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a b s t r a c t

Dry reforming of methane was studied over the systems on the base of Ni3Al and Ni3Al + 5%Mo in the
temperature range 600–900 ◦C. The materials have been prepared by self-propagating high temperature
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ynthesis gas
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ilaments

synthesis and characterized by XRD (in situ and ex situ), DTA–TG, SEM + EDX, HRTEM + EDS and XPS. The
formation of Mo2C phase was observed at moderate Mo content (5–10 wt.%), which corresponds to a
much improved catalytic activity and stability under the severe carbon dioxide reforming conditions.
The structure and morphology of different types of carbon deposits obtained on Ni3Al and Ni3Al + 5%Mo
catalysts were investigated. The results indicated that the addition a low amount of Mo to Ni3Al led to
a decrease in carbon deposition. It is shown that Ni3Al + 5%Mo is promising catalyst for dry reforming of

xide.
methane with carbon dio

. Introduction

Carbon dioxide reforming of methane, i.e. dry reforming of
ethane (DRM), has received considerable attention as a promis-

ng way that enables the utilization of natural gas and reduction
f greenhouse gases [1–3]. DRM is one of the processes to produce
ynthesis gas with desired H2/CO ratio for clean fuels and chemicals
4–12]. The low H2/CO ratio is preferentially used for the production
f liquid hydrocarbons (Fischer–Tropsch synthesis), formaldehyde
nd polycarbonates [4]. This reaction has also been suggested as a
andidate for solar energy storage [4], as a method of recovering
xcess heat from gas turbine exhaust [5], and as a source of CO and
2 for flame stabilization in low temperature methane fired gas

urbines [6].
Three basic reactions may be used to convert natural gas to

yngas (CO + H2):

steam reforming of methane (SRM):

CH4 + H2O = CO + 3H2, �H = 206.3 kJ/mol (1)
carbon dioxide reforming of methane, or dry reforming of
methane:

CH4 + CO2 = 2CO + 2H2, �H = 247.3 kJ/mol (2)
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partial oxidation of methane (POM):

CH4 + (1/2)O2 = CO + 2H2, �H = − 35.6 kJ/mol (3)

Among these three processes, only SRM has been industrialized,
although the other processes may also have certain advantages
[10–12].

Ni-based catalysts, the traditional catalysts for SRM, are widely
used for DRM as well because of high activity and low cost. How-
ever, a rapid deactivation due to carbon deposition and/or sintering
of the metal particles has been reported on Ni/oxidic support
catalysts [7,8]. There is a general agreement about noble metals
showing a better activity and lower degree of carbon deposition
[7,13]. Most authors preferred Rh, Pt [14–16]. van Keulen et al. [15]
showed that Pt is one of the most active and stable metals among
zirconia supported group VIII metals and Pt/ZrO2 has a very high
feedstock of CH4/CO2 = 2. Choudhary et al. [17] found that nickel
supported on silica and/or alumina pre-coated with MgO, CaO or
rare earth oxides showed much higher activity, selectivity and pro-
ductivity in the methane-to-syngas conversion process than the
catalysts prepared using supports without any precoating. Further
study of Choudhary et al. [18] showed that the best performance
was shown by MgO among the precoating metal oxides. Mehr et al.
[19] studied the influence of MgO in the DRM to syngas, and found
that addition of MgO reduced the carbon deposition and energy

consumption. MgO-promoted catalysts are resistant to coking due
to Lewis basicity of MgO [19–21].

DRM is accompanied by very unfavorable and undesired for-
mation of different kinds of carbon deposits [22,23], particularly
a filamentary carbonaceous deposits, which, by mechanically

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:larisa-arkatova@yandex.ru
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with a catalyst (400–600 �m), and the reaction gases (CH4–CO2–He
20:20:60 cm3 min−1) were introduced with upstream flow direc-
tion. Then reactor was heated to required temperature (for
example, 900 ◦C) with 10 ◦C min−1 rate. When the temperature
approached the value, the sampling of post-reactor gas phase

Table 1
BET surface areas of Ni3Al and Ni3Al + 5%Mo catalysts before and after 24-h DRM
reaction.
L.A. Arkatova / Catalysi

estroying the catalyst, can make its deactivation irreversible.
herefore, one of the most important properties of a good catalyst
or DRM is its resistance to coking [24,25]. Some authors tried to
olve this problem by introduction of certain additions in catalysts
26–29].

This work focuses on a novel synthetic approach based on
he self-propagating high-temperature synthesis (SHS) which can
e applied successfully to preparing Ni3Al, containing Ni phase
30,31]. SHS is based on rapid, highly exothermic solid flame
eactions between powders to produce very high temperatures
nd stable products containing a high concentration of structural
efects which can act as the active sites in heterogeneous catalysis.

Ni3Al intermetallic compound is known as a promising high
emperature material because of its excellent high temperature
trength and good corrosion/oxidation resistance [32]. But no
romising catalytic properties have been reported for this com-
ound. The catalytic group [33] found that Ni3Al, in the form of
oth powder and foil exhibits high catalytic activity for methanol
ecomposition and SRM.

Taking into consideration some advantages of intermetallides
resistance in aggressive oxidizing atmospheres; high thermore-
istance; stability, mechanical tics; and thermal conductivity) and
lso high activity and stability of Mo2C as the catalyst for DRM
24,34,35], the aim of the present work was to realize an idea
f forming some active phases on the base of Mo2C and metallic
i on Ni3Al surface directly in the reactor. It was demonstrated

hat such a novel synthetic approach can successfully be applied
o preparing intermetallides. It will also be shown that the pro-
ess of catalyst preparation can substantially be shortened in time,
s the active components such as Ni and Mo2C can be formed in
itu – inside a catalytic reactor – under the DRM reaction atmo-
phere upon increasing temperature without any separate stages
f labor- and time-consuming Mo2C synthesis. Another purpose of
his study was to investigate the structure and properties of carbon
eposited on the surface of Ni3Al and Ni3Al + 5%Mo during CO2–CH4
eforming.

. Experimental

.1. Catalyst preparation

Intermetallides were synthesized by the method of self-
ropagating high temperature synthesis (SHS) from the powders of
i (Nornickel), Al (SUAL-PM, Shelekhov) and Mo (TU 48-19316-92,
OLIDEX-M) which were preliminarily dried in vacuum at tem-

erature 100 ◦C for 3 h. The powders were not specifically treated
for example, in H2 atmosphere) due to the following reasons:
1) the original powders were obtained by electroplating tech-
ique, (2) H2 is unfavourable for combustion kinetics [36], (3)
ndesirable-obtaining of metal hydrates at high SHS temperatures
1100–1200 ◦C) [36]. A half-finished products of cylindrical shape
ere prepared from the prepared mixtures of powders by the
ethod of double-action pressing using a bench press with dis-
ountable die mold and floating piston. SHS of pressed samples
ere conducted in the bomb with constant pressure in argon atmo-

phere. Heat impulse was supplied to a butt part of the pressed
ntermediates using a W-spiral. Thus chemical reaction is ignited
nd spreaded spontaneously as wave transmission along the axis
f pressed intermediates. Then derived samples in the shape of bar
ere crushed and sifted. Fractions with the size of 400–600 �m
ere tested in the catalytic set-up.
.2. Catalyst characterization

The X-ray diffraction patterns were measured before and after
atalytic experiments at room temperature using diffractometer
Fig. 1. Coke formation via reactions (4)–(7) as a function of temperature.

Shimadzu XRD-6000 (Japan) (Cu Ka radiation, � = 0.154187 nm).
Database: PCPDFWIN and POWDER CELL 2.4. In situ XRD exper-
iments were carried out in the VEPP-3 station of Siberian
Synchrotron and Terahertz Radiation Center of Budker Institute
of Nuclear Physics of SB RAS. Morphology of catalysts was inves-
tigated using scanning electron high-vacuum microscope VEGAII
LMU (Czech Republic) coupled with an X-ray energy-dispersive
spectroscopy (EDS) system (Oxford INCA Energy 350). The sur-
face areas (BET) were determined by nitrogen adsorption using an
automated gas adsorption analyzer (ChemiSorb 2750, Micromerit-
ics, USA) linked with mass-spectrometer QMS-300 (Stanford
Research System, USA). Thermogravimetry–differential thermal
analysis (DTA–TG) measurements were conducted under oxida-
tive (20 cm3 min−1) atmosphere with STA 409 Luxx (NETZSCH,
Germany) using 30–50 mg of samples and a 10 ◦C min−1 increase
rate from room temperature to 1000 ◦C. Transmission electron
microscopy (TEM) was performed with JEOL JEM-2010 machine
equipped with Gatan slow-scan camera for high-resolution obser-
vation and energy-dispersive X-ray microanalyzer (EDX) for
elemental analysis of specimen surface. The accelerating voltage
applied was 200 kV.

2.3. Catalytic tests

Catalytic activity was investigated in a temperature-
programmable quartz tube reactor with inner diameter of
5 mm and a length of 150 mm in conditions: temperature range
600–900 ◦C, space velocity of gas stream 100 cm3/min and molar
ratio CO2:CH4 = 1:1. The vertically mounted reactor was charged
Catalysts Before reaction (m2 g−1) After 24-h reaction (m2 g−1)

600 700 800 900

Ni3Al 1.2 1.1 0.9 0.7 0.6
Ni3Al + 5%Mo 1.3 1.3 1.1 0.9 0.8
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Fig. 2. CH4 conversion during DRM over Ni3Al (a) and Ni3Al +

as started. Analysis of reaction products was carried out by gas
hromatography (GC) using Carbosieve SII and Porapak Q packed
olumns. After 24 h time on stream at 900 ◦C admission of methane
nd carbon dioxide was stopped, and the reactor was cooled to
oom temperature under flow of He. The conversion was calculated
n the basis of the feed flow rates and the dry exit gas composition
s obtained by GC. Exhaust gases were analyzed using a TCD.

. Results and discussions

.1. Coke formation boundary

The formation of coke during the catalytic dry reforming could
ead to a deactivation of catalysts, resulting in low durability and
ctivity. Thus it is important to keep it under control. The most
robable reactions [34] leading to carbon formation are listed
elow:

CO = CO2 + C (Boudouard reaction) (4)

H4 = 2H2 + C (Methane thermolysis) (5)

O + H2 = H2O + C (6)
O2 + 2H2 = 2H2O + C (7)

Fig. 1 shows the carbon formation as a function of temperature
ia each reaction [29]. This is to determine the role of each reaction
n carbon formation thermodynamically.

Fig. 3. SEM micrographs of Ni3Al catalysts: (a) initial sample, (b) after DRM. (Time
(b) at 600, 700, 800, and 900 ◦C as a function of reaction time.

Reactions (4), (6) and (7) are not significant in coke formation at
high temperature, while reaction (5) is favorable. It is well known
that by increasing the H:C ratio in the reactor feed, the coke forma-
tion rate will decrease due to a shift in the equilibrium of reaction
(5).

3.2. Methane conversion

The catalytic performances of Ni3Al and Ni3Al + 5%Mo for DRM
were investigated at temperatures 600, 700, 800, and 900 ◦C for
24 h. The CH4 conversion is plotted as a function of reaction time,
as shown in Fig. 2. It was defined the value after the first 0.5 h
reaction as the “initial conversion” because of the necessity to over-
come the initial nonequilibrium state. As we previously reported in
the isochronal tests [31,32], the initial conversion rapidly increases
with temperature and reaches a maximum of 79% and 99% at 900 ◦C
for Ni3Al and Ni3Al + 5%Mo, respectively. The variation in the CH4
conversions with time strongly depends on the reaction tempera-
ture.

At 600 ◦C, the conversions remain stable over time, showing no
considerable change after 24 h, although they are low, about 18
and 30% for Ni3Al and Ni3Al + 5%Mo, respectively. At 700 ◦C, the
conversions slightly decrease with time. In contrast, at first the

conversions increase slowly during 3–4 h and then they remain
constant, and after 10–12 h at 800 ◦C they begin to decrease slowly.
Thus, it turns out that the activity and stability of these two cat-
alysts are different: Ni3Al + 5%Mo is more active and stable than
Ni3Al.

on stream 24 h, T = 600–950 ◦C, V(CO2:CH4) = 100 cm3/min, CO2:CH4 = 1:1).
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ig. 4. In situ XRD patterns of Ni3Al catalyst before catalytic test at room temperature
black pattern) and during DRM with increasing temperature from 400 to 900 ◦C
ith molar CO2:CH4 ratio equal 1:1. Fragment (2� = 42–44◦).

.3. Surface characterization

The BET surface areas of the intermetallides before and after
4-h reaction are listed in Table 1. Initial surface areas were
mall enough, for example, 1.2 m2 g−1 for Ni3Al and 1.3 m2 g−1

i3Al + 5%Mo. The surface areas decreased slightly after reaction
t 600 ◦C. At higher temperature above 800 ◦C, the surface area
ecreased significantly to approximately one-quarter.

The SEM morphologies of Ni3Al surface before and after DRM
re shown in Fig. 3. The surface is rough and porous before reac-
ion. The fine nickel particles exist on the surface, though they are
ot visible in the SEM observation. But we observed a change in
he morphology of globular structure after the DRM tests. On some
arts of Ni3Al surface we can observe globular “caps”, covering
0–30% of the surface. The most likely, it depends on the distri-
ution of Ni phase, which is included in intermetallide structure. A
haracteristic feature is that carbon deposition is observed at high
emperatures only.

The structure of Ni3Al before and during catalytic test was exam-
ned by in situ-XRD, as shown in Fig. 4. Ni3Al phase was defined at
oom temperature. No change is observed in the XRD patterns after
he reaction till 650 ◦C. With increasing temperature, the metallic
i phase becomes detectable at 650 ◦C and above, implying that the
ne Ni particles agglomerate. In addition, Ni3Al could be destruc-
ed partially, supplying Ni phase additionally. Metallic Ni phase
nd Al–Ni solid solutions become detectable at 750 ◦C, implying

hat the system on the base of Ni3Al reconstructs partially and
efects annealing also take place. And, finally, Ni3Al, NiAl, Al–Ni
olid solutions, Ni and AlNi3C0.5 (traces) phases were identified at
igh reaction temperatures (850–900 ◦C). Therefore, it is possible

able 2
esults of powder XRD measurements for catalysts on the base of Ni3Al.

Phase Content (vol%) Real lattice parameter (nm)

Before catalytic test in DRM
Ni3Al 86.92 0.3578
NiAl 4.03 0.2889
Ni 9.05 0.3560

After catalytic test in DRM
Ni3Al 59.39 0.3588
NiAl 2.83 0.2931
Ni 19.25 0.3569
C 8.0 A = 0.2570 c = 0.6893
Fig. 5. TEM bright field image of Ni3Al surface after reaction for 24 h at 900 ◦C. EDS
spectra taken from position 1, showing the presence of Ni particles, EDS spectra
taken from position 5, showing the formation graphite phase on the catalyst surface.

to conclude that Ni3Al underwent the partial destruction during
carbon dioxide reforming of methane.

Some substructural characteristics were calculated using Shi-
madzu XRD-6000 diffractometer. The results are shown in Table 2.
As follows from the XRD data, the lattice constant and coherent
scattering region increase as the reaction proceeds at 900 ◦C, for-
mation of Ni3C or another carbide were not detected, probably, due
to short time on stream. Before DRM the content of Ni3Al and Ni
phases were 86.92 and 9.05%, respectively. But after the reaction
they became 59.39 and 19.25%. Therefore, it is the evidence that
Ni3Al phase destructs partially, providing Ni phase. In addition, all
phases had high lattice constants after DRM in comparison with
ideal values, probably, because of the carbon dissolution inside of
the intermetallide or Ni crystal lattice.

The surface structure of Ni3Al catalyst after 24-h reaction was
examined using TEM coupled with EDS. Fig. 5 shows the bright field
image of the surface after DRM at 900 ◦C. Some fragments of the
surface were covered by the carbon layer with a graphite structure.
An increase in the reaction temperature results in the decrease of
d002 from 0.345 to 0.339 nm (from XRD data) which is close to that
of perfect graphite (d002 = 0.335 nm). In addition, the average size
of filamentous carbon coherent scattering region increases as the
reaction temperature elevates. In this study two different types of
carbon deposits on the surface of Ni3Al were observed: (1) graphene
which covers large particles of Ni. The size of the globules depends
on Ni particles size and varies from 10 to 90 nm and more. The thick-
ness of these carbon layers is 10–15 nm. Therefore, some parts of
graphene layers; (2) carbon filaments (Fig. 6). One carbon filament
grows from one catalytic particle, and the graphite planes in fil-
aments are arranged as coaxially cones. The average diameter of
carbon filament and the catalyst particle is identical (30–60 nm).

Ideal lattice parameter (nm) Particle diameter (nm)

0.3572 26
0.2882 14
0.3526 90

0.3572 42
0.2882 13
0.3526 57
a = 0.2470 c = 0.6724 62
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Fig. 6. Morphology of carbon deposits in the Ni3Al cat

ig. 7 shows HRTEM analysis after the reaction at the same condi-
ions. Al2O3 was observed (position 1) with the parameters close to
appa-Al2O3 (No. 52-803 in Crystallographica Search-Match DB) in
ddition to fine Ni particles 1–2 nm in size; these particles provoked
he process of carbon formation on the surface. Only several (5–10)
raphene layers formed on that surface. Also the presence of NiO
articles in the other catalyst fragments was determined. After the
eaction at 900 ◦C for 24 h, another oxide containing Al and Ni was
bserved, in addition to Ni, NiO and Al2O3. Taking into considera-
ion XPS data (are not presented here) this oxide was identified as
iAl2O4. For the initial Ni3Al sample Ni2p can be deconvoluted in

hree components centered at 852.04, 855.35 and 856.05 eV. These
ignals can be associated with Ni0, Ni(II), probably as NiO or NiAl2O4
ue to the asymmetry of the signal, and the third component can
e assigned with Ni(II) as well.

The Al2p spectrum showed three chemical states for Al; the sig-
al centred at 71.37 eV associated with the binding energy (BE) to
etallic state of Al (Ni3Al), the second signal localized at 73.96 eV

orresponding to Al-oxide (AlOx or Al2O3) as amorphous compo-
ent, the third signal localized at 76.15 eV for possible formation of
iAl2O4.

After the catalytic tests Ni2p can be deconvoluted in three com-
onents centered at 852.54, 855.80 and 857.05 eV. These signals can
e associated with Ni0, Ni(II) probably as NiO or NiAl2O4 due to the
symmetry of the signal and the third component can be assigned

o Ni(II). The Al2s spectrum showed four chemical states of Al; the
ignal centred at 110.85, 114.25, 118.74 and 120.53 eV. The first sig-
al could be associated tentatively with the shift of BE associated
ith Ni3Al, the second signal localized at 114.25 eV corresponding

Fig. 7. TEM bright field image of Ni3Al surface after reaction at 900 ◦C.
general view (a), filament’s head with Ni particle (b).

to Al-oxide (AlOx), the third one at 118.74 eV corresponds to Al2O3
as amorphous component and the last component relates to the
formation of NiAl2O4. Thus, we can conclude that Ni0 oxidized into
NiO and NiAl2O4 (partially, on the surface only) during DRM and
Al0 oxidized into Al2O3 (different modifications) and spinel as well.
It leads to decrease of catalytic activity and stability in aggressive
atmosphere of DRM.

The thermo-gravimetric (TG) and differential thermo-analysis
(DTA) of the temperature-programmed oxidation (TPO) in air of
the spent catalysts (DRM for 24 at 900 ◦C) are shown in Fig. 8.
The slight weight loss occurring at around 100–200◦C was resulted
from the evaporation of moisture. However, the carbon deposits
over Ni3Al were oxidized at around 500–800 ◦C. Meanwhile, two
regions with maxima around 590 and 680 ◦C were identified, which
are in consistent with the literature [28]. Fujimoto at al. [28] have
designated these peaks as C� and C�. First of them, C� was the
active species responsible for the formation of synthesis gas while
C� the most inactive species, was responsible for catalyst deactiva-
tion. This indicated that there are two types of carbonaceous species
formed on these catalysts. According to TG analysis 6–9% of coke
was formed on the surface of Ni3Al but this catalyst was active and
stable enough during 24 h on stream.

The SEM morphologies of Ni3Al + 5%Mo surface before and after
DRM are shown in Fig. 9. The surface is typical for alloy cleav-
age with some flat areas. After the catalytic tests at temperature

600–900 ◦C this surface was not significantly changed. Only several
parts were covered by carbon deposits in the form of globules. Nev-
ertheless, the other parts of the surface were free of carbon and they
were decorated with Ni crystallites (proved by local EDS). In accor-

Fig. 8. TG–DSC patterns for Ni3Al after DRM for 24 h at 900 ◦C.
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ig. 9. SEM micrographs of Ni3Al + 5%Mo catalysts: (a) initial sample, (b) after DRM.
Time on stream: 24 h, T = 600–900 ◦C, V(CO2:CH4) = 100 cm3/min, CO2:CH4 = 1:1).

ance with TG–DTA the content of carbon deposition on the surface
f catalyst was only 3–5% after 12 h on stream. Ni3Al, NiAl, Ni, and
o are the main phases in accordance with XRD (in initial sample).

ut after DRM we also detected Mo2C phase and small quantity of
arbon (graphite) [30]. Therefore, introduction of small amount of
o significantly decreases the coking rate and causes an increase

n specific activity and a rise in the catalysts resistance to coking.
hese data are in consistent with the literature [29]. If the decrease
f coking rate of Ni3Al + 5%Mo catalysts is not caused by acceler-
tion of the filamentous deposit gasification but by a decrease of
number of coking crystallites, then the reason for the observed

ffect can be found in the following—a reduction of carbon solu-
ility in the crystallite due to formation of the Ni–Mo alloy which
akes it difficult to create proper conditions for filamentous carbon

ormation.
The studies of Ni3Al + 5%Mo catalyst by HRTEM showed forma-

ion of NiMo intermetallide (Fig. 10). The driving force for carbon
iffusion and for the global process of carbon filament formation is
he difference in solubility at the gas/metal interface and the car-
on filament/metal interface. According to the model proposed by
noeck et al. [35], the nucleation of filamentous carbon is caused by
he formation of a solution of carbon in nickel that is supersaturated
ith respect to filamentous carbon. The degree of supersaturation

s determined by the affinity for carbon formation of the gas phase.
owever, the solubility of carbon in nickel is lowered by the pres-

nce of additives (such as Mo) in its lattice and the supersaturation
ecessary for whisker-like carbon filaments cannot be attained.”
he improvement of the reforming performance can be attributed
o the formation of two-dimensional surface defects and disloca-
ions as well.
Fig. 10. HRTEM bright field image of Ni3Al + 5%Mo surface after DRM for 24 h at
900 ◦C. EDS spectra taken from position 1, showing the presence of NiMo, Fourier
diffraction patterns taken from positions 2 and 3, showing the formation MoNi and
NiMoO4 compounds on the catalyst surface.

4. Conclusion

This work shows that Ni3Al and Ni3Al + 5%Mo are the promising
catalysts for the process of carbon dioxide reforming of methane.
Ni3Al undergoes the partial deactivation because of the Ni sinter-
ing and carbon formation. There are two types of carbon deposition
on the Ni3Al surface formed in DRM: graphene and filaments.
Nevertheless, Ni3Al serves as a support due to some appropri-
ate properties, such as high thermoresistance; high stability and
mechanical tics; and high thermal conductivity. In addition, Ni3Al,
despite negligible destruction, is able to supply pure Ni particles
which are active in DRM.

Mo, as a promoter, improves the catalytic activity and stability
of Ni3Al intermetallide catalyst. The carbon deposition content on
Ni3Al + 5%Mo surface is twice as little as on Ni3Al. The observed
effects of the Mo presence result from overlapping of a few phe-
nomena:

1. Formation of Mo2C phase during the process of carbon dioxide
reforming of methane which is very active and stable in DRM.

2. Formation of alloy Ni–Mo and reduction of carbon solubility.
3. Reduction of dehydrogenation degree of dissociating hydrocar-

bon fragments.
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