysts
markedly promote the decomposition of methane and
simultaneously produce novel carbon composite materi-
als made of a combination of diamond (sp3 carbon) and
nanocarbon materials (sp2 carbon).

Experimental Section

Preparation of Catalyst. The preparation of oxidized
diamond has been described previously.8 Catalysts were
prepared by impregnating an aqueous solution of metal
nitrates or chlorides onto oxidized diamond (surface area (SA)
12.6 m2/g), activated carbon (Wako pure chemical, SA 948 m2/
g), Al2O3 (JRC-ALO-4, the reference catalyst provided by the
Catalyst Society of Japan, SA 161 m2/g), SiO2 (Wako pure
chemical, SA 194 m2/g), TiO2 (Japan Aerosil Co. SA 47.0 m2/
g), MgO (Ube Industries, Ltd., SA 144 m2/g), ZrO2 (SA 40.0
m2/g), Y2O3 (SA 12.9 m2/g), La2O3 (SA 23.7 m2/g), and CeO2

(SA 50.7 m2/g). The catalytic supports of ZrO2, Y2O3, La2O3,
and CeO2 were prepared by thermal decomposition of ZrO2‚
nH2O, Y2(C2O4)‚4H2O, La(CH3COO)3‚3/2H2O, and Ce(NO3)3‚
6H2O (Nacalai tesque, Inc.) at 873 K under air for 5 h. Oxidized
diamond-supported group VIII metal catalysts containing 3
or 5 wt % of group VIII metal were prepared by impregnating
an aqueous solution of Fe(NO3)3‚9H2O, Co(NO3)2‚6H2O, Ni-

(NO3)2‚6H2O (Wako pure chemical), RuCl3‚nH2O, RhCl3‚H2O,
Pd(CH3COO)2, IrCl4‚H2O, and (NH3)2Pt(NO2)2 (Mitsuwa Pure
Chemicals) into the suspended support materials, followed by
evaporation to dryness. Supported catalysts were dried and
calcined at 723 K for 5 h in air prior to use. Prior to the
reaction, the catalyst was reduced with H2 at 673 K for 1 h.

Catalytic Reaction. The decomposition of methane was
carried out in a thermogravimetric analyzer (TGA-50, Shi-
madzu) at atmospheric pressure. Using 13 mg of a catalyst,
15 mL/min of CH4 and 15 mL/min of Ar were introduced at
873 K. Gaseous products were analyzed by a Shimadzu
GC8AIT (TCD detector) gas chromatograph.

Characterization. Surface area of the catalyst was mea-
sured by the BET method using N2 at 77 K and an automatic
Micromeritics Gemini model 2375. Scanning electron micros-
copy (SEM) results were observed using a Hitachi S-4500.
Transmission electron microscope (TEM) results were obtained
using a JEOL JEM-2010 (200 kV) on catalyst samples so that
the morphology of the deposited carbon could be determined.

Results and Discussion

Diffuse Reflectance FT-IR Spectroscopic Analy-
sis of Oxidized Diamond. Figure 1 shows the diffuse
reflectance FT-IR spectrum of oxidized diamond. Scheme
1 is the proposed model of oxidized diamond. The
spectrum of oxidized diamond contained bands in the
region of 1650-1850 cm-1, which were ascribed to Cd
O stretching vibrations (νCdO), and absorptions at 1150
and 1250 cm-1 were assigned to C-O-C stretching
vibrations (νC-O). These results indicate that oxygen
species were introduced onto the diamond surface.

Effect of Support on the Catalytic Activity of Ni-
Loaded Catalysts. Figure 2 shows the catalytic activ-
ity for the decomposition of methane over various Ni (5
wt %)-loaded metal oxide catalysts observed by TG
traces. Catalytic decomposition of methane was carried
out at 873 K. Each trace shows the weight increase of
the catalyst, and these weight increases have indicated
the consumption of methane to give carbon materials
and yielding H2. H2 was the only gaseous product
obtained from the decomposition of methane over Ni-
loaded catalysts. The order of catalytic activity using
different support materials at a reaction temperature
of 873 K was as follows: oxidized diamond > SiO2 >
CeO2 > ZrO2 > TiO2, La2O3 > Al2O3 > Y2O3 > MgO.
These results indicate that the catalytic activity for
decomposition of methane over the Ni-loaded catalysts
depended strongly upon the support material. Among
Ni-loaded catalysts, only the diamond-supported cata-
lyst afforded a high conversion of methane, and a
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CH4 a 2H2 + C (1)

CH4 a 2H2 + Cwhisker, fiber, tube (2)

CH4 a 2H2 + Csoot, amorphous, encapsulated (3)

Figure 1. Diffuse reflectance FT-IR spectra of oxidized
diamond.
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significant H2 yield. The high activity of Ni-loaded
oxidized diamond catalyst is noteworthy, considering
that the surface area of oxidized diamond is quite small.
It is well-known that Ni-loaded catalysts exhibit a high
catalytic activity for decomposition of methane. Among
the supports, Ni loaded on a SiO2 catalyst is reported
to be the one of the most active catalysts.11-13 Although
the oxidized diamond (12.6 m2/g) had a smaller specific
surface area than that of SiO2 (194 m2/g), oxidized
diamond exhibited higher activity than SiO2. The aver-
age sizes of Ni particles on oxidized diamond and SiO2
are shown in Table 1. The average particle sizes of Ni
on oxidized diamond and SiO2 measured by XRD peak
widths were about 4.9 and 12 nm, respectively. The
catalytic activity of the oxidized diamond-supported Ni
catalyst did not depend on the specific surface area of
the support material. Generally, the catalytic activity
of a metal-loaded catalyst is affected by the particle size
of the loaded metal. If the particle size is smaller, the

activity is expected to increase. A larger specific surface
area of a support material is expected to yield a higher
dispersion of the loaded metal particles, i.e., the metal
particle size will decrease on surfaces with larger
specific surface areas. Because of the larger surface area
of SiO2, the particle size of Ni should be smaller than
that on the oxidized diamond. The smaller size of the
Ni on SiO2 was expected to show higher activity than
that of the oxidized diamond. However, the activity of
the oxidized diamond-supported Ni catalyst was higher
than that of SiO2-supported Ni catalyst. The particle
size of Ni on the diamond was smaller than that on SiO2.
The particle size of Ni on the diamond was not related
to the smaller surface area of oxidized diamond.

Oxygen species on the support material surface
played an important role in the control of redox proper-
ties of active metal species on the support materials.
Although both activated carbon and graphite are com-
posed only of carbon, it is interesting that the activated
carbon and graphite-supported Ni catalysts exhibited
negligible catalytic activities for the decomposition of
methane under the reaction conditions employed here.
Among carbon materials, only the oxidized diamond-
supported catalyst showed a significant catalytic activ-
ity. The results were similar to those in the synthesis
gas production from methane9 and the decomposition
of methanol.10 The reason for the differences in the
catalytic activities of oxidized diamond and activated
carbon or graphite is unclear. Though oxidized diamond
has C-O-C ether-type structures and CdO carbonyl-
type structures on its surface,3-6 few functional groups
exist on graphite, and on active carbon surfaces no ether
or carbonyl functional groups were seen. The oxygen

Figure 2. Carbon deposition from CH4 on Ni-loaded catalysts
at 873 K. Reaction conditions: flow rate, 30.0 mL/min (CH4/
Ar ) 1); metal loading level, 5 wt %. Prior to reaction, catalysts
were reduced with H2 at 873 K for 1 h.

Scheme 1. Proposed Model of Oxidized Diamond

Table 1. Comparative Characteristics of Ni-Loadeda

Catalysts

catalyst

H2 reduction
temperature

(K)

specific
surface area

(m2/g)

average size of
Ni particles

(nm)

Ni/oxidized diamond 873 12 4.9
Ni/SiO2 873 180 12

a Ni loading level ) 5 wt%.
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species on the surface of the support material might play
an important role in controlling the catalytic perfor-
mance of the loaded metal species.

To produce hydrogen with a high yield, metallic Ni is
required.16 If Ni species are highly dispersed on strong
or moderately basic metal oxide surfaces such as MgO,
Y2O3, and La2O3, the Ni oxide might be stabilized and
only with difficulty be reduced to metallic Ni. Even in
this case, there was some reduction to hydrogen.16 In
contrast, in the case of Ni species dispersed on the
strong or moderately acidic metal oxides, Ni species
would be stabilized as metallic Ni. Rapid carbon deposi-
tion would occur on the catalyst surface and active sites
might be covered by amorphous or encapsulated carbon
(eq 3).15 Supported-metal catalysts are known to show
unique properties such as strong metal-support inter-
action (SMSI).17,18 Ma et al. have reported that the
nature of support materials could play an important role
in the morphological characteristics and the chemical
state of loaded metal in the carbonaceous medium-
supported Cu catalysts.19 In the case of the oxidized
diamond-supported system, the surface oxygen species
might maintain the loaded Ni in the active state. Such
a synergistic promotion effect on the active phase is
believed to be the reason for the observed support effect.
We consider that the high level of activity of the oxidized
diamond-supported catalyst originated from the chemi-
cal interaction between the loaded Ni and the oxidized
diamond support surface.

Table 2 shows the effect of temperature on the H2 and
carbon yield over the oxidized diamond-supported Ni (5
wt %) catalyst. H2 and carbon yields increased with
increasing reaction temperature, and the highest H2 and
carbon yields were obtained at 873 K.

Group Vlll Metals on the Catalytic Decomposi-
tion of Methane. Figure 3 shows the catalytic activity
for the decomposition of methane by oxidized diamond-
supported metal (3 wt %) catalysts. Prior to the reaction,
all catalysts were reduced with H2 at 873 K for 1 h. At
873 K, the order of catalytic activity of metal species
was as follows: Ni > Pd . Fe, Co, Ru, Rh, Ir, Pt. Among
the oxidized diamond-supported metal catalysts, only
oxidized diamond-supported Ni and Pd catalysts af-
forded a high conversion of methane and a significant
H2 yield. Whisker carbon was confirmed with Ni- and
Pd-loaded oxidized diamond catalysts (eq 2). The oxi-
dized diamond-supported Pd catalyst produced a high

rate of methane conversion. Pd/TiO2 catalyst has been
reported to promote the decomposition of methane.20

Oxidized diamond-supported Pd catalyst also afforded
high catalytic activity. In contrast, Rh-containing cata-
lysts are well-known to be one of the most highly active
catalysts for this reaction.14,20 However, the oxidized
diamond-supported Rh catalyst did not exhibit catalytic
activity under the reaction conditions employed.

Characterization of Carbon Nanomaterials. Fig-
ure 4 a and b show scanning electron microscope (SEM)
images of carbon nanomaterials on oxidized diamond-
supported Ni and Pd catalysts, respectively. The carbon
nanomaterials were prepared by the decomposition of
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Table 2. Effect of Temperature of Ni (5 wt%)/Oxidized
Diamond Catalyst on the Decomposition of Methanea

yieldtemperature
(K)

conversion
CH4 (%) H2 (mmol) carbon (mmol)

723 4.9 2.6 1.3
773 7.1 3.8 1.9
823 14.9 8.0 4.0
873 21.3 11.4 5.7

a Catalyst, 0.06 g; flow rate of CH4, 10.0 mL/min (26.8 mmol/
h); reaction time ) 1 h; space velocity ) 10000 h-1 mL g-cat-1.

Figure 3. Carbon deposition from methane on various
oxidized diamond-supported metal catalysts at 873 K. Reaction
conditions: flow rate, 30.0 mL/min (CH4/Ar ) 1); metal loading
level, 3 wt %. Prior to reaction, catalysts were reduced with
H2 at 873 K for 1 h.

Figure 4. SEM images of carbon nanomaterials obtained by
decomposition of methane over (a) Ni/oxidized diamond, and
(b) Pd/oxidized diamond.
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methane at 873 K over oxidized diamond-supported Ni
and Pd catalysts, and although their diameters and
lengths differ, both show zigzag structures. Although
it is premature to discuss the role of metal particles or
species, these observations suggest that the formation
mechanisms and characteristics of the carbon nano-
materials formed over oxidized diamond-supported Ni
and Pd strongly depend on the loaded metal species.
Figure 5 shows transmission electron microscope (TEM)
images of carbon nanomaterials on oxidized diamond-
supported Ni catalyst. As seen in the TEM image, the
major carbon nanomaterial over the oxidized diamond-
supported Ni catalyst has a coaxial hollow channel.
Various methods of synthesizing tubular carbon fila-
ments or carbon nanotubes have been reported, includ-
ing the disproportionation of CO,21-23 the thermal
decomposition of hydrocarbons,24-26 arc discharge,27,28

laser ablation,29 plasma CVD,30 and liquid-phase nano-
amorhozo.31,32 In-depth studies of the catalytic formation

of filamentous carbon have been reported by Baker et
al.33,34 Mechanisms of carbon nanofilament formation
using metal-loaded catalysts have been proposed.35-37

As regards the mechanism, Baker et al. have reported
that the first stage involves the decomposition of a
hydrocarbon (acetylene) on the front surface of a metal
particle (Ni), producing H2 and carbon. The dissolved
carbon then diffuses through the particle, to be depos-
ited on the trailing face, forming the carbon filament.33

However, the mechanism of carbon nanofilament for-
mation using Ni-loaded oxidized diamond catalyst is still
not clear.

Conclusions

In summary, among Ni-loaded catalysts, oxidized
diamond support showed the highest catalytic activity
for the decomposition of methane to produce hydrogen
for a fuel cell. Oxidized diamond was useful as a novel
unique catalytic support material. When oxidized dia-
mond was used as a catalyst support material, Ni-loaded
oxidized diamond catalyst showed the highest H2 yield.
Whisker-type carbon nanomaterials were produced on
Ni- and Pd-loaded oxidized diamond catalysts by the
decomposition of methane. We suggest that the high
level of activity of the oxidized diamond-supported
catalyst was the result of chemical interaction between
the loaded metal such as Ni or Pd and the oxidized
diamond support surface. The present findings also
suggest that the surface properties of oxidized diamond
have the potential to produce unique catalytic reactions,
such as hydrogen production from methane.
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Figure 5. TEM images of carbon nanomaterials obtained by
decomposition of methane over Ni/Oxidized diamond catalyst.
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