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Catalytic decomposition of methane to pure hydrogen is a reaction of crucial importance for clean energy, if the prob-
lem of catalyst separation is solved and the carbon material has an increased commercial value. Unsupported nickel
catalysts were synthesized by fusion method. The catalyst derived from nickel nitrate forms heterogeneous octahedral
NiO, whereas the nickel hydroxide precursor results in catalyst containing sponge-like NiO with folding lamellar struc-
ture of high porosity. The catalysts reactivity test was conducted with a fixed bed system at 1073 K. The catalyst sub-
jected to hydrogen prereduction proved to be inactive. However, the methane prereduction was found to produce some
coke to disperse the Ni particles and thus activated the catalyst. It was found that the higher concentration of methane
resulted in a better methane conversion, but a higher deactivation rate. Carbon growth models were formulated to
explain the formation of different types of carbon over Ni catalyst. VC 2014 American Institute of Chemical Engineers

AIChE J, 60: 2907–2917, 2014

Keywords: methane decomposition, unsupported catalyst, nickel catalyst, hydrogen production, carbon nanomaterial

Introduction

Methane catalytic decomposition (MCD) has been widely
studied as an alternative way of methane steam reforming
(MSR) to produce hydrogen, because MCD reaction

CH 4 ! C12H 2 DH298�574:8 kJ =mol (1)

does not produce CO or CO2 as by-products, the need for
water-gas shift and CO2-removal stages, as required in con-
ventional MSR, is eliminated.1–3 Further, except the pure
hydrogen produced from this process, the coproduced carbon

nanomaterials (CNMs) have also been investigated exten-

sively because of their excellent properties and great poten-

tials for many utilization purposes.4–6

Because the main products of MCD are solid carbon and

hydrogen gas, when conducting this process over a packed-

bed reactor (PBR), the pressure drop will increase due to

catalysts particle-size increment by the carbon deposition

over the external surface of the catalyst particles. Mean-

while, the particle shape and density will also be altered. For

experiments conducted over a long duration, a PBR will be

gradually filled with solid carbon, eventually blocking reac-

tant gas flow. Therefore, the selection of a catalytic reactor

suitable for the MCD with continuous withdraw of the prod-

uct carbon from the reactor is a very important aspect of the

process development. Muradov7,8 studied different types of

reactors like tubular reactor, fluid wall reactor, free-volume

reactor, PBR, fluidized-bed reactor (FBR), and spouted-bed

reactor. He concluded that the FBR was the most promising

reactor for large-scale operation as it provides a constant

flow of solids through the reaction zone, making it suitable

for continuous addition and withdrawal of catalyst particles

from the reactor (similar to fluid catalytic cracking process).

In a FBR, the bed of fine catalyst particles behaves like a

well-mixed body of liquid giving rise to high particle-to-gas

heat and mass-transfer rates.

In literatures, supported Ni catalyst has attracted much
attention, due to its high reactivity and low price. Guevara
et al.9 reported a Ce-MCM-41 supported 50% Ni catalyst
with 1400 min MCD reactivity of 70% CH4 conversion at
853 K, 1 atm, F/W 5 1500 mL/min gcat. Otsuka et al.10

developed a homemade carbon fiber supported 40% Ni
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catalysts with 1200 min MCD life of 10% CH4 conversion
at 803 K, 1 atm, F/W 5 1667 mL/min�gcat. Unfortunately, as
to our knowledge, it should be noted that all the catalysts in
literature show low MCD conversion and short life time.
Although these issue could be overcome using the FBR reac-
tor to get continuous stable hydrogen product, regeneration
process is usually preferred over these supported catalysts
system to make the process be more economical. The regen-
eration of deactivated catalysts is always done by a burning
off or gasification process11 which leads to CO2 production
in amounts nearly comparable to the quantity of CO2 emitted
by the MSR process.12 Further, the regeneration process

might result in the contamination of hydrogen with CO2,

which would require an additional purification step.11 Con-

versely, it should be noted that the formation of traceable

CO was observed which resulted from the unavoidable reac-

tion of the carbonaceous residues with the oxygen in the

support.10,13 After the CO production rates stabilized,

Choudhary et al.14 reported 50 ppm CO in pure hydrogen of

the MCD reaction over the 10% Ni/SiO2 catalyst at 823 K, 1

atm, F/W 5 250 mL/min�gcat. From these standpoints, it is

better to apply unsupported Ni catalyst for MCD. The bulk

Ni catalyst, for instance, can be practically and easily

removed off the carbon by-products by leaching with a mild

acidic solution15 or simply using a magnetic field,16 but the

separation of the Al2O3 or SiO2 support may be quite bur-

densome.10,13 This thus provides an easy recovery of the cat-

alyst and a convenient way for the purification of the CNMs,

which would make the process more economically attractive

even without the aforementioned regeneration process. Fur-

thermore, the unsupported Ni catalyst may prevent the for-

mation of traceable CO.
Few literatures have focused on the MCD over unsup-

ported Ni catalyst. Toebes et al.17 found no MCD reactivity
at 823 K on a Ni catalyst composed of 50–1000 nm poly-
crystalline Ni particles. Ermakova et al.18 reported that by
the addition of 10% Al2O3 or SiO2 into pure Ni catalyst
caused a decrease of nickel particle size from 65 to 11 nm;
thus, they obtained a 10-fold increase of MCD reactivity. It
is known that the support is to stabilize the easily aggregated
metal particles. For this reason, less report is focused on
using pure Ni catalyst for MCD process. In recent year,
Wang and Lua19 prepared unsupported metallic nickel par-
ticles by the decomposition of nickel oxalate in methane
atmosphere. These Ni catalysts were tested in MCD reaction
under moderate temperature from 798 to 848 K and showed
promising activity. Li et al.20 prepared nickel oxide with
controlled crystallite size and fibrous morphology through
the precipitation of nickel oxide from nickel acetate with the
mediation of ethylene glycol. After reduction at different
temperatures, the fibrous nickel oxide was converted to
fibrous metallic nickel and showed good catalytic activity
with carbon yields of 3542398 g C/g Ni at 773 K.

The thermodynamic equilibrium value was calculated
using HSC Chemistry software in this study. It is obvious
from those data that higher temperature and lower pressure
favors this reaction. At temperature above 1073 K and pres-
sure equal to 1 atm, very little methane remains in the gas
phase and the hydrogen content overpasses 90%. So far, few
studies have focused on the catalytic activity of pure metallic
nickel catalysts under high temperature as 1073 K due to
their insufficient thermal stability without the support under
such severe catalytic reaction conditions.

In the present work, the MCD over a pure Ni catalyst was
thoroughly studied at high temperature as 1073 K. Ni cata-
lysts with varying particle sizes were prepared by simply
fusing different nickel precursors. An Al2O3-supported Ni
catalyst was also prepared as a comparison sample. The
influence of prereduction method, CH4 gas concentration on
the catalyst reactivity and lifetime was studied using a fixed-
bed system. The Ni particle size was screened by x-ray pow-
der diffraction (XRD) and electron microscopy. A growth
model of CNMs is formulated to interpret the influence of
Ni particle size and the support over the carbon by-products
morphologies.

Experimental

Preparation of Ni catalysts

Pure Ni catalyst was prepared using the fusion method.21

The fusion catalyst is prepared by directly calcining powder
of nickel precursors at 623 K for 3 h. Two kinds of fusion
Ni catalysts were synthesized by fusing Ni(NO3)2�6H2O and
Ni(OH)2, while they were designed as Ni-1 for nickel nitrate
precursor and Ni-2 for nickel hydroxide precursor.

For comparison, an alumina-supported Ni catalyst was
prepared by incipient impregnation with Ni(NO3)2�6H2O
solution. AEROXIDE

VR

Alu 130 Al2O3 with 130 m2/g Bruna-
uer–Emmett–Teller (BET) surface area was used as the sup-
port. The Ni loading was controlled at 16 wt %. After
impregnation, the Ni-supported sample was dried at 383 K
for overnight and then calcined at 973 K for 5 h. The
obtained catalyst was designed as Ni-3.

Characterization

The elemental composition of the samples was determined
by the Atomic Emission Spectrometry-Inductively Coupled
Plasma (AES-ICP) in a Thermo-Electron model 3580 instru-
ment with a H2SO4/HNO3 solution at 523 K.

The N2 adsorption/desorption isotherms were performed
using a Micromeritics ASAP2420. The samples were
degassed for 2 h at 573 K before nitrogen adsorption. Sur-
face areas of the samples were analyzed by multipoint BET
analysis method, and pore volumes were estimated at P/
P0 5 0.99.

Temperature-programmed reduction (TPR) was performed
on an Altamira Instrument. The catalyst powder (50 mg) was
placed in a U-shaped quartz reactor and pretreated in flowing
Ar (50 mL/min) for 0.5 h at 573 K, followed by cooling to
room temperature under flowing Ar. The temperature was
then raised from room temperature to 1273 K at a rate of 10
K/min under a 5% H2/Ar flow (50 mL/min) atmosphere.

The XRD was recorded on a Bruker D8 Advanced A25
diffractometer in Bragg–Brentano geometry fitted with a
copper tube operating at 40 kV and 40 mA. The catalyst
powder was pressed into flakes and mounted in the chamber.
The mean crystallite size was calculated from the Scherrer
equation, where the particle shape factor was taken as 0.9.22

Scanning electron microscope (SEM) images were taken by
the 600 FEG environmental scanning electron microscope.
Transmission electron microscope (TEM) images were taken
by a Titan G2 80–300 kV TEM from FEI Company (FEI Com-
pany, Hillsboro, OR) equipped with a 4 k 3 4 k changed cou-
ple device camera model US4000 and an energy filter model
GIF Tridiem from Gatan (Gatan, Pleasanton, CA). The speci-
mens were prepared by ultrasonically suspending the sample
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in ethanol. A drop of the suspension was then applied onto
clean holy copper girds and dried in air.

Raman spectra of carbons deposited on the catalysts by the
MCD reaction was measured with a laser Raman spectrometer
(DXR Smart Raman Spectrometer). The spectra were taken
with 514.5-nm line of an argon laser at room temperature. The
incident laser power was adjusted to 2 mW at the sample. The
spectra were recorded with a resolution of 4 cm21.

Catalytic reaction

The catalytic reaction was conducted in a PID Eng&Tech
microactivity reactor equipped with a long stainless tube
reactor (ID 9 mm, length 305 mm) which was heated by an
electrical furnace under atmosphere pressure. Fifty milligram
catalyst in size between 250 and 300 mm was loaded into the
reactor, while the reaction temperature was controlled by a
thermocouple placed into the middle of the catalyst layer.
The CH4 was diluted with N2 using different ratios as 100%
CH4, 85% CH4/N2, or 20% CH4/N2, while the total gas flow
rate was fixed at the same value of 37.5 mL/min in order to
get a gas hourly space velocity at 45,000 mL/h�gcat. Two
reaction modes were adopted here. For Mode 1, after loading
the catalyst, the reactor was heated to 773 K with 30 mL/
min N2, and then the flowing gas was switched to 30 mL/
min H2 to reduce the catalyst at 773 K for 1 h. After this
prereduction, the gas was back to 30 mL/min N2 to heat the
catalyst to 1073 K. After this, the gas was changed to 37.5
mL/min reacting CH4/N2 to start the reaction. For Mode 2,
the loaded catalyst was directly heated to 1073 K under 30
mL/min N2, in the absence of hydrogen and then the gas
was switched to 37.5 mL/min CH4/N2 mixture to begin the
MCD reaction. The outlet gases were analyzed by an online
GC (Varian 450-GC) and micro GC (Soprane MicroGC
3000).

Results and Discussion

Characterization of Ni-1, Ni-2, and Ni-3

Figure 1 shows the XRD patterns of the freshly prepared
catalysts. As a control, AEROXIDEVR (Alu 130 Al2O3) was
also examined for blank support, which showed the typical
peaks corresponding to gamma alumina. Only NiO peaks at
2h 5 37�, 44�, 62�, 75�, and 79�23 were detected over Ni-1
and Ni-2. For the Ni-3 sample, besides the NiO reflections at

2h 5 44�, 62�, diffraction peaks at 2h 5 19�, 37�, and 66�

were related to the nickel aluminate as NiAl2O4.23

The existence of different nickel oxide of Ni-1, Ni-2, and
Ni-3 was also demonstrated by TPR profiles as shown in
Figure 2. The reduction peaks of unsupported Ni-1 and Ni-2
samples were lower than 823 K, which was in agreement
with Ni on both samples was in a bulk NiO state. Lua and
Wang24 reported a broad TPR reduction peak of pure NiO at
663–723 K. Robertson et al.25 also reported TPR peak at
500–800 K representing the characteristic reduction of stoi-
chiometric nickel oxide. On the Ni-Al TPR profile, four
peaks were detected at 662, 756, 889, and 1053 K. The
peaks at 662 and 756 K were ascribed to the reduction of
bulk or free NiO on the alumina support. According to Roh
et al.26 and Zhou et al.,27 the peak at 889 K can be assigned
to the reduction of highly dispersed NiO, in a strong interac-
tion with the alumina support. These NiO species were
explained as fixed NiO and described in a form of NiO-
Al2O3 or NiOx.26,27 The peak at 1053 K was the reduction
of surface nickel aluminate NiAl2O4, which was formed dur-
ing high temperature as 973 K calcination of alumina-
supported nickel catalyst.27 For MCD reaction, Ni must be
in a metallic state and thus a prereduction of the catalyst is
required. From the TPR results, it is obvious that using an

Figure 1. XRD patterns over fresh prepared samples.

Figure 2. TPR profiles over different catalysts: (a) Ni-1 and Ni-2 catalysts; (b) Ni-3 catalyst.
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unsupported catalyst, a much lower reduction temperature as
700 K is sufficient; whereas for a supported catalyst a higher
temperature as 1000 K is at least essential.

Based on the TPR curves area,27 the quantitate calculation
of different nickel species in three types as NiO, NiOx, and
NiAl2O4 over the fresh catalysts was shown in Table 1. For
supported Ni-3 catalyst, nickel oxides species ranged from
63% NiAl2O4, to 29% NiOx and to 8% NiO. For both
unsupported Ni-1 and Ni-2 catalysts, the nickel existed in
only pure NiO. However, it could be seen that the Ni-2
showed lower reduction temperature than that of Ni-1. Ji
et al.28 reported that the initial reduction temperature would
be lower for bulk NiO with smaller particle size. Thus, the
lower reduction temperature of Ni-2 might be attributed to
the smaller size as shown in Table 1 (9 nm for Ni-2 in com-
parison with 36 nm for Ni-1). Further, the Ni-2 showed
almost five times higher surface area and pore volume than
those of Ni-1 in Table 1. These were explained by the differ-
ent morphologies of NiO aggregates over Ni-1 and Ni-2 in
Figure 3. The fused Ni-1 catalyst from nickel nitrate precur-
sor formed heterogeneous octahedral NiO with wide size dis-
tribution. The Ni-2 from the nickel hydroxide resulted in
sponge-like NiO with folding lamellar structure and high
porosity but also with a wide size distribution. The different
morphologies of NiO over Ni-1 and Ni-2 accounted for their
differences in surface area and pore volume. The wider size
distribution of NiO was corresponding to the broad TPR
curves; as it has been previously reported, broad TPR peaks
happened when reducing metal oxides with a wide size dis-
tribution.29 Further, a trimodal pore-size distribution was
observed over Ni-2 sample. The pores below 10 nm are
believed to correspond to the pores described in Figure 3,
and the larger pores are tentatively attributed to the meso-
pore existing in the NiO aggregates. For Ni-1 sample, a sin-
gle pore-size distribution is observed, which could be
illustrated as the size of cavities between adjacent primary
particles. On the other part, as a comparison, Ni-3 as sup-
ported catalyst was also investigated. The Ni-3 shows mod-
erate BET surface area, pore volume (Table 1), and a
homogeneous (7 nm) crystallite size on the alumina surface.

MCD reactivity over prepared Ni-1 catalysts

In this study, MCD performance was examined at 1073 K
and atmospheric pressure. Ni-1 was selected as a model of
unsupported catalysts to investigate its MCD reactivity under
two different modes. The Mode 1 showed a common way to
activate the catalyst by reducing the NiO to metallic Ni
using H2 at 773 K for some period. It can be seen from the
XRD patterns in Figure 4 that only metallic Ni exists over
reduced Ni-1 sample. The mean Ni crystallite size calculated

from the XRD is 223 nm. The Mode 1 H2-reduced Ni-1 was
subjected to MCD in Figure 5, but negligible methane con-
version is observed during 15 h. Figure 6A shows that the 1-
h H2 prereduction leads to a coalescence of Ni into much
larger particles, these particles are inactive for the MCD.
Conversely, for the Mode 2, the Ni-1 without prereduction
exhibits an interesting MCD behavior, which is assumed to
occur into four steps: (1) activation of the catalyst; (2) induc-
tion period; (3) steady state; (4) deactivation step.

During Step 1, a high initial methane conversion occurs,
which likely results from the combination effect of NiO
reduction by CH4 (NiO 1 CH4 !
“Ni” 1 COx 1 H2O 1 C 1 H2) and CH4 steam reforming with
this formed H2O. This is demonstrated by the mass spectrum
result. Flowing CH4 gas through fresh Ni-1 at 1073 K, the
formation of H2, CO, CO2, and H2O resulted from the CH4

reduce NiO and CH4 steam reforming reaction during the
initial 2 min was evidenced by the mass spectrometer. After
that time, no signal of COx was detected. The H2O signal
disappeared after 10 min, which means the NiO was com-
pletely reduced into Ni by the H2. The XRD also showed
that after 30 min, the NiO was completely reduced to “Ni”
(Figure 4). Formation of coke was also demonstrated by
XRD. This coke was considered to play the role of a support
to disperse the reduced Ni. As shown in Figure 6a, the coke
in gray color seemed to cut the connection of neighbored Ni
particle in black color and thus somehow dispersed the Ni
particle. Over a 10% Ni/SiO2 catalyst, Choudhary et al.14

reported that the CO concentration is 0.2% initially, drops
below 100 ppm in 90 min, and then remains at about 50
ppm for 6 h after, followed by a slight increase during the
deactivation stage of the catalyst. This means that the CO
formed during all the MCD process over a supported catalyst
system. For the CH4 reduction process of unsupported metal
catalysts, like Ni-1 in this study, although it is unavoidable,
there will be no contamination of COx after all the oxygen
in the catalyst is consumed in a rather short period. There-
fore, considering the in situ catalysts reduction with CH4

reactant gas instead of additional H2 gas, the more dispersion
of Ni and no COx contamination after a short period, the
CH4 reduction may be a positive way to active the unsup-
ported metal catalysts.

During the following Steps 2–4, the methane conversion
was found to increase with time on stream until a relatively
stable steady state is achieved and then a deactivation occurs
gradually. We made the hypothesis that the Ni-1 structure
was changed during this period. To evidence what happened
during Steps 2–4, the MCD reaction was stopped at 0.5, 1.5,
2, 3, and 10 h, and the samples were subjected to XRD,
SEM, and TEM analyses (Figure 5 Mode 2). From Figure 6,

Table 1. The Characterization of Prepared Catalysts

Nickel Species (%)
Mean Crystallite

Size (nm)

Samples Ni Loading (wt %) Surface Area (m2/g) Pore Volume (cc/g) NiO NiOx NiAl2O4 NiOa NiOb

Ni-1 – 19.81 0.043 100 0 0 36 30
Ni-2 – 104.11 0.264 100 0 0 9 9
Ni-3 16.0 85.56 0.168 8 29 63 7 6
Alu 130 – 133.56 0.365 – – – – –

aXRD calculated size using Sherrer equation. It should be note the value is a geometric average.
bTEM image statistical analyzed size.
Not measured.
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it could be found that the Ni on the Ni-1 became more and
more dispersed with the increment of methane flowing
period over the Ni-1 sample under Mode 2. The XRD analy-
ses in Figure 7 showed the increment of coking amount over
Ni-1, as the graphite peak became much more pronounced
with time, while the Ni was still in metallic state. However,
the size calculated from XRD showed that the crystallite
size of Ni was becoming smaller with time, from 150 nm at
initial 0.5 h to 106 nm at 3 h. This Ni size was somehow
kept stable until the total deactivation of Ni-1 at 10 h
occurred. However, it should be noted here that the size cal-
culated from XRD is a geometric average of a possibly
wider distribution. Several literatures reported that the nickel
catalyst might be considered as self-organizing system dur-
ing MCD reaction.30 Nickel particles underwent active evo-
lution to seek to some thermodynamically favorable size.
Ermakova et al.30 measured the size change during MCD at
823 K over a series of SiO2 supported 10% Ni catalysts with
varied nickel size from 15 to 60 nm. They found, after 2 h
in MCD, all the Ni over these samples were sintered or frag-
mented to 31–35 nm. Thus, they concluded that the 31–35
nm Ni over SiO2 was the optimal size for the MCD reaction.
Therefore, it could be reasonable to conclude the 100-nm Ni
might be a favorite size for the MCD reaction at 1073 K in
this study over unsupported Ni catalyst system.

Figure 8 shows the influence of methane concentration on
the MCD reactivity in Mode 2. The results indicates that an
increase in the methane partial pressure leads to a high ini-
tial reaction rate in Mode 2, but to a shorter stable period in

Figure 4. XRD patterns over activated Ni-1 samples
with different routes.

Figure 3. SEM, TEM images, crystallite and pore-size distribution over fresh prepared catalysts.
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Step 3 and a greater deactivation rate in Step 4. Under 100
and 85% CH4, the Ni-1 catalyst become totally deactivated
after 7 h in mode 2, while in 20% CH4 a stable conversion
(8%) is observed during 20 h. It is suggested that he higher
concentration of methane boosted the diffusion-precipitation

process through the nickel crystallite. This in turn would
results in the higher methane conversion. But the reaction
rate would definitely cause the greater formation of “carbon
species” which could encapsulate and deactivate the nickel
metallic crystallite.31

Figure 5. Influence of reaction route over Ni-1 catalyst MCD reactivity, CH4 concentration 100%.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Morphologies of Ni-1 under different activation modes: Mode 1: (A) 1h; Mode 2: (a) 0.5 h; (b) 1.5 h; (c) 2 h;
(d) 3 h; (e) 10 h.
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MCD reactivity over prepared Ni-2 and Ni-3 catalysts

The results of MCD over Ni-2 and Ni-3 catalysts under
different modes are shown in Figure 9. The Ni-2 exhibits
almost the same reactivity profile as the Ni-1 under Mode 2.
The size calculated from spent Ni-2 XRD pattern (see Sup-
porting Information) shows a 103-nm crystallite Ni over the
deactivated Ni-2. Although the initial size of NiO over Ni-2
was much smaller than that of Ni-1, the deactivated Ni-2
catalyst nickel size was the same as that of Ni-1, and the
value was just corresponding with our speculated optimal
size for MCD reaction with unsupported nickel catalysts sys-
tem. Conversely, over the supported Ni-3 catalyst, the influ-
ence of different modes over the MCD reactivity was
negligible, both catalysts under Modes 1 and 2 exhibited
similar performances. This might be considered as the sup-
port dispersed the Ni well enough as in Figure 3 to resist the
sintering resulted from the H2 prereduction. Although the
Ni-3 presented high initial MCD reactivity, the catalyst
became totally deactivated during 3 h. The XRD pattern
over 1 h, 1073 K reduced Ni-3 showed the existence of Ni0

peak and the disappearance of NiAl2O4, which illustrating
1073 K temperature was high enough to reduce the NiAl2O4

into Ni. This temperature was corresponding to the TPR
result. The spent Ni-3 under Modes 1 and 2 XRD calculated
the same Ni crystallite size of 18 nm, which was near the
reduced fresh Ni-Al catalyst of 17 nm. This was different
from the size change trend of unsupported Ni-1 and Ni-2
systems.

Deposited carbon morphology and MCD reaction
models over supported and unsupported Ni catalysts

Figure 10 shows the morphologies of deposited carbon
over Ni-1, Ni-2, and Ni-3 samples using Mode 2. Over the
Ni-1 catalyst, only carbon nano onions (CNOs) with quasi-
spherical morphology are obtained. These CNOs have a
diameter in the range of 30–60 nm, whereas the Ni encapsu-
lated with the CNOs is about 70–100 nm. Figure 11 shows
the Raman spectra of the CNOs over the deactivated Ni-1.
The D band indicates the vibrations of carbon atoms with
dangling bonds for in-plane terminations of disordered
graphite. The G band represents the vibrations of all sp2
bonded carbon atoms in a two-dimensional hexagonal lat-
tice.32,33 The ratio of the area of D band to that of the G
band (ID/IG) is considered an index for the crystalline order
of graphite.34 The lower ID/IG value represents higher
graphitization of carbons. In our case, the ID/IG is 0.5,
revealing that the CNOs over the Ni-1 had a high graphitic
crystallinity, which is also demonstrated by the XRD in Fig-
ure 7. Over the Ni-2 catalyst, majority of the carbon existed
in the CNOs form, while some multiple wall carbon nano-
tubes (MWCNTs) are also observed. The diameter of these
MWCNTs varies between 46 and 70 nm. The Ni with the
same size as that of the MWCNTs diameter is found located
at the tip of the MWCNTs. For the supported Ni-3 catalyst,
it could be seen that except a few CNOs over >70 nm Ni
particles, most deposited carbons are MWCNTs. However,
these MWCNTs are different from those observed over Ni-2,
because the MWCNTS over Ni-3 sample have close end
without Ni particle on the tip and/or embedded with small
pieces of Ni inside their tubes.

Although some researchers9 tried to illustrate carbon depo-
sition mechanism over supported nickel catalyst, such mech-
anism of carbon growth over Ni particles over unsupported
catalysts was never mentioned in literature. Based on the
MCD results shown in Figure 9, Ni crystallite size changes

Figure 7. XRD patterns over Ni-1 in Figure 55 Mode 2
at different time.

Figure 8. MCD reaction over Ni-1 catalyst under differ-
ent CH4 concentration in Mode 2.

Figure 9. MCD reaction over Ni-2 and Ni-3 catalysts
under different routes with 85% CH4.
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in Figure 7 and different carbon morphologies given in Fig-
ure 10, MCD reaction models for unsupported Ni-1, Ni-2
and supported Ni-3 catalysts are proposed in Figure 12.

Let us summarize the data here:
For unsupported Ni-1, after the 0.5 h methane prereduc-

tion (Figure 6a), Figure 7 shows the average Ni particle size
is about 150 nm, but with wide size distribution during 70–
200 nm in Figure 6b. However, after 18 h MCR reaction in
Figure 9, we find only Ni particles of 70–100 nm, which is
the size of the inside core of CNOs.

For unsupported Ni-2, after the 0.5 h methane prereduc-
tion, the average Ni particle size is about 50 nm with size
distribution ranging between 30 and 100 nm. After 18 h
MCR reaction, we find Ni particles of 70–100 nm, which fits
with the internal core of CNOs, and some Ni particles of
30–70 nm on the tip of MWCNTs with an open end.

For supported Ni-3, after the 0.5 h methane prereduction,
the average Ni size is about 20 nm with a relatively homoge-

neous size distribution, only few Ni particles are situated at
70 nm. After 18 h MCR reaction, we find Ni particles in 20
nm embedded in MWCNTs chain structure and some small
pieces of Ni particles on the tip MWCNTs with a close end.

Three steps are to occur assumed during the MCD reac-
tion: CH4 activation-decomposition on the Ni particle to pro-
duce H2 and carbon, carbon diffusion through the bulk of Ni
particle and carbon precipitation. The coke morphology is
very likely directly related to the balance between CH4

activation-decomposition rate and its diffusion-graphite for-
mation rate.9

By simply comparing the Ni-1, Ni-2, and Ni-3, we can
conclude that the CNOs only formed over the Ni particle of
70–100 nm, whereas the MWCNTs formed on the Ni parti-
cle smaller than 70 nm. It is obvious that if the carbon depo-
sition rate is higher than the carbon diffusion-graphite
formation rate, the Ni will be encapsulated by the coke to
form CNOs with the mechanism illustrated in Figure 12.

Figure 10. TEM micrographs of the carbon deposited on different catalysts: (a)–(c) Ni-1; (d)–(f) Ni-2; (g)–(i) Ni-3.
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Thus, this would suggest that the carbon deposition rate is
higher than the graphite formation rate on the Ni of 70–100
nm.

But, it should be noticed here that even on the Ni bigger
than 100 nm, CNOs with core of Ni smaller than 100 are
shown on Ni-1 sample. This is explained here with a break-
down mechanism as follows perhaps the CH4 activation-
decomposition rate on the Ni bigger than 100 nm is much
slower than the diffusion-graphite formation rate. This, thus,
results in more deposited surface carbon on Ni (100) or Ni
(110) planes dissolves into the nickel particles on the gas
side,30 and the carbon concentration gradient would create a
driving force to diffuse the carbon through the bulk nickel
particles until the carbon accumulate in the form of graphite
layers on the Ni (111) plane.31 The graphitic layer is initially
oriented in parallel to the Ni particle crystallographic planes.
At a certain moment, the nickel particle becomes fluid while
its tail would extend due to some thermodynamic reason or
the pressure from the outside graphite layers. The graphite
layer would be distorted to encapsulate part of the nickel
particle. With the time on stream, the continually growing
up of the graphite layer would finally cut off the encapsu-
lated nickel from the original bigger Ni particle. This process

would split the initial big nickel particle into several Ni frag-
ments until cut the original Ni with the thermodynamically
favorable size at about 106 nm in this study. Over this size,
CH4 activation-decomposition would be rather higher than
diffusion-graphite formation rate, resulting in the fast encap-
sulation of entire Ni particle with carbon to form CNOs and
deactivate the catalyst completely.

For the growing up of MWCNT with Ni on its tip, the
mechanism is explained by an equal CH4 activation-
decomposition rate with diffusion-graphite formation rate in
this study. The continually carbon diffusion from Ni (100) or
Ni (110) planes to Ni (111) plane would thermodynamically
favor the growing up of carbon tube form rather than the
carbon accumulation.30 It is clear that for unsupported Ni
catalyst Ni-2, we only observed MWCNTs with open on
while Ni particle on the tip, while MWCNTs with close end
of Ni particle on the bottom or embedded with small pieces
of Ni inside their tubes are observed on Ni-3. These differen-
ces would be explained by the different metal-support inter-
action. For Ni-2, there is no support and thus the Ni
particles smaller than 70 nm is of high mobility, especially
under the high temperature 1073 K in this study. The grow-
ing up of the MWCNTs would support the Ni on the tip.
Conversely, for supported Ni-3, the Ni reduced from the
NiO, NiOx, and NiAl2O4 in Figure 2(b) was in a strong
interaction with the support and thus the Ni was difficult to
move. It is known the Ni from the NiAl2O4 shows the
strongest metal-support interaction, followed by Ni from
NiOx and Ni from NiO.27 The strong metal-support interac-
tion between Ni of NiAl2O4 and support might make the car-
bon precipitate on the other side of the exposed surface of
the Ni particles, rather than the interface between the lower
portion of Ni and support. This would make the carbon
nanotube constructed in the surface of Ni particle toward
gas–solid interface. As a result, the Ni particle would be
fixed on the support, but leaving the carbon tube growing
with a closed end of Ni on its bottom. The reduction of
NiOx and NiO would result in Ni particles with weak metal-
support interaction. Over these Ni particles, the MWCNTs
with closed end form with the same mechanism. But with
the growing of the nanotubes, their part in contact with the
Ni particles became narrowed and the tail of the Ni particles
might be pulled inside the carbon capsule, forming a small

Figure 12. MCD reaction mechanism over different catalysts.

Figure 11. Raman spectra of the deactivated Ni-1.
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pieces of Ni particle encapsulated in the MWCNTs with
diameter the same as the inner diameter of the carbon tube.

Conclusions

In this study, using a simple fusing method, two kinds of
unsupported Ni catalysts Ni-1 and Ni-2 were prepared from
different precursors. The influence of reaction routes, reac-
tant gas concentration on the catalyst MCD reactivity, and
lifetime was studied. A growth model of CNMs was also
formulated to interpret the influence of Ni particle size and
the support over the carbon by-products morphology. The
following are the conclusions drawn from this work:

1. The fused Ni-1 catalyst from nickel nitrate precursor
formed heterogeneous octahedral NiO, whereas the Ni-2
from the nickel hydroxide resulted in sponge-like NiO with
folding lamellar structure with high porosity. Both catalysts
showed a wide range of size distribution, as compared with
the alumina supported Ni-Alu catalyst.

2. Hydrogen prereduction severely sintered the unsup-
ported Ni catalysts and thus made the Ni-1 inactive for
MCD. As an alternative way, the methane prereduction
would produce some coke to act like a support to disperse
Ni particles. The Ni-1 with methane prereduction showed
better MCD reactivity at 1073 K.

3. The higher concentration of methane boosted the
diffusion-precipitation process through the nickel crystallite.
This in turn resulted in the higher methane conversion, but
higher deactivation rate.

4. Carbon growth models were built to explain the differ-
ent MCD reactivity and carbon morphologies over Ni-1, Ni-
2, and Ni-3. Big size >70 nm Ni would form the CNOs. Ni
size <70 nm had the same rate of diffusion-precipitation and
carbon deposition, and thus tended to form nanotubes. For
the pure Ni catalyst, nanotube would support the Ni particle
on the tip of the MWCNTs. Over the supported Ni-3 cata-
lyst, MWCNTs were also observed, but with different struc-
tures like MWCNTs embedding small pieces of Ni particles
and MWCNTs with closed end without Ni particle on the
tip, because of the metal-support interaction.
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