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Two-step, oxygen-free conversion of methane over supported
NiB amorphous alloy catalysts
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NiB amorphous alloy and Ni catalysts supported on HMCM-22, HZSM-5, HY, γ -Al2O3 and SiO2 were prepared, respectively, by
the chemical reduction method and the standard incipient wetness impregnation method. These catalysts were examined for catalytic
performance in the two-step conversion of CH4 to produce hydrogen and higher hydrocarbons. All catalysts give similar methane conversion
and yields of hydrogen and H-deficient carbon-containing species in step I. In the subsequent hydrogenation step (step II), they have similar
carbon conversion, however, the yield of C2 and C3 hydrocarbons depends greatly on the nature of the metal particles and support acidity.
Supported NiB amorphous alloy catalysts offer higher yield of C2 and C3 hydrocarbons than the corresponding Ni catalysts, due to their
unique properties: nanoscale size, long-range disorder in structure, and electron-deficiency. Of the zeolite supported catalysts, HMCM-22
and HZSM-5 supported catalysts produce higher yield of C2 and C3 hydrocarbons than the zeolite HY supported catalyst because of stronger
acidity of the supports. A NiB/HMCM-22 catalyst shows a rather slow deactivation during a multiple reaction cycles test. High temperature
favors CH4 decomposition and H2 production in step I, but makes the subsequent hydrogenation of carbon formed from CH4 decomposition
difficult. The nature of the carbons formed from CH4 decomposition was also studied by XPS and TEM combined with H2-TPSR.
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1. Introduction

Methane activation and its conversion into more useful
chemicals are among the most exciting catalysis problems
of the last decade. By far the most promising and explored
routes, such as oxidative coupling to ethylene, direct oxida-
tion to methanol, etc. cannot give good selectivity at accept-
able yields of conversion [1].

Hydrogenation of carbon species formed from decompo-
sition of methane to higher hydrocarbons is one of the recent
achievements in the research of methane application [2,3].
The idea is to separate the CH4 conversion reaction into two
steps by time and temperature, with the first being the cat-
alytic decomposition of methane on metal, followed by the
subsequent hydrogenation of the carbon species at the same
or lower temperatures:

CH4 → Cads/[CHx ]ads + (2− x/2)H2 (step I)

Cads/[CHx]ads + H2→ CnH2n+2, CnH2n,

aromatics, etc. (step II)

Clearly, this process shows advantages in production of
higher hydrocarbons from CH4 decomposition with 100%
atom utilization. Belgued et al. [2] reported that on a
standard Pt catalyst 19.3% of carbon hydrogenated with
7.9% of C2+ yield could be achieved in step II at 250 ◦C.
Goodman [4] reported that on a Ru–Cu/SiO2 (Cu/Ru =
∗ To whom correspondence should be addressed.

0.1) catalyst ∼80% of carbon hydrogenated with ∼15%
ethane selectivity could be achieved. The studies concerned
with such two-step process have been extended to various
group VIII metals and have been confirmed by several au-
thors [1,5–8]. Recently, more and more attention has been
attracted by the ultrafine amorphous alloy material because
of its specific properties in catalysis, derived from the com-
bination of their short-range order and long-range disorder
in structure and nanoscale size [9]. In this work, supported
NiB amorphous alloy catalysts prepared by the chemical re-
duction method were examined for catalytic performance in
this stepwise CH4 conversion and compared with supported
Ni catalyst prepared by the standard incipient wetness im-
pregnation method. Reaction results were correlated with
the properties of metal particles of the catalysts and support
acidity (acid type and strength) as well as specific surface
area. The nature of the carbons formed from CH4 decom-
position was also studied by XPS and TEM combined with
hydrogen temperature-programmed surface reactions (H2-
TPSR).

2. Experimental

2.1. Catalyst preparation and treatment

A series of supported NiB amorphous alloy catalysts with
metal loading of 10 wt% were prepared by chemical reduc-
tion, using HMCM-22 zeolite (molar SiO2/Al2O3 ratio 50,
SA 380 m2), HZSM-5 zeolite (molar SiO2/Al2O3 ratio 60,
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SA 400 m2/g), HY (SA 720 m2/g), γ -Al2O3 (SA 160 m2/g),
SiO2 (SA 400 m2/g) as supports, respectively. Preparation
procedures were as follows: 2.0 g of support was impreg-
nated overnight with equivalent volume of an aqueous nickel
chlorate solution containing 0.2 g of nickel. After drying at
100 ◦C and calcination at 350 ◦C for 2.0 h, the nickel pre-
cursor on the support was reduced by dropping an aqueous
solution of KBH4 (0.5 M) at room temperature under vigor-
ous stirring until no bubbles were effluent. Excess KBH4
(molar ratio of KBH4 to Ni2+ is 4) was used to ensure the
complete reduction of Ni2+ ions. As-synthesized catalyst
samples were then washed thoroughly with distilled water
and anhydrous ethanol in series. Finally, the catalysts were
stored in anhydrous ethanol. Before the reaction, the sup-
ported amorphous alloy was purged by highly purified Ar (or
N2) flow (20 ml/min) for removing the alcohol. The desired
amount of such dried sample was packed into the reactor and
heated to 250 ◦C, maintaining this temperature for 1 h in a
H2/Ar gas mixture flow with a rate of 30 ml/min for com-
plete removal of adsorbed alcohol. Then, the catalyst bed
was heated or cooled to the appointed temperature in highly
purified Ar flow.

For comparison, several supported Ni catalysts with the
same metal loading of 10 wt% were also prepared by stan-
dard incipient wetness impregnation. For each preparation,
1.0 g of support was impregnated overnight with equivalent
volume of an aqueous nickel chlorate solution containing
0.1 g metal. The samples were dried at 100 oC, calcined
at 250 ◦C for 2 h, and then heated at 600 ◦C for another
5 h. Before the reaction, the catalyst was reduced with H2
(15 ml/min) in flowing Ar at a total rate of 30 ml/min at
600 ◦C for 5 h and was heated or cooled to the appointed
temperature.

2.2. Microreactor evaluation

A microreactor system consisting of a quartz tube reactor,
a furnace controlled by a programmable temperature con-
troller was used in this work. The reactor was 20 cm long
with 6 mm od. The two-step conversion of methane was car-
ried out in the temperature range between 250 and 650 ◦C,
using 100 mg of catalyst. In step I, 2462 µmol of highly
pure methane was allowed to flow over a catalyst bed at a
flow rate of 6 ml/min for 10 min. In step II, the above CH4-
reacted catalyst bed was flushed thoroughly with Ar and then
was hydrogenated in a hydrogen flow (6 ml/min) for 10 min.
The outlet gases in step I and step II were collected, respec-
tively, using a wet meter which can display the volume of
the gases accurately and then analyzed by a GC equipped
with a TCD and a FID in series. The TCD connected with a
Porapak Q column (2.0 m, 60 ◦C) was used for the hydrogen
analysis. The FID fixed with the same column was used for
the hydrocarbon analysis. The amount of methane unreacted
in step I as well as the total amount of hydrocarbons includ-
ing methane formed during hydrogenation were determined
from the concentration results (from GC) and gas volume.
Thus, methane conversion in step I as well as carbon con-

Table 1
Ni dispersion of the individual catalysts.

Catalyst (Ni loading 10 wt%) Dispersion (%)

NiB/HMCM-22 5.2
NiB/HZSM-5 5.4
NiB/HY 6.3
NiB/SiO2 5.6
Ni/HMCM-22a 2.6
Ni/HYa 3.4
Ni/SiO2

a 3.0

a Pre-reduced with H2 (15 ml/min) in flowing Ar at a
total rate of 30 ml/min at 600 ◦C for 5 h.

version and C2 and C3 hydrocarbons yields in step II could
be determined on a C atom basis. H2 yield was defined as
0.5 × moles of hydrogen/total moles of methane (intro-
duced to the catalyst). Only traces of C4+ hydrocarbons
could be detected during hydrogenation and hence are not
mentioned further in this study.

2.3. Catalyst characterization

Dispersion of Ni was measured by CO dynamic pulse ad-
sorption experiments carried out at room temperature, as-
suming a CO/Ni ratio of 1.0. Analysis of CO was carried
out on-line with a MS (Hiden HPR 20 QMS sampling sys-
tem). CO pulses (0.1 ml for each pulse) were injected until
the CO peak area for such consecutive pulses was constant.
The Ni dispersion of the individual catalysts is displayed in
table 1.

TEM measurements of the catalysts and filamental car-
bons were carried out using a JEM-1200EX/9100EDAX in-
strument. Samples before and after reaction were ultrasoni-
cally dispersed in alcohol and spread over perforated copper
grids. Several bright field TEM images of different portions
of the sample were recorded at magnifications up to 100 000.
Particle size and diameter of filamental carbon were deter-
mined from these micrographs.

Powder XRD patterns were recorded on Brucker AXS D8
using a scanning of 0.02◦/s and an accelerating voltage of
40 kV.

XPS analyses were carried out on VG ESCALAB MKII,
using a Mg Kα X-ray source (1253.6 eV, 150 W) at a con-
stant analyzer pass energy of 20 eV. The charging effect was
corrected by referring to contaminative C 1s at 284.6 eV of
binding energy.

Hydrogen temperature-programmed surface reaction (H2-
TPSR) experiment was performed on the CH4-reacted cata-
lyst. After exposing the catalyst to the flow of CH4 at 300 ◦C
for 10 min, the reactor was closed and cooled to room tem-
perature quickly using ice. Then the catalyst bed was purged
by Ar to clear of CH4. Following this the catalyst was fed
with a flow of 10 vol% H2 in Ar and thereafter was heated at
a ramp of 10 ◦C/min up to 450 ◦C. The outlet gas was ana-
lyzed by an on-line MS (Hiden HPR 20 QMS sampling sys-
tem) and the profiles were recorded. The MS worked with
MID mode (multi-ion detection), using a Faraday detector.



Y. Lu et al. / Two-step, oxygen-free methane conversion 169

3. Results and discussion

3.1. Reaction results of the isothermal two-step conversion
of methane

The reaction results over NiB amorphous alloy catalysts
and Ni catalysts supported on various supports are summa-
rized in tables 2 and 3, respectively. In step I, all supported
catalysts behave in a very similar manner in terms of CH4
conversion and yields of H2 and carbon at each tempera-
ture. The main carbon-containing product formed from CH4
decomposition (step I) is carbon. C2 and C3 hydrocarbons
could also be formed with a yield of no more than 0.6% in
this step. With increase of the temperature, CH4 conver-
sion increases slowly up to 500 ◦C and sharply from 500
to 650 ◦C while the yield of C2 and C3 decreases by and
large. This is consistent with the trend observed by several
authors [4–6,10]. Note that HY supported catalysts show
lower activity at various temperatures. In step II, all sup-
ports produce catalysts with similar conversion of carbon,
however, the yield of C2 and C3 hydrocarbons attenuates in
the following order: HMCM-22, HZSM-5 > HY > NaY,

SiO2 > γ -Al2O3. With increase of the temperature, con-
version of the carbon formed in step II as well as the yield
of C2 and C3 hydrocarbons first increases slightly and then
decreases obviously. This result suggests that the opti-
mum temperature for both CH4 decomposition and subse-
quent hydrogenation is around 300 ◦C. Belgued et al. [1]
also indicated that on a standard Pt catalyst the total C2+
production was maximum around 250–300 ◦C. Koerts and
van Santen [3,7] showed that low temperature (<150 ◦C,
�G < 0) thermodynamically favors the selectivity for C2+
formation. Their thermodynamic analysis for this process
on Co is based on bulk Co3C formation, however, the real
catalyst surface after reaction with CH4 is quite complex be-
yond we can expect. So, this thermodynamic analysis has
reference value rather than the justification standard. On the
other hand, higher temperature (e.g., 250–300 ◦C) may be
kinetically favorable for C2+ formation.

The reaction results in tables 2 and 3 also suggest that car-
bon intermediate species from CH4 decomposition rapidly
transform to “inactive” carbon and this transform is accel-
erated greatly with increasing methane decomposition tem-
perature. TEM measurements show that filamental carbon

Table 2
Results of the isothermal two-step conversion of CH4 to higher hydrocarbons on a series of sup-

ported Ni catalysts in temperature range of 250–650 ◦C.

Support Step Ia (% moles C) Step IIa (% moles C)

XCH4 YH2 YC2−C3 YC XC YC2 YC3

250 ◦C
HMCM-22 1.5 0.8 0.6 0.9 53.5 5.5 3.3
HY 1.0 0.6 0.4 0.6 52.6 4.6 3.1
SiO2 1.4 1.0 0.4 1.0 50.8 4.5 2.1

300 ◦C
HMCM-22 2.1 1.6 0.5 1.6 58.1 6.3 3.6
HZSM-5 2.0 1.0 0.4 1.0 59.8 5.9 3.2
HY 1.5 1.0 0.5 1.0 56.9 5.2 3.5
γ -Al2O3 2.0 1.4 0.4 1.6 55.7 2.8 1.7
SiO2 2.1 1.8 0.3 1.8 57.1 3.1 2.1

350 ◦C
HMCM-22 2.3 2.0 0.2 2.1 52.9 3.7 2.1
HZSM-5 2.4 1.4 1.0 1.4 56.1 3.3 1.5

400 ◦C
HMCM-22 2.5 2.4 0.1 2.4 51.5 2.3 1.6
HZSM-5 2.6 2.4 0.2 2.4 50.1 2.4 1.8
HY 2.4 2.2 0.2 2.2 51.2 2.0 1.2
γ -Al2O3 3.1 2.8 0.3 2.7 48.8 1.6 1.3
SiO2 3.2 3.0 0.1 3.1 50.5 1.5 1.9

500 ◦C
HMCM-22 4.9 4.8 0.1 4.8 45.3 0.8 0.7
HZSM-5 5.2 5.0 0.2 5.0 44.7 0.4 0.5
HY 2.9 2.6 0.3 2.6 45.7 0.5 0.3
γ -Al2O3 4.6 4.2 0.3 4.3 42.1 0.5 0.3
SiO2 4.6 4.6 0.1 4.5 44.5 0.4 0.5

650 ◦C
HMCM-22 12.2 12.1 < 0.1 12.2 20.4 0.5 0.2
HY 4.2 4.1 0.2 4.0 25.3 0.2 0.3
SiO2 13.0 12.6 < 0.1 13.0 21.2 0.1 0.2

aX: conversion; Y : yield.
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Table 3
Results of the isothermal two-step conversion of CH4 higher hydrocarbons on a series of sup-

ported NiB amorphous alloy catalysts in temperature range of 250–650 ◦C.

Support Step Ia (% moles C) Step IIa (% moles C)

XCH4 YH2 YC2−C3 YC XC YC2 YC3

250 ◦C
HMCM-22 1.8 1.0 0.7 1.1 50.9 6.2 6.6
HZSM-5 1.4 0.8 0.5 0.9 51.2 5.7 4.2
HY 1.8 1.4 0.5 1.3 50.8 5.0 3.0
γ -Al2O3 1.8 1.4 0.2 1.6 51.8 2.4 2.3
NaY 2.4 1.1 1.4 1.0 52.1 4.2 2.3

300 ◦C
HMCM-22 2.0 1.6 0.4 1.5 60.1 10.9 5.2
HZSM-5 1.8 1.2 0.5 1.3 58.2 10.6 5.0
HY 1.9 1.6 0.4 1.5 58.7 5.5 3.1
γ -Al2O3 2.2 1.6 0.5 1.7 56.7 3.6 3.0
NaY 3.0 1.6 0.7 1.6 59.6 4.2 2.8

350 ◦C
HMCM-22 2.3 2.0 0.4 1.9 55.6 5.9 2.3
HZSM-5 2.0 1.8 0.2 1.8 54.3 5.3 2.3
HY 2.0 1.8 0.2 1.8 54.9 3.6 1.6
γ -Al2O3 2.5 2.2 0.3 2.2 54.0 2.3 1.7
NaY 3.5 3.2 0.2 3.3 55.5 3.1 2.0

400 ◦C
HMCM-22 2.5 2.4 0.1 2.4 52.0 4.1 1.7
HZSM-5 2.1 2.0 0.1 2.0 51.5 3.6 1.2
HY 2.5 2.4 0.1 2.4 50.3 2.7 1.3
NaY 3.9 3.6 0.2 3.7 51.6 2.0 1.4

500 ◦C
HMCM-22 3.9 3.6 0.1 3.8 45.8 1.1 0.8
HZSM-5 4.6 4.5 < 0.1 4.6 45.7 0.9 0.5
HY 3.6 3.6 < 0.1 3.6 43.9 0.3 0.5
γ -Al2O3 4.1 4.0 0.1 4.0 41.5 0.3 0.8
NaY 4.8 4.6 0.1 4.7 44.2 0.4 0.5

650 ◦C
HMCM-22 14.2 14.0 < 0.1 14.2 22.1 0.5 0.3
γ -Al2O3 14.1 14.0 < 0.1 14.1 20.5 0.1 0.3
NaY 13.3 13.2 < 0.1 13.3 23.2 0.1 0.1

aX: conversion; Y : yield.

with a diameter of 7 nm would be formed under methane
decomposition temperature higher than 500 ◦C. Such carbon
is chemically inert and is not easy to be gasified rapidly
via hydrogenation at temperature lower than 600 ◦C. It is
well known that methane decomposition on reduced tran-
sition metal can result in three different kinds of surface
carbon species: Cα (carbidic carbon), Cβ (amorphous car-
bonaceous layer), and Cγ (graphite carbon). Koerts and
van Santen [3,7] pointed out that carbidic (Cα ) surface car-
bon is most suitable for the formation of C2+ hydrocar-
bons and a high selectivity for its formation can be achieved
at a low carbon surface coverage. Undoubtedly, increas-
ing CH4 decomposition temperature not only increases the
carbon surface coverage but also favors the formation of
inactive carbons, e.g., Cβ and Cγ , even filamental car-
bons. This results in the decrease in the yield of C2+ for-
mation with the increase in CH4 decomposition tempera-
ture.

3.2. Comparison of NiB amorphous alloy catalysts and Ni
catalysts

Carbon hydrogenated, yield of C2 and C3 hydrocarbons
at 300 ◦C over supported NiB amorphous alloy and sup-
ported nickel catalysts are displayed in figure 1. Clearly,
both groups of supported NiB amorphous alloy and Ni cat-
alysts show similar conversion of carbon during hydrogena-
tion, however, the yield of C2 and C3 hydrocarbons for sup-
ported NiB amorphous alloy catalysts is higher than that
for corresponding Ni catalysts. For 10 wt% NiB/HMCM-
22 catalyst 60.1% of carbon formed from CH4 decomposi-
tion (step I) is removed via hydrogenation with 16.1% of
yield of C2 and C3 hydrocarbons, which is comparable to
those for a Ru–Cu/SiO2 [4] and a Ru/SiO2 [3], and is higher
than that for a standard Pt catalyst reported by Belgued et
al. [2].

In order to understand the nature of the catalytic behav-
ior of the supported NiB amorphous alloy catalyst, catalyst
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Figure 1. Carbon hydrogenated, yield of C2 and C3 hydrocarbons at 300 ◦C over supported NiB amorphous alloy and supported Ni catalysts. Data are
deduced from tables 2 and 3.

(a) (b)

Figure 2. TEM images of (a) HMCM-22 zeolite supported NiB amorphous alloy (10 wt% NiB/HMCM-22) and (b) Ni catalysts (10 wt% Ni/HMCM-22).

characterizations using TEM, XRD and XPS were carried
out. TEM was employed to measure the metal particle size
of the catalysts and XRD was used for crystalline phase iden-
tification. TEM measurements show that the metal particles
are in range between 3 and 15 nm with most particles smaller
than 10 nm for the supported amorphous NiB alloy catalysts.
The Ni catalysts prepared by the standard incipient wetness
impregnation method, offer relatively large metal particles
with most particles larger than 15 nm. Figure 2 shows the
TEM images of HMCM-22 supported NiB amorphous al-
loy and Ni catalysts. On the 10 wt% NiB/HMCM-22, the
sizes of NiB amorphous alloy particles are found to range be-
tween 5 and 15 nm with most particles smaller than 10 nm.
On the 10 wt% Ni/HMCM-22, the particle sizes are found
in the range of 25–40 nm. Figure 3 shows the XRD pat-
terns, which were obtained by subtracting the patterns of the
corresponding supports from those of as-prepared catalysts.
Only very weak broad peaks at 44.7◦ appear for the sup-

ported NiB catalysts, strongly indicating the typical amor-
phous structure of the metal particles. In contrast, sharp
peaks at 44.6◦ are observed over the several supported nickel
catalysts prepared by the standard incipient wetness impreg-
nation method, suggesting the long-range order structure of
the metal particles. XPS measurements show that the Ni 2p
binding energy of 853.2 eV for the 10 wt% NiB/HMCM-22
catalyst is higher than those for pure metallic Ni (Ni 2p BE
of 852.8 eV) and corresponding Ni catalyst (Ni 2p BE of
852.9 eV), suggesting that Ni for the NiB/HMCM-22 cata-
lyst is electron-deficient. Such increase of nickel’s binding
energy had been observed by other research groups [9].

The above results suggest that the good catalytic behavior
of the supported NiB amorphous alloy catalyst on the for-
mation of a C–C bond between carbon species arising from
decomposition of CH4 can be contributed to its nanosize and
amorphous structure as well as electron-deficient property.
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Figure 3. Subtracted XRD patterns of as-synthesized catalysts.

3.3. Correlation between the acidity of supports and
catalytic performance

Figure 1 also shows that the yield of C2 and C3 hydrocar-
bons depends on the support and decreases in the following
sequence: HMCM-22, HZSM-5 > HY > SiO2, NaY > γ -
Al2O3. The sequence of the specific surface area of such
supports orders as follows: HY, NaY > SiO2, HMCM-22,
HZSM-5 > γ -Al2O3. Clearly, no definite correlation be-
tween the specific surface area and the reaction results can
be obtained in this work.

However, the supports used in this work can be sepa-
rated into three groups based on the acidity property of the
support. The proton exchanged HMCM-22, HZSM-5, and
HY have Brønsted acid sites. The γ -Al2O3 oxide shows
Lewis acid sites. SiO2 and NaY are non-acidic supports.
Correlated with the results in figure 1, it can be found that
zeolite-acidic supports give highest yields of C2 and C3 hy-
drocarbons during the hydrogenation in step II. Non-acidic
supports give better C2 and C3 hydrocarbons yield than the
Lewis acidic γ -Al2O3 support catalyst does. Moreover, it
is well known that the acidic strength of the HMCM-22
(SiO2/Al2O3 ratio 50), HZSM-5 (SiO2/Al2O3 ratio 60) and
HY supports orders in the following sequence: HMCM-22
≈ HZSM-5 > HY, which correlates well with the sequence
of the yield of C2 and C3 hydrocarbons. This may be as-
cribed to the enhancement of the acid catalyzed oligomeri-
sation due to acidic strength high enough for HMCM-22 and
HZSM-5 to activate the CH4 molecule.

3.4. Hydrogen release in step I and hydrogenation rate of
carbon in step II

Figure 4 shows the relationship between the H2 yield and
the conversion of CH4 as well as the yield of carbon in step I.
Clearly, the yield of H2 is very close to that of carbon in

Figure 4. Relationship between the H2 yield and the conversion of CH4 as well as the yield of carbon in step I.
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Figure 5. Yield and selectivity of C2 and C3 hydrocarbons, carbon hydrogenated at 300 ◦C during different hydrogenation periods for 10 wt% NiB/
HMCM-22. Before hydrogenation, the catalyst was reacted with CH4 at 300 ◦C for 10 min.

Figure 6. C2 and C3 hydrocarbons yield, methane conversion, and carbon hydrogenated as a function of reaction cycles for 10 wt% NiB/HMCM-22
catalyst at 300 ◦C. Data for C2 and C3 hydrocarbons yield and carbon hydrogenated were collected after a 10 min hydrogenation.

the decomposition of CH4 (step I) in the whole tempera-
ture range. The results suggest that hydrogen formed from
decomposition of CH4 can easily escape from the catalyst
surface. And, the carbon-containing species formed from
decomposition of CH4 is quite deficient in hydrogen, which
is also supported by the fact that no signals of CHx (x =
1–3) could be detected over the CH4-reacted samples by FT-
IR (Perkin–Elmer 2000 FT-IR) and Raman (RENISHAW
1000). This is in agreement with the results reported by
Belgued et al. [2] over a standard Pt/SiO2 catalyst. Actu-
ally, many contributions on single crystals showed that dif-
ferent forms of elemental carbon are favored at high temper-
ature [11–14] and the stability of CHx species is questioned
beyond 127 ◦C [14,15].

Figure 5 shows the results of hydrogenation of carbon in
different period of time. In the first 10 min, only 60.1% of
the carbon formed from CH4 decomposition is removed via
hydrogenation with a yield of C2 and C3 hydrocarbons of
16.1%. In the second 10 min, another 24.3% of the total car-

bon is gasified with a yield of C2 and C3 hydrocarbons of
5.8%. After 30 min hydrogenation, 94.3% of total carbon
formed in step I is gasified with a total yield of C2 and C3
hydrocarbons of 24.9%. The results indicate that the hydro-
genation rate of carbon is not so fast as the decomposition
rate of CH4 (step I). In addition, the selectivity of C2 and C3
hydrocarbons maintains about 26% in the whole period of
hydrogenation.

3.5. Multiple reaction cycles

Multiple-reaction-cycle tests were performed to examine
the lifetime of the 10 wt% NiB/HMCM-22 catalyst. Each
cycle of the reaction consists of two steps: 10 min methane
decomposition, resulting in the production of H2 and surface
carbon species, and 10 min hydrogenation of such surface
carbon. The yield of C2 and C3, methane conversion and car-
bon hydrogenated for MCM-22 zeolite supported NiB amor-
phous alloy catalyst of multiple reaction cycles is illustrated
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Figure 7. XPS spectra of 10 wt% NiB/HMCM-22 in the C 1s region for
(a) fresh, (b) after 10 min exposure of CH4 at 300 ◦C, and (c) C 1s peak
areas of carbide carbon and contaminated carbon as a function of the time

of hydrogenation.

in figure 6. The yield of C2 and C3 hydrocarbons decreases
by about a third of the initial yield after ten reaction cycles.
At the same time, methane conversion as well as the per-
centage of carbon hydrogenated decrease slightly. Koerts
and van Santen [3,7] indicated that for C2+ formation it is
important to have a high selectivity for Cα carbon formation
and pointed out that it can be obtained at a low carbon sur-
face coverage. In the present work, only ∼60% of carbon
can be gasified via hydrogenation in each cycle. Clearly,
this means that the carbon surface coverage increases with
the increase in the reaction cycles, so as to lower the selec-
tivity for Cα surface carbon formation and in turn reduce
the total yield of C2+ formation. In addition, Goodman and
Koranne [4] suggested that the nature of intermediates may
be affected by the presence of “inactive” carbon, which leads
to decrease in C2 and C3 hydrocarbons selectivity.

3.6. XPS and TPSR studies

XPS spectra of the 10 wt% NiB/HMCM-22 catalyst in
the C 1s region are displayed in figure 7. In comparison
with the fresh HMCM-22 supported NiB catalyst, a strong
C 1s peak at 283.4 eV which is assigned to nickel carbide
carbon appears for the catalyst exposed to CH4 for 10 min
at 300 ◦C. Series of XPS measurements were carried out to
study the hydrogenation of the carbide carbon. Upon the ex-
posure of the surface carbide to hydrogen, the carbide carbon
peak area decreases almost linearly with increasing the time
of hydrogenation while the contaminated carbon remained
almost constant (see figure 7(c)).

H2-TPSR profiles for the 10 wt% NiB/HMCM-22 cata-
lyst which was exposed to CH4 for 10 min at 300 ◦C prior
to the hydrogen treatment are illustrated in figure 8. As can
be seen, the main product is CH4, accompanied by a small

Figure 8. H2-TPSR profiles following exposure of 10 wt% NiB/HMCM-22 catalyst to CH4 at 300 ◦C for 10 min.
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amount of propane and by traces of ethane and ethylene. The
CH4 profile consisted of a small peak at around 220 ◦C, and a
large peak at around 300 ◦C. These two peaks are assigned to
the carbide-like or carbide carbon as observed by the XPS.
C–C bond formation to produce C2 and C3 hydrocarbons
occurs at temperature higher than 200 ◦C with a maximum
value at about 300 ◦C, which is consistent with the reaction
data.

The above results indicate that carbide(-like) carbon is
active and selective for hydrogenation resulting in the pro-
duction of C2 and C3 hydrocarbons.

4. Conclusion

Methane conversion to hydrogen and higher hydrocar-
bons via a two-step, oxygen-free route was investigated
for Ni–B amorphous alloy and Ni catalysts supported on
HMCM-22, HZSM-5, HY, γ -Al2O3, and SiO2. All cata-
lysts give similar methane conversion and yields of hydro-
gen and H-deficient carbon-containing species in step I as
well as similar carbon conversion in step II. The yields of C2
and C3 hydrocarbons depend greatly on the structure of the
metal particles and support acidity. Supported NiB amor-
phous alloy catalysts offer higher yields of C2 and C3 hy-
drocarbons than the corresponding Ni catalysts do, which is
due to nanoscale size, short-range disorder in structure, and
electron-deficiency. Of the zeolite supported catalysts, the
most strongly acidic HMCM-22 and HZSM-5 supported cat-
alysts produce more C2 and C3 hydrocarbons than the zeo-
lite HY supported catalyst. For the 10 wt% NiB/HMCM-22
catalyst, at 300 ◦C 60.1% of the carbon formed from CH4
decomposition can be converted via hydrogenation with a
16.1% yield of C2 and C3 hydrocarbons during 10 min
hydrogenation. Increasing hydrogenation time to 30 min,
94.3% of total carbon formed in step I is gasified with a to-
tal yield of C2 and C3 hydrocarbons of 24.9%. In addition,
when tested for multiple reaction cycles, this catalyst shows
a rather slow deactivation and further improvements in the
catalyst lifetime are necessary in order for this process to
be commercially attractive. High temperatures favor CH4
decomposition and H2 production in step I, but high temper-
atures make the subsequent hydrogenation of carbon formed
from CH4 decomposition difficult because of high carbon

surface coverage and the presence of “inactive” carbon. XPS
and H2-TPSR measurements indicate that carbide(-like) car-
bon is active for hydrogenation, in which C–C bond forma-
tion to produce C2 and C3 hydrocarbons occurs at temper-
ature higher than 200 oC with a maximum value at about
300 ◦C.
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