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Decomposition of methane has been investigated by mass spectrometry assisted pulse chemisorption experi-
ments at 600 °C on freshly reduced and on carburized Ni/SiO, and Ni-In/SiO, dry reforming catalysts. The
results showed complete methane decomposition with stoichiometric hydrogen production on freshly reduced
Ni/SiO,, while strong hydrogen chemisorption and partial methane decomposition was observed on Ni-In/SiO,.
Hydrogen production decreased on both carburized catalysts and dissociative methane chemisorption without

hydrogen formation was observed on the bimetallic catalyst. This difference in methane activation might be one
of the reasons for the absence of coke on the bimetallic catalyst during dry reforming of methane.

1. Introduction

Carbon dioxide reforming of methane (dry reforming of methane,
DRM, CO, + CH4 =2 CO + 2 H,) has been intensively studied in the
last two decades because of its potential in utilization of these green-
house gases, in direct conversion of biogas and CO, containing natural
gas [1]. The produced mixture of carbon monoxide and hydrogen
(synthesis gas) can be further converted by Fischer-Tropsch synthesis to
other important chemicals such as methanol, and synthetic fuels [2]. In
spite of the above prospects, DRM hasn't reached industrial scale ap-
plication [3] because the commercially feasible supported nickel cata-
lysts are prone to deactivating carbon formation when the reaction
conditions aren't optimal (temperature is lower than 870-1040 °C and
the CH4/CO, ratio is larger than 1 [4]). The inactive carbon deposited
on the catalyst surface during DRM comes from two side reactions:
methane decomposition and CO disproportionation. The dissociation of
CH,4 on transition metal surfaces undergoes via the formation of CH, (x:
0-4) species multiply bonded to the surface [5]. In the case of complete
dissociation, carbon atoms may diffuse into the metal particle or
polymerize on its surface forming various carbonaceous structures
[6,7]. Therefore, one of the strategies against coking is the modification
of the active metal surface with other elements [8-12] to inhibit the
formation of multiple bonded carbon species. Following this approach,
we have recently shown that on a nickel-indium bimetallic catalyst
carbon formation is inhibited during DRM [13].
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The goal of the present study is to provide a deeper insight into the
surface processes during methane chemisorption at working tempera-
ture (600 °C) of the silica supported monometallic Ni and bimetallic Ni-
In dry reforming catalysts used in our previous study [13]. Five me-
thane pulses (0.16 umol each) were added to the freshly reduced cat-
alysts, and to catalysts after 1 min and after 1h continuous flow of
methane (1%CHy4-He) (partially and extensively carburized samples,
respectively). QMS was used to analyze the products and the remaining
reactants and based on the calculated mass balance, the composition of
chemisorbed surface species after each methane pulses was calculated.
To analyze the carbonaceous structures after 1 h CH,4 flow, tempera-
ture-programmed oxidation (TPO), and HRTEM and XPS measurements
were carried out.

2. Experimental
2.1. Catalyst preparation

3wt%Ni/SiO, and 3wt%Ni-2wt%In/SiO, catalysts were prepared by
deposition-precipitation with urea. The detailed description of the

catalyst preparation and the results of their characterization can be
found elsewhere [13].
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2.2. Pulse-flow experiments

Pulse-flow experiments were conducted using an automated catalyst
characterization station (Autochem II 2920) equipped with a
ThermoStar quadrupol mass spectrometer. 46.2mg of the dried
monometallic and 52.3mg of the bimetallic catalyst was placed in a
quartz U-tube reactor. First, the sample was calcined at 700 °C for 1 h in
flowing 10% O2-He atmosphere. After cooling down to room tem-
perature in helium flow, the sample was reduced in flowing 10%H,-Ar
mixture at 700 °C. After one hour at this temperature, the gas flow was
changed to He and the sample was cooled to 600 °C where 5 pulses
(0.5 cm?® each) of 1%CH,-He was injected into the He flow. The com-
position of the outlet gas flow was analyzed by the mass spectrometer.
Then 1 min continuous flow of 1%CH4-He at 50 ml/min was used to
build more carbon deposits (partially carburized surface). The experi-
ment was continued by 5 pulses of 1%CH,-He, then the sample was
cooled down to room temperature in flowing He, and temperature-
programmed oxidation (TPO) was used to further characterize the
carbon deposits. During TPO, the sample was heated to 700 °C in 10%
O,-He for 1h and mass spectrometer was used to detect the evolved
CO,. During the experiments, the heating rate was 10 °C/min and the
gas flows were 50 ml/min except the TPO experiments, where 30 ml/
min was used. (MS spectra of 1%CHy4-He pulses can be seen in Fig. S1).

This whole experimental sequence was then repeated without re-
moving the catalyst from the sample tube, except that instead of 1 min,
1h 1%CH,4-He flow was used to create an extensively carburized sur-
face. After 1h methane flow, before TPO experiments, the catalysts
surface was analyzed by HRTEM. To the sake of brevity, Table S1
summarizes the measurement sequence.

2.3. X-ray photoelectron spectroscopy

For the determination of surface composition and oxidation state of
the metals, X-ray photoelectron spectroscopy (XPS) measurements were
done using a KRATOS XSAM 800 XPS machine equipped with an at-
mospheric reaction chamber. Al K, characteristic X-ray line, 40 eV pass
energy and FAT mode were applied for recording the XPS lines of Ni 2p,
O 1s,1In 3d, C1s, Si2p regions. Si 2p binding energy at 103.5 eV was
used as reference for charge compensation.

2.4. Transmission electron microscopy

The morphology of the catalysts after 1h of methane flow were
studied by a JEOL 3010 high resolution transmission electron micro-
scope operating at 300 kV. Histograms of the particle size distribution
were obtained by counting at least 300 particles; the mean particle
diameter (d,) was calculated by using the formula d,, = Zdiyi/Z,i
where ni was the number of particles of diameter d;.

3. Results and discussion

The product distributions of each methane pulses obtained on
freshly reduced (Fig. 1A and D), on partially carburized (Fig. 1B and E)
and extensively carburized (Fig. 1C and F) surface clearly showed the
difference in the methane activation ability of the two catalysts,
namely, the amount of hydrogen produced during methane pulses
significantly differed on the two catalysts. On Ni/SiO,, complete me-
thane conversion was observed on the freshly reduced and partially
carburized catalyst (Fig. 1A and B). After 1 h methane flow (Fig. 1C),
the amount of hydrogen significantly decreased due to the limited
methane dissociation on the extensively carburized surface. In the case
of Ni-In/SiO, catalyst, as opposed to the Ni/SiO,, the methane dis-
sociation was limited on each surface (Fig. 1D and E) and the hydrogen
production completely diminished on the extensively carburized sur-
face (Fig. 1F). CO and CO, was observed in the gas phase during me-
thane pulses on both freshly reduced catalysts. This suggests the
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contribution of the surface OH groups situated in the close vicinity of
catalytically active sites [14,15]. Although the concentration of hy-
droxyl groups on the silica surface significantly decreases after heat
treatment at 700 °C, they are still exist on the surface [16]. According to
the literature, the OH-group concentration after heat treatment at
700 °C can be 1-2 OH/nm? [17]. Presumably, the number of these OH
groups further decreases upon longer exposure to methane which ex-
plains the lack of CO and CO, in the product streams when methane
pulses were added to carburized catalysts.

Based on the mass balance of the methane pulses, provided by the
on-line mass spectroscopy detection, the methane consumption and H/
C ratio of the chemisorbed species retained on the surface after the
methane pulses could be determined (Table 1). On the Ni-In/SiO, cat-
alyst, the obtained high conversion and the low amount of hydrogen
produced, suggested the presence of partially dissociated methane and
hydrogen atoms unable to recombine to molecules on the catalyst
surface. The CH4 conversion of the pulses was the highest on both
freshly reduced catalysts. The conversion decreased when pulses were
added to partially carburized (after 1 min CH4 flow) and extensively
carburized (after 1 h CH,4 flow) surfaces showing that the amount of
catalytically active sites decreased due to carbon deposition on the
surface of metal particles.

Based on the before mentioned H/C ratios obtained after each me-
thane pulses added to differently carburized catalysts, the stoichiometry
of chemisorbed species could be determined. The schematic illustra-
tions of adsorbed species are shown in Scheme S1.

All of the methane was consumed by the freshly reduced Ni/SiO,, in
other words stoichiometric amount of hydrogen was produced and
appeared in the gas phase and only small amount of carbon remained
on the surface after each CH, pulses (Scheme S1A). On the bimetallic
catalyst, in parallel with the low hydrogen production and high CH,4
conversion, the H/C ratio on the surface was higher than 4, suggesting
the coexistence of adsorbed hydrogen and partially dissociated methane
(—CH,, x:1-3) on the metal particles (Scheme S1D). These results show
prompt hydrogen recombination and desorption on nickel, and strong
hydrogen chemisorption on the bimetallic surface. Consequently, the
apparent stoichiometry of the chemisorbed —CHy species on the bi-
metallic surface cannot be determined based on the surface H/C ratio.
Since the exact number of chemical bonds by which the —CH, species
are attached to the bimetallic surface is unknown, it is also difficult to
determine the —CH, coverage. However, the amount of chemisorbed
methane compared to the number of available surface sites after 5
methane pulses can be estimated - for the sake of simplicity — on the
freshly reduced bimetallic surface. Based on the nickel content (3 wt%)
and dispersion (11.7%) determined by CO pulse chemisorption in [13],
the amount of available surface sites can be calculated using the weight
of the catalyst bed (0.0523 g): It is 3.13 umol Ni. One methane pulse
contains 0.16 pmol CH,4. Knowing that the methane conversion is about
92% of each pulses, 5 X 0.16 x 0.92 = 0.74umol CH,4 stays on the
surface in the form of —CH after 5 methane pulses. This is about four
times lower than the amount of available surface sites, but again, the
exact stoichiometry of the surface species is unknown, so the coverage,
that is what percent of the available surface is occupied by —CH, spe-
cies, cannot be determined.

On partially carburized Ni/SiO, catalyst (after 1 min CH,4 flow), the
amount of carbon deposited during methane pulses was about three
times higher than that of the hydrogen, which implied the presence of
surface carbon atoms and =CH adsorbed species (Scheme S1B). On the
Ni-In/SiO,, the H/C ratio was close to 4, which based on the above,
suggested that partially dissociated methane (—CH,, x: 1-3) and hy-
drogen populated the surface. (Scheme S1E).

On extensively carburized Ni/SiO, catalyst (after 1 h CH, flow), the
H/C ratio on the surface after each methane pulses was around 3,
therefore the plausible adsorbed species were mostly —CHj. This results
shows that the number of surface sites available for the C—H bond
cleavage decreased due to the presence of carbon on the surface after
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Fig. 1. Product distributions of methane impulses on freshly reduced Ni/SiO catalysts (A), after 1 min flow of methane (B), after 1 h flow of methane (C). Product
distributions of methane impulses on freshly reduced Ni-In/SiO, catalysts (D), after 1 min flow of methane (E), after 1 h flow of methane (F).

Table 1

Product distribution and derived data of the 5th pulse of methane added to
freshly reduced, partially carburized (1 min CH4 flow) and extensively car-
burized (1 h CH,4 flow) Ni/SiO, and Ni-In/SiO, catalysts.

CH €CO° €O Hy' Counf’ Huf® CHyconv®  Howe/Cour

Ni/SiO,

Freshly 0.00 2.87 0.33 7.46 0.27 0.00 1.00 n.a.
reduced

After 1 min 0.01 0.00 0.00 6.38 3.46 1.05 1.00 0.30
CH4 flow

After ThCH, 1.11 0.01 0.00 1.42 235 6.58 0.68 2.81
flow

Ni-In/SiO,

Freshly 0.26 0.89 0.11 0.29 180 10.62 0.92 5.91
reduced

After 1 min 0.47 0.05 0.00 0.27 254 9.83 0.85 3.88
CH, flow

After ThCH, 0.98 0.00 0.00 0.02 2.08 8.27 0.68 3.99
flow

a

b

amount of gases in the outlet after the methane pulse in (umol/gc,,).
amount of carbon (umol/g.,) remained on the surface after CH4 pulses
calculated from the mass balance of the methane pulse containing 0.16 umol
CHy,

¢ amount of hydrogen (umol/g..,) remained on the surface after CH, pulses
calculated from the mass balance of the methane pulse containing 0.16 umol
CH,.

4 conversion calculated from the molar amount of methane in the inlet and
outlet flows of the reactor tube using the following formula: (CH,4™-CH,°"Y/
CH,™

1 h of CH4 flow. (Scheme S1C). The H/C ratio on the bimetallic catalyst
remained around 4 without hydrogen production. The considerable
methane uptake suggested the sole presence of partially dissociated
methane (—CH,, x: 1-3) and hydrogen on the surface (Scheme S1F).
Based on the above findings, it is not easy to correlate the different
methane decomposition ability of the catalysts with their activity in
DRM, because DRM is a rather complex reaction. During DRM, carbon
dioxide is also present and activated on the surface, providing CO and
an oxygen atom. According to the literature, —CH, species may react
with the above mentioned oxygen species and with surface hydroxyl
groups on the support to yield CO and H,. The exact reaction me-
chanism may depend on the type of metal and support used in the
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reaction [18]. In spite of the fact that the methane dissociation on the
two catalysts is very different, in our previous work it was shown that
there was no significant difference in the catalytic activity of the two
catalysts during DRM [13]. The only prominent difference between the
two catalysts was the lack of surface carbon formation on the bimetallic
catalyst.

The amount of carbon deposited during 1min and 1h methane
flows determined by TPO (Fig. S2) was 174.5 and 428.9 umol/g.,. for
the monometallic and 14.0 and 254.3 pmol/g., for the bimetallic cat-
alyst, which also represented the hindered methane decomposition on
the bimetallic catalyst. The TPO peaks were positioned at around
330-350 °C on both catalysts suggesting the presence of carbonaceous
species, most likely situated on the metal particles. This was supported
by TEM results after 1h CH, flow (Fig. S3A and S3B), that is carbon
nanotubes or nanofibers which oxidation requires temperatures higher
than 350 °C [19], were not observed. It is worth noting that the average
particle size of the two catalysts was comparable after reduction,
1.8 nm and 2.9 nm for the monometallic and for the bimetallic catalyst,
respectively. Furthermore, previous XPS measurements showed that the
Ni/In surface ratio is 2.2 [13], which suggested decreased number of Ni
atoms available for methane decomposition compared to the mono-
metallic catalyst. However, the methane conversion (or methane up-
take, since there is minimal hydrogen formation observed on the bi-
metallic catalyst) of the bimetallic catalyst did not differ very much
from the monometallic catalyst, that is the active metal surface area
was not significantly different on the two catalysts. Based on the above
mentioned facts, the lower amount of carbon deposition on the bime-
tallic catalyst was not caused by decreased metal surface area of nickel,
but rather by the lower decomposition rate, since the hydrogen for-
mation was much less on bimetallic catalyst. Note that, the decom-
position rate is strongly influenced by the type of chemisorption which
is affected by the presence of indium on the surface.

The average particle size increased on both catalysts after 1 h me-
thane flow, but the magnitude of the change was larger on Ni/SiO,: the
average particle size of 1.8 nm of the reduced catalyst [13] increased to
3.0 nm, the value of Ni-In/SiO, changed from 2.9 nm [13] to 3.2 nm.
Carbon atoms formed during methane decomposition might have been
diffused into the metal particles [20] inducing the increase of average
particle size. Accordingly, nickel carbide (Ni,C) was found on Ni/SiO,
by HRTEM (Fig. S4). In the HRTEM image of Ni-In/SiO, the
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determined interplanar spacings were in consonance with our previous
study [13] and corresponded to Ni,In alloy, however nickel carbide
particles were not observed (Fig. S5). To further analyze the surface
carbon deposited on the catalysts during 1 h CH,4 flow, XPS measure-
ments were done (Fig. S6). The higher amount of surface carbon on Ni/
SiO, was not reflected in the results, that is, the calculated C/Si ratio
was 0.12 and 0.13 for the monometallic and for the bimetallic catalyst
respectively. The C 1s XP spectra of the two catalysts were quite si-
milar, both spectra had three components: Ni,C around 281.8 eV, sp2
carbon at 284.1eV and a C—O component at 285.9eV [21]. The
binding energy of Ni 2p3,» photoelectron peaks (852.2 eV for the Ni/
SiO, and 852.4 eV for the Ni-In/Si0,), were in good agreement with our
previous results [13], nickel carbide component was not observed. The
difference in the binding energy of Ni 2p3/2 peaks was 0.2 eV, based on
which solid conclusion cannot be drawn concerning the effect of indium
on nickel chemical state. It was shown in our previous study by XPS,
that the presence of indium only slightly affected the chemical state of
nickel after reduction at 700 °C [13]. However, based on the higher
affinity of hydrogen to the bimetallic catalyst observed in the present
study, we think that indium not only modifies the structure of the
available adsorption sites but also has an electronic effect on the nickel
surface which strongly affects the chemisorption.

4. Conclusions

In summary, decomposition of methane has been investigated by
MS assisted methane pulse chemisorption experiments at 600 °C using
freshly reduced, partially carburized and extensively carburized Ni/
SiO, and Ni-In/SiO, catalysts. It was found that hydrogen production
during CH,4 pulses decreased on both catalysts as the extent of carbur-
ization of the surface increased. Under our experimental conditions,
formation of various carbonaceous structures separated from the metal
particles was not observed by TPO and HRTEM measurements, however
it was pointed out that carbon atoms diffused into the metal nano-
particles. It was shown that the presence of surface carbon on Ni/SiO,
significantly changed the hydrogen content of chemisorbed species
obtained upon CH,4 impulses. Methane chemisorption was only slightly
affected by the surface carbon content on Ni-In/SiO,, the H/C ratio of
the surface species was equal to or higher than 4 during the experi-
ments. Based on the high H/C ratio of surface species and the low hy-
drogen production and limited carbon formation of the bimetallic cat-
alyst, the role of indium in methane decomposition is twofold: First, it
changes the surface structure of adsorption sites so that the complete
dissociation of methane is hindered. Secondly, it has an electronic effect
on nickel which leads to stronger hydrogen chemisorption compared to
the monometallic catalyst. This difference in methane activation might
be one of the responsible factors for the coke-free operation of the bi-
metallic catalyst during dry reforming of methane.
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