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Highlights
¢ Ni-In/SiO, catalysts were prepared by deposition-precipitation with urea.
e Both metals were in metallic state after reduction at 700 °C.
¢ Interaction of the two metals was evidenced by TPR, XPS.
e The presence of indium in the close vicinity of nickel prevents coke formation.
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Abstract

The development of a carbon tolerant nickel catalyst for carbon dioxide reforming of
methane (dry reforming of methane, DRM) has been in the focus of catalysis research for
several years.

In the present study, 3wt%Ni/SiO, and bimetallic 3wt%Ni-2wt%In/SiO, catalysts
(corresponding to 3:1 Ni:In ratio) were prepared by deposition precipitation with urea. Our
intention was to modify the nickel surface with a second metal which is known from its
ability to reduce surface coke formation. A methane rich reaction mixture (CH4:CO2:Ar =



69:30:1) was used for the catalytic tests at 600 °C and 675 °C. TPO measurements after the
catalytic tests showed that there was no surface carbon formation on the indium containing
catalyst.

Temperature-programmed reduction measurements of the catalysts showed that both
nickel and indium was completely reduced after one hour reduction at 700 °C suggesting
interaction of the two metals. CO pulse chemisorption experiments revealed that the particle
size was similar on the monometallic and bimetallic catalyst, and CO-TPD measurements
showed completely different desorption behavior of CO, suggesting the presence of different
active sites on the two catalysts. XPS experiments gave similar results, furthermore it was
found that after reduction, the Ni/In ratio on the surface was 2.2 compared to the initial value
(~3), which refers to the surface enrichment of indium in the bimetallic particles.

The lack of coke formation on the indium containing catalyst might be explained by
the interplay between a geometric and a chemical effect, that is, indium atoms are most likely
situated on the edge and step sites of a nickel particle, influencing reactant adsorption and
hindering the growth of carbon nanostructures and/or providing an oxygen rich indium
suboxide surface through the reaction with CO; in the close vicinity of catalytically active
nickel sites, which also inhibits the accumulation of carbon deposits during DRM.

1. Introduction

Utilization of carbon dioxide is one of the biggest challenges of our time, because the vast
majority of the anthropogenic CO, is emitted to the environment playing significant role in
the climate change [1], [2]. A possible pathway is the transformation of carbon dioxide
through the synthesis of liquid fuels using renewable or non-hydrocarbon based energy
sources during the process [3]. The current opinion is that the reduction of carbon dioxide
with methane (dry reforming of methane (DRM) CO; + CH; = 2 CO + 2 H,) would be a
suitable reaction, since the product is synthesis gas, which is one of the most important
feedstock of chemical industry, Fischer-Tropsch synthesis is used for the production of liquid
fuels [4], [5], [6].

The reaction of carbon dioxide with methane is endotherm, high temperature is necessary
to reach the desired conversion. Although noble metals (e.g.: Ru, Rh, Pt, Pd) show high
conversion and slow deactivation rates and minimal coke formation [3], [7], [8], [9], use of
nickel catalyst would be more feasible because of its lower price and higher abundance.
Unfortunately, carbon deposits more readily form on nickel than on noble metal surfaces
during the reaction leading to fast deactivation of the catalyst [10].

The side reactions responsible for the surface carbon formation during DRM are the
methane decomposition and the carbon monoxide disproportionation (Boudouard reaction)
[11]. These reactions occur in wide temperature ranges (the former is endothermic and the
latter is exothermic), that is, carbon formation on nickel surfaces is thermodynamically
favorable, unless the reaction is carried out at temperatures above 800 °C with high CO,/CH,4
feed ratios [11].

Besides the reaction conditions, the average particle size of nickel (which is basically
determined by the properties of the metal-support interface), the composition/structure of the
Ni surface are profoundly affecting the carbon formation on supported nickel catalysts.

Formation of carbon nanofibers, a typical form of surface carbon on nickel nanoparticles
during methane decomposition, is structure sensitive [12], therefore small nickel particles are
required to minimize coke formation. Accordingly, minimal amount of carbon during DRM
was observed on Ni/Al,O3 catalysts when the average particle size of nickel was smaller than
7-10 nm [13] [14]. It is quite difficult to maintain the small average particle size under
reaction conditions, but it can be achieved by special preparation methods such as



decomposition of nickel precursor by dielectric-barrier discharge plasma over silica [15],
molecular layer deposition of porous alumina onto the surface of the catalyst [16] or by
preparing porous silica shell around nickel nanoparticles [17].

As it was mentioned above, the properties of the metal support interface has tremendous
effect not only on the stabilization of nickel particles, but also on the reactant adsorption and
therefore on the tendency of coke formation. Significantly lower amount of coke was
observed on Ni/TiO; than on Ni/SiO; and Ni/Al,O; catalysts during DRM, which was
attributed to strong metal support interactions, that is the migration of TiOx onto the nickel
surface. This effect was also responsible for the low catalytic activity of the titania supported
catalyst [18].

Basic metal oxide additives modify the metal support interface and participate in carbon
dioxide adsorption/activation, which increases the active oxygen concentration around or on
the nickel surface leading to decreased carbon formation in DRM [19]. Similarly, the higher
carbon tolerance of gallium containing silica supported nickel catalysts compared to Ni/SiO,
was explained by the gallium oxide induced activated adsorption of CO, in the form of
carbonate and bicarbonate species [20].

Reducible oxides, such as cerium oxide, take part in the reaction by their active oxygen and
might be responsible for the stabilization of the nickel nanoparticles which also leads to
decreased coke formation compared to non-promoted catalysts [21].

Instead of adding promoters to the support or using the above mentioned oxides as support
materials, modification of the nickel surface sites with other elements has been successfully
applied to develop catalysts that are less prone to coke formation. It is generally accepted that
highly reactive monoatomic carbon, derived from either dissociative adsorption of carbon
monoxide or methane in the case of DRM, diffuses into or polymerizes on the surface of the
nickel particles, forming carbon nanotubes or encapsulating carbon, respectively. The
presence of another element (metal or non-metal) in the close vicinity of the catalytically
active nickel sites may inhibit the polymerization or the diffusion of monoatomic carbon into
the particles or might as well promote the gasification reaction of the surface coke
[22],[23],[10]. The other element can be alloyed with nickel or it can be present as a
physisorbed surface additive. For instance, decreased dissociation of CO was observed on Ni-
Cu alloys compared to pure nickel [24], [25]. Carbon monoxide adsorption was inhibited on a
nickel (111) surface partially covered by sulfur [26].

The presence of other noble metals, which are themselves inactive in this reaction, was
reported to be beneficial to minimize surface coke formation. Silver on Ni/Al,O3 catalyst
altered the superficial structure of nickel which lead to negligible carbon formation during
DRM [27]. Similar behavior was experienced when Ni-Au bimetallic nanoparticles were
deposited onto MgALO,: the amount of deactivating carbon decreased during dry reforming
[28]. In accord with these findings, it was shown that potassium, sulfur and gold additives
preferentially bound to the step sites of the nickel surface which resulted in increased carbon
tolerance of these catalysts in steam reforming of methane [29].

Other non-metal elements, such as boron as an additive to nickel was also found to be an
effective promoter to suppress surface coke formation [30]. It was suggested based on ab
initio DFT calculations, that boron occupies the octahedral sites in the first subsurface layer of
the nickel, which prevents carbon diffusion into the bulk of the nickel phase, thereby
inhibiting the formation of carbon fibers [31].

Although post transition metals (Ga, Sn, In) are known promoters of supported noble metal
catalysts, there is a lack of studies in the literature investigating the role of these metals on
supported nickel catalysts in methane reforming reactions. Tin containing yttria-stabilized
zirconia supported nickel catalyst showed outstanding stability in steam reforming of methane
which was explained by the decreased carbon formation due to enrichment of tin on the



surface of nickel particles [32]. Selective modification of nickel surface on Ni/a-Al,O3
catalyst by grafting tetrabutyltin and its subsequent reduction resulted in higher stability and
negligible carbon formation compared to the unmodified catalyst [33]. It is worth mentioning
that catalysts prepared by co-impregnation had the same properties, that is a coke-free
operation without the loss of catalytic activity was observed in the presence of small amount
of tin on the catalyst [34].

The goal of our research is to increase coke tolerance of supported nickel catalysts by
adding metal promoters to the catalytically active nickel phase. Indium was chosen as a
second metal because of its similar properties to tin, and based on its ability to suppress coke
formation on platinum catalysts used in dehydrogenation of light alkenes [35]. Silica was used
as support material because CO, activation is limited on this inert support material, and in the
same time allows high degree of nickel reduction [36]. The catalysts were tested in a methane
rich gas mixture (CH,;:CO; ~ 2:1) modelling the composition of biogas.

2. Experimental

2.1.Catalyst preparation

Monometallic nickel, monometallic indium and bimetallic nickel-indium catalysts were
prepared by deposition-precipitation method. Silica support (0.5 g; Aldrich, Davisil, ~300
m?/g) and urea (2.55 g) were suspended in water under stirring at room temperature until urea
was dissolved. Then the precursor solution (nickel(Il)nitrate (0.081 M), indium(l11)chloride
(0.081 M) or both) was added and the mixture was stirred for 3 hours at 80 °C (final pH: 7.5-
9). After cooling to room temperature, the powder was separated by centrifugation and
washed with Millipore water three times. The products were air dried in an oven at 80 °C for
at least 1 day. The nominal metal loadings were set to 3 wt% nickel for Ni/SiO;, 2 wt%
indium for In/SiO; and 3 wt% nickel, 2 wt%, indium for Ni-In/SiO..

2.2.Catalyst Characterization

2.2.1. TPR, CO chemisorption and TPD

Catalyst characterization was carried out using an AutoChem 2920 Automated Catalyst
Characterization System equipped with a TCD detector and a ThermoStar quadrupol mass
spectrometer. First, the sample (0.050 g) was calcined in 10% O,/He flow at 700 °C for 1
hour, then temperature-programmed reduction (TPR) was carried out in 10% Hj/Ar flow up
until 700 °C and the temperature was maintained for 1h. The sample was cooled in Ar flow
and CO pulse chemisorption was done at 20 °C, with 10% CO/He gas mixture. This was
followed by a temperature-programmed desorption (TPD) in He flow until 700 °C which
temperature was held for 10 minutes. The desorbed gases were analyzed by a quadrupol mass
spectrometer. After cooling down to room temperature this whole charahcterization sequence
was repeated two more times. The flow rate of the applied gas mixtures was 50 cm*/min and
the heating rate was 10 °C/min throughout the experiments.

Irreversible adsorption of 1 CO molecule per surface nickel atom was assumed for the
calculation of metal dispersion and particle size form the CO pulse chemisorption data.

The results derived from TPR and CO chemisorption are listed in Table 1.

2.2.2. 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 atmospheric reaction chamber. Al K, characteristic X-ray
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line, 40 eV pass energy and FAT mode were applied for recording the XPS lines of Ni 2p, O
1s, In 3d, C 1s, Si 2p regions. Si 2p binding energy at 103.5 eV was used as reference for
charge compensation. The samples were measured after preparation and after calcination ex
situ at 700 °C, these two samples were stored under air before the measurements. Samples
after the first TPR were exposed to air during transfer to the XPS, therefore these samples
were re-reduced in situ at 400 °C in hydrogen flow for 30 min in a pretreatment chamber
attached to our spectrometer prior to XPS measurements. After this, the samples were
oxidized in situ in flowing air at 500 °C for 30 min, which was followed by an in situ
reduction in hydrogen flow at 500 °C for 30 min. (Atmospheric pretreatment chamber
connected to the UHV chamber with a load lock gate allowed us to do pretreatments without
contacting the sample with air.)

2.2.3. Transmission electron microscopy
The morphology of the catalysts after 24 hours of dry reforming were studied by a JEOL
3010 high resolution transmission electron microscope operating at 300kV. The samples were
prepared by drop drying the aqueous suspensions on carbon-coated micro grids.

2.3.Catalytic tests

Three consecutive catalytic cycles were carried out at 600 °C for 2h using
CH4:CO2:Ar=69:30:1 reactant mixture with 20 ml/min flow rate. One cycle contained a
calcination, a reduction, both at 700 °C for 1h, a reaction, followed by a temperature-
programmed oxidation (TPO) of the surface carbon species formed on the catalysts during
DRM.

The long catalytic tests (24h) were done at 675 °C using the same experimental settings

with new catalyst samples, followed by TPO measurements.
The detailed experimental procedure is the following: The catalytic tests (short and stability
tests) were done in a fixed-bed plug flow reactor at 1 atm using CH;:CO2:Ar = 69:30:1
mixture. Extremely high concentration of methane was set to mimic biogas composition. 30
mg of catalyst along with 100 mg of diluting quartz beads were placed in a tubular quartz
reactor where the reactant mixture at a flow rate of 20 ml/min (40 L/h/gca) was introduced. At
the beginning of the short catalytic tests, the as received samples were in situ reduced in 30
ml/min He:H,:Ar = 89:10:1 stream at 600 °C for 60 min, with a temperature ramp of
10°C/min. After reduction, the sample was purged with He (30 ml/min) while it cooled down
to room temperature. Next, the He flow was changed to the reactant gas mixture and
temperature was increased to 600°C with 10°C/min followed by a 2 h hold time.

The long term isothermal stability tests were lasting for 24 hours. For these
experiments, a new portion of the as prepared sample was reduced with He:H,:Ar = 89:10:1
by heating up the catalyst to 700 °C with 10 °C/min rate and maintaining this temperature for
30 min. Subsequently, the sample was cooled down to 675°C in 8 min while it was purged
with He, then flowing gas was switched to the DRM mixture. A quadrupole Pfeiffer Prisma
mass spectrometer was connected via a differentially pumped quartz capillary to the reactor
outlet. Due to the reaction stoichiometry - that causes mass flow increase at the outlet of the
reactor - argon was used as an internal reference gas for calculation of the outlet mass flows,
to determine CO/H; ratio as well as methane and carbon dioxide conversion values, after
adequate calibration.

The quantitative analysis was based on the following equation:
ferlx _ Fx

Lar - Far
where  Fyx = gas mass flow rate (x = CH,4, CO,, CO or Hy)



Far = mass flow rate of argon

Iar = mass signal of argon

I, = mass signals (x = CH,", CO,", CO", Hy")

fx = calibration factor for each individual gas component.

The following mass signals as representatives of the gas components were measured: 2-

H,, 15-CH,4, 28-CO, 44-CO,. In quantification of mass signal m/e=28 (CO), the actual
fragmentation of m/e=44 (CO,) was taken into account. The error in carbon balance in the
effluent was within +/- 5% in all measurements. The relative difference between two repeated
catalytic runs was about 5%. Note that sampling was very fast and the linked symbols
showing QMS signals in any of the figures are the results of skipping several measured points
for the sake of clarity.
Temperature programmed oxidation (TPO) measurements were conducted in the same flow
system to detect and measure carbon deposits formed in the DRM reaction. At the end of the
short and long catalytic runs, gas flow was switched to He and the system was cooled to room
temperature. Then, the samples were oxidized in 30 ml/min Oz:He:Ar = 10:89:1 mixture by
heating from ambient temperature to 700 °C at a rate of 10 ‘C/min followed by a 60 min
isothermal hold. CO; signal was used for quantification of coke after a calibration procedure.

3. Results and Discussion

First, the catalysts were calcined, then TPR patterns of the monometallic and bimetallic
catalysts were recorded. After each TPR measurement, CO pulse chemisorption at room
temperature was done followed by temperature-programmed desorption (TPD) of the
chemisorbed CO. This sequence of measurements was done three times without removing the
catalyst from the sample tube. The purpose of the consecutive measurements was to get
information about the reducibility of the metals, stability of particle size and possible surface
changes upon repeated oxidation-reduction cycles.

1.1.Consecutive temperature-programmed reduction (TPR)

The results are summarized in Table 1. and in Figure 1. The first TPR curve of both of the
monometallic and bimetallic catalyst is different than the subsequent ones. This difference can
be explained by the different character of the nickel oxide-silica interaction after the first and
the subsequent oxidations. The catalysts were prepared by deposition-precipitation with urea.
It was reported that this method resulted in the formation of layered nickel silicate [37], [38].
It was shown by EXAFS measurements that calcination of a layered nickel silicate above 500
°C resulted in the formation of highly dispersed NiO particles. The reduction of these NiO
particles was very difficult (competed above 800 °C) which was explained by the strong
interaction between these particles and silica support [38]. The suggested form of strong
interaction was that the silica phase from the decomposition of the layered silicate remained
in the close vicinity of NiO particles, possibly covering them. Our results are in good
agreement with these findings. As it can be seen in Figure 1A, reduction of the calcined
sample after preparation takes place at higher temperature  (see the first TPR), which
suggests the high dispersion of NiO in strong interaction with the support. The strong
interaction is maintained between the nickel nanoparticles and silica during reduction,
confirmed by the lower amount of chemisorbed CO and hence the lower dispersion and larger
particle size compared to the values obtained after the second and the third TPR on Ni/SiO,
catalyst (Table 1). By the subsequent oxidation, the highly dispersed NiO-SiO; phase cannot
be restored, the dispersion of NiO on the silica surface is lower after the second calcination



and its reduction is reproducible, as the similarity of the second and the third TPR curves
shows.

In the presence of indium, the shape of the first TPR pattern differs from that of the
monometallic catalyst: only one broad peak can be observed with a maximum at 460 °C,
situated 70 °C lower than the main reduction peak of the Ni/SiO, catalyst. The reduction of
indium containing oxide phase cannot be separated from the reduction of the nickel oxide.
Similarly to the highly dispersed NiO phase on the monometallic catalyst, the surface
structure obtained after the first calcination cannot be restored by subsequent red-ox cycles
either. The shape and position of the second and the third TPR curve of the Ni-In/SiO;
catalyst are almost exactly the same, peaks corresponding to the separate reduction of NiO
and 1n,O3 cannot be seen, which suggests intimate contact between the particles of the two
oxides, dispersed on the silica surface. We assume that the single reduction peak represents
the reduction of a mixed indium-nickel oxide phase.

The metal loadings of both catalysts calculated from the amount of hydrogen consumed
for the reduction of NiO and In,O5 are in accord with the nominal metal loadings. Note that
the hydrogen consumption measured on bimetallic catalyst is 1.5 times higher than on
monometallic catalyst. This corresponds to 3:1 Ni to In ratio based on the equations below
and can be attributed to the complete reduction of metal oxides.

3 NiO +3H;=3Ni+3H,0
05In,03+15H,=In+15H,0

(The amount of hydrogen required for the complete reduction of a bimetallic catalyst with 3:1
Ni:In molar ratio is 4.5 mol, 1.5 times higher than the amount required for the reduction of a
monometallic catalyst (3 mol) with the identical nickel oxide content.)
Since separate reduction peak related to the reduction of indium oxide was not observed, a
2wt%In/SiO, sample was prepared. The TPR patterns of this sample can be seen in Figure 1C.
The amount of hydrogen required for the reduction of the indium oxide during the repeated
oxidation-reduction cycles decreases (4.6, 3.5, 2.9 cm®/ge, respectively), which can be
explained by the serious aggregation of the metallic indium phase: during the first reduction,
the metallic indium, due to its low melting point, aggregates. The second calcination only
partially oxidizes the large indium particles, and therefore the hydrogen needed for their
reduction is less than it was after the first calcination. These results suggest that without
nickel on the surface, indium is unstable against sintering, the In-Si interaction is rather weak.
In spite of these observations, the consumed hydrogen during all of the TPR measurements on
the bimetallic catalyst was almost constant (see Table 1), which strongly suggests that indium
is in bimetallic interaction with nickel.
Table 1. Hydrogen consumption during TPR and the average particle size and dispersion of
nickel calculated based on the results of CO pulse chemisorption.

3wt% Ni/SiO, 3wt%Ni-2wt%In/SiO,
st | 2nd | 3rd 1st | 2nd 3rd
H, (cm’/g)* 98 | 10.3 | 105 | 154 | 153 14.7
CO (cm’/g) 04 | 08 | 07 | 1.3 | 07 0.6
D (%)° 43 | 71 | 60 | 11.7 | 58 5.2
d (nm)* 234 | 143 | 169 | 86 | 175 19.5

I values at standard temperature and pressure (22414 cm*/mol).
2: values calculated from the amount of chemisorbed CO.
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Figure 1. TPR curves obtained during consecutive measurements. Ni/SiO, catalyst (A), Ni-

In/SiO, catalyst (B) and In/SiO, sample (C).

1.1. Carbon monoxide pulse chemisorption and its temperature-programmed desorption
(CO-TPD)

After each TPR, CO pulse chemisorption was applied to get information about the particle
size and dispersion of nickel. It can be seen in Table 1 that the particle size slightly increases
on both catalysts during the experiments. The results show that the particle size difference
between the monometallic and the bimetallic catalyst is insignificant. Note, that nickel
carbonyl formation was negligible or below detection limit, since the hydrogen consumption
was almost the same during the subsequent TPR measurements, in other words, loss of nickel
due to carbonyl formation was not observed after CO pulse chemisorption.

The CO desorption patterns are quite complex, see Figure 2.



4E-11+

time relative, s

T-—-i
]
r

S 4E-11{ " e

m—

i




3E-11- -1 800

yd >
= l600 ©
© 2E-11- = / 1500 ;
g [ / 400%
- — o _1
- [ 1./ —2— 1300 &
0 1E-11 "220"C — =
= A1 ETL 200 @
' /. ll 1100
OE+00 “{'I'j —_ )
0 1000 2000 3000 4000 5000
time relative, s
SE-11+ 1800
[ 24 -m
g 2E-11 - / 500 @
5 // — %0 §
g 1E-11 " _§ 13% :
1200 @&
/ (L — 1100
ety i}
0 1000 2000 3000 4000 5000
time relative, s

Figure 2. Consecutive CO-TPD patterns (left column) obtained on the catalysts Ni/SiO; (A)
and Ni-In/SiO; (C). CO; evolved during the experiments on Ni/SiO, (B). CO, evolved during
the experiments on Ni-In/SiO; (D).

Three overlapping CO desorption peak can be seen on Ni/SiO; catalyst after the first
CO pulse chemisorption, at 64, 124 and 148 °C. After the second and the third oxidation-
reduction cycle, three CO desorption peak can be observed as well, however their position is
shifted to higher temperatures and a new desorption peak appears above 300 °C. Multiple CO
desorption peaks, even higher than 330 °C were observed on silica supported nickel catalysts
[39]. It was suggested that CO desorption peaks at low temperature (roughly below 150 °C)
were desorption from single site chemisorption and desorption peaks above this temperature
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are from two site chemisorption [40], [41]. As it can be seen in Figure 2, high temperature CO
desorption peaks above 200 °C are missing in the case of the bimetallic catalyst. This
represents the decreased amount of two site CO chemisorption, which might be explained by
the dilution of nickel surface by indium atoms. The lack of high temperature desorption
peaks after the first CO pulse chemisorption on Ni/SiO, catalyst might refer to the
aforementioned strong metal-support interaction between the silica and the nickel
nanoparticles. Since the nickel nanoparticles are obtained from the highly dispersed, silica
covered NiO particles during the first reduction, it is reasonable to suppose that these nickel
nanoparticles are still partially covered by silica after the first reduction and therefore two site
chemisorption of CO is hindered.

Carbon dioxide desorption was also observed on both catalysts. Carbon dioxide most
likely comes from the Boudouard reaction as it was reported previously [39], [40], [42]
Similarly to the CO-TPD patterns, the CO,-TPD patterns are also quite different on the two
catalysts.
The amount of CO, is larger on Ni/SiO; than on Ni-In/SiO, catalyst and only slightly
decreases during the experiments. Note that in parallel with the appearance of high
temperature CO desorption peaks in the CO-TPD pattern, high temperature shoulders appear
in the CO,-TPD pattern as well. This feature cannot be observed in the case of the bimetallic
catalyst, the main CO desorption peak is centered at around 200 °C and there are no
desorption at higher temperature. Furthermore, the amount of CO, is proportional to the
amount of CO, as the amount of CO decreases (possibly due to particle size increase due to
the repeated red-ox cycles) the amount of desorbing CO, also decreases. Based on the results,
it can be concluded that the available active sites are very different on the two catalysts. The
adsorption of CO is stronger on Ni/SiO, and during thermodesorption, larger portion of CO is
converted to CO, on Ni/SiO, than on Ni-In/SiO, therefore it seems that the Boudouard
reaction is less favored on the bimetallic catalyst.

1.2. X-ray Photoelectron Spectroscopy

To follow the changes on the catalyst surface during red-ox cycles and to describe the
catalytically active sites formed after reduction, XPS measurements were conducted. The as
prepared and calcined samples were stored under air before the measurements. Samples after
the first TPR were exposed to air during transfer to the XPS, therefore these samples were re-
reduced in situ at 400 °C in flowing hydrogen in a pretreatment chamber attached to our
spectrometer prior to XPS measurements. After this, the samples were oxidized in situ in
flowing air at 500 °C, which was followed by an in situ reduction in hydrogen flow at 500 °C.
The results are summarized in Table 2, and Figure 3.
Table 2. XPS results of Ni/SiO, and Ni-In/SiO; catalysts after different pretreatments.

Ni/Si02 Ni-In/Si02
Ni2psz | Ni/SP Ni 2ps Ni/S® | In3ds, | I/SP® | Ni/In®
(B.E.) (B.E.) (B.E.)
as prepared 8563 | 0.21 856.7 013 | 4453 | 004 | 33
calc 700 °C 8566 | 0.3 856.9 009 | 4454 | 003 | 3.0
in situ H, 400 °C° 8524 | 004 | 852.3(854.9) | 0.03 | 4442 | 0015 | 2.2
in situ air 500 °C° 8552 | 0.07 855.4 004 | 4447 | 0016 | 25
in situ H, 500 °C" 8522 | 003 | 8525(8555) | 0.03 | 4443 | 0012 | 25

a: peak area ratio of Ni 2p and Si 2p region.

b: peak area ratio of peaks in the In 3d and Si 2p region.

c: peak area ratio of Ni 2p and In 3d region.

d: sample in situ reduced in H, at 400 °C in an atmospheric pretreatment chamber attached to the spectrometer
prior to measurement.
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e: sample d in situ calcined in air at 500 °C in an atmospheric pretreatment chamber attached to the spectrometer
prior to measurement.
f: sample e in situ reduced in H, at 500 °C in an atmospheric pretreatment chamber attached to the spectrometer
prior to measurement.

intensity, a.u.
intensity, a.u
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Figure 3. Ni 2p XP spectra of Ni/SiO, (A) and Ni-In/SiO, (B) catalysts. Spectra from top to
bottom: as prepared (1); ex situ calcined at 700 °C (2); in situ reduced in H; at 400 °C after
the first TPR (3), in situ calcined in air at 500 °C (4), in situ reduced in H; at 500 °C (5).

1.2.1. Chemical state of nickel on Ni/SiO; catalyst

Our TPR results suggest that the nickel species formed by deposition-precipitation with
urea decomposes during high temperature calcination at 700 °C forming a disperse NiO phase
with strong interaction to the silica support (NiO-SiO;). Due to the subsequent reduction and
oxidation at high temperature, this phase irreversibly transforms to silica supported nickel
oxide (NiO/SiO,) which explains the difference between the first and the second TPR curves.
The XPS measurements support these findings: the binding energy of Ni 2ps, peak measured
on the as prepared catalyst is 856.3 eV, which refers to the ionic form of nickel, most likely in
the form of layered nickel silicate or nickel hydroxide (Figure 3A). After calcination this
value shifts to slightly higher value, 856.6 eV, which is higher than the value corresponding to
bulk NiO [43], [44]. According to the literature, this increase can be attributed to nickel oxide
in strong interaction with the silica support [43]. After reduction and subsequent oxidation,
the binding energy of Ni 2ps, is 855.2 eV which value is very close to that of bulk NiO and
can be attributed to supported nickel oxide without strong interaction with the silica
(NiIO/SIOy).

After in situ re-reduction at 400 °C, the nickel is reduced to metallic state, the binding
energy of Ni 2ps, shifts to 852.4 eV. This sample was oxidized again in situ at 500 °C leading
to the formation of supported nickel oxide, as it was mentioned above. This supported nickel
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oxide can be fully reduced again in situ to supported nickel nanoparticles, the binding energy
of Ni 2p3/, photoelectron peak is shifted to 852.2 eV.

1.2.2. Chemical state of nickel and indium in the bimetallic catalysts

As it can be seen in Table 2, after catalyst preparation the binding energy of both Ni 2ps,
and In 3ds,, peaks is slightly higher than that of the value corresponding to bulk hydroxides.
This increased binding energy of both metals might be explained by the increased hydroxide
ion concentration in the close vicinity of the metal ions referring to the presence of mixed
hydroxides and/or layered silicates as it was suggested previously. After calcination, the B.E.
of Ni 2ps;, peak is 856.9 eV, which is 0.3 eV higher than 856.6 eV, measured for the
monometallic catalyst. Similarly, the B.E. of In 3ds,, is 445.3 eV, slightly higher than the
value corresponding to bulk In,O3 (444.7 eV) [45].

After in situ re-reduction at 400 °C, the Ni 2ps/,; peak has two spectral components, one at
852.3 eV and one at 854.9 eV. The former was identified as metallic and the latter as ionic
nickel, which is quite surprising because our TPR measurements after room temperature
oxidation (not shown for sake of brevity) showed that there was no H, consumption on the
sample above 400 °C, i.e. the reduction was complete. Moreover, the slightly more oxyphilic
indium is in metallic state according to the position of the In 3ds;, peak at 444.2 eV. The
appearance of metallic nickel and indium implies the intimate interaction of the metals,
although the interaction is not reflected in the photoelectron peak positions.

The presence of the ionic nickel might be explained by the enrichment of indium on the
surface of bimetallic nanoparticles during reduction. The TPR curves of the monometallic and
bimetallic catalyst don’t differ significantly, suggesting that indium oxide reduces together
with nickel oxide, most likely through spillover of hydrogen from the neighboring reduced Ni
sites. Reduced indium atoms from the interface of the two oxides diffuse into the Ni-NiOy
particles forming bimetallic Ni-In surface regions, which probably results in hindered
diffusion of hydrogen in the metal particles, making it more difficult to reduce the NiOy
situated in the deeper surface layers. Note, that according to the TPR measurements, all of the
NiO is reduced, so the amount of oxidized nickel observed by XPS is very small, almost
negligible.

The enrichment of indium on the particle surface and bimetallic particle formation can
be followed by the metal ratios calculated after the different treatments. To follow relative
changes, the metal to Si ratios are normalized to the highest values (as prepared state) and
presented in Figure 4. It can be seen, that the Ni/Si ratio obtained after the first calcination
cannot be restored by subsequent red-ox cycles, which is in parallel with the results of TPR
measurements and the B.E. values of the metals, and refers to the altered nickel oxide-silica
interaction after the first and subsequent oxidations. The Ni/Si ratio after different
pretreatments follows the same trend on the two catalysts, which means that the presence of
indium on the surface does not have influence on the nickel-silica interaction.

Interestingly, the changes of In/Si ratio also follows the trend of the Ni/Si ratio.
Knowing form the TPR measurements that the indium itself is weakly bonded to the silica
support, the trend in the change of In/Si ratio should be different than the Ni/Si ratio without
Ni-In interaction. This clearly supports the interaction of the two metals. Therefore the Ni/In
ratio is the actual ratio of the metals on the surface of the bimetallic particles. After the first
reduction, the Ni/In ratio is 2.2 which is lower than the nominal value of 3 (the initial Ni/In
ratio was 3.3) and represents the enrichment of indium on the nickel surface. Note that after
the second reduction, the ionic component of Ni 2ps;, peak decreases while the Ni/In ratio
increases to 2.5 which means that the less indium on the surface, the deeper the reduction.
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Figure 4. Relative changes of metal to silicon ratios based on photoelectron peak areas.

1.1. Catalytic tests and temperature programmed oxidation of the spent samples

1.1.1. Subsequent short catalytic cycles

The effect of indium and consecutive red-ox cycles on the catalytic performance was
tested using a reactant mixture with high methane content (CH,;:CO-:Ar = 69:30:1) at 600 °C
modelling the composition of biogas [46]. Before every catalytic tests, the catalysts were
calcined and reduced at 700 °C for 1 hour without removing the catalyst form the reactor. The
thermal treatment following the catalytic tests was a temperature-programmed oxidation
(TPO) in order to check the carbon formation tendency of the catalysts. The results of the
catalytic tests and TPO curves of the monometallic and bimetallic catalyst can be seen in
Figure 5 and Figure 6, respectively.

The performance of the monometallic catalyst is quite stable, it is unaffected by the
subsequent catalytic cycles. The CO/H, ratio, which stabilizes at around 1.45 after two hours
at 600 °C in each case. This value is higher than the equilibrium (CO/H, ~ 1.2) at this
temperature [47] which usually means that some CO is produced via the reverse water-gas
shift (RWGS) that is a dominant side reaction [47], [48]. TPO curves after the reaction
showed that the amount of carbon deposited on the surface increased after each catalytic
cycles, so it can be concluded that in our case, the coke, deposited during reaction, does not
influence the catalytic activity of Ni/SiO, catalyst. TwoTPO peaks can be observed, one at
low (300-350 °C) and one at high (600-700 °C) temperatures. The former can be assigned to
the oxidation of the reactive carbon deposits in the close vicinity of nickel particles, the latter
corresponds to the oxidation of polymerized carbon [49] far from active nickel sites. The
intensity of the low temperature CO, peak does not increase, while the intensity of the high
temperature peak increases significantly after each catalytic cycle. Previously, it was shown
that the metal-support interaction changes after the first red-ox cycle, while the active metal
surface does not change significantly (CO chemisorption results, Table 1). Based on these
observations, it can be concluded that the altered metal-support interaction is responsible for
the extensive carbon formation on this catalyst.

The reaction starts at higher temperatures on the bimetallic catalyst and the conversion
at 600 °C slowly decreases in time, after two hours however, it is slightly higher than the
values measured on the monometallic catalyst (Figure 6). The higher onset temperature might
be related to the compositional changes of the bimetallic particle surface upon repeated
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pretreatment and catalytic cycles as XPS results suggested. Although XPS studies showed that
the amount of indium on the surface slightly decreases during these repeated red-ox cycles, it
seems that the activation of reactants is still affected by the presence of indium. The measured
CO/H; ratio (1.55-1.73) is slightly higher than that of the monometallic catalyst, which is in
line with the slightly higher CO, conversion measured on the bimetallic catalyst, which also
suggests the dominance of RWGS side reaction. Apart from these small differences, it can be
concluded that the indium does not have significant influence on the overall catalytic activity
of a silica supported nickel catalyst at this composition.

The most prominent difference between the two catalysts is that carbon formation was
not observed on the bimetallic catalyst after the test runs (Figure 6D). The lack of coke
formation can be attributed to the presence of metallic indium in the close vicinity of the
nickel, which is suggested by the TPR, CO-TPD and XPS results. It is very likely that indium
has the same effect as the inert modifying elements (S, Ag, Au, Sn) on nickel, that is indium
changes the structure of the adsorption sites on the nickel particle, thereby limiting the
methane and CO activation and/or inhibiting the diffusion and polymerization of carbon
species. It has to be taken into account, that metallic indium can react not only with carbon
dioxide but also with water produced in the RWGS side reaction, forming indium suboxide on
the surface, which might oxidize the surface carbon formed during methane cracking and
Boudouart reaction [50], [51].
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Figure 5. (A): Consecutive temperature-programmed dry reforming of methane over
3wt%Ni/SiO, up to 600 °C; (B): time on stream for 2 hours at 600 °C (CH4:CO,:Ar=69:30:1);
(C): CO/H; ratio in the product stream during time on stream at 600 °C; (D): TPO curves
obtained after each catalytic tests.
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Figure 6. (A): Consecutive temperature-programmed dry reforming of methane over 3wt%Ni-
2wt%In/SiO, up to 600 °C (CH4:CO,:Ar=69:30:1); (B): time on stream for 2 hours at 600 °C;
(C): CO/H; ratio in the product stream during time on stream at 600 °C; (D): TPO curves
obtained after each catalytic tests.

1.1.2. Long catalytic tests

Twenty-four hours long DRM tests at 675 °C were done to investigate the long term
stability of the catalysts. The results are summarized in Figure 7. It can be seen that both of
the catalysts are stable, the conversion values are higher in the case of the bimetallic catalyst.
The CO/H;, ratio stabilized at around 1.3 at this temperature on both catalysts.

Similarly to the short catalytic runs, after 24 hours’ time on stream, carbon formation on
the indium containing catalyst was not observed by TPO measurements (Figure 7B), while
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there is a single CO, peak centered at 340 °C on the monometallic nickel catalyst. This is in
line with the results of the first short DRM test, after which only a low temperature TPO peak
at 325 °C with similar intensity was observed on the Ni/SiO, catalyst. This suggests that the
magnitude of carbon formation on Ni/SiO- is independent of the time on stream of the catalyst
and mostly depends on the metal-support interaction.
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Figure 7. Long-term stability tests at 675 °C (CH4:CO2:Ar=69:30:1). (A): conversion curves;
(B): TPO curves obtained after 24 hour reforming.

After the long catalytic tests but before the TPO, a small amount of sample was taken
out of the reactor and analyzed by TEM. The results are shown in figure 8. Surprisingly, after
the long catalytic test, the average particle size was quite small, 5.1 nm and 4.7 nm for the
monometallic and for the bimetallic catalyst, respectively. Although the average particle size
of the bimetallic catalyst is slightly smaller, it is not likely that this difference is responsible
for the inhibited carbon formation.

It is worth mentioning that both average particle size is in the range when carbon
formation is not expected, however coke formation occurs on Ni/SiO,. Also, this surface
carbon has absolutely no influence on the catalytic properties of the Ni/SiO, catalyst. Even
though carbon deposits did not lead to deactivation of Ni/SiO, catalyst in our case, their
accumulation on the longer run may cause physical blockage of reactor tubes [52].

17



0,40-
0,35-
0,301
0,251
0,201
0,151
0,101
0,05-
0,001

0123845678 9101112
average particle size, nm

0,40
0,351
0,301
: g 0,25
L 0,201
0,15/
0,101
0,051

00
01234567 8 9101112
average particle size, nm

Figure 8. TEM images of the catalyst with particle size distributions after long DRM test at
675 °C. Top: 3wt%Ni/SiO,, average particle size: 5.1 nm; Bottom: 3wt%Ni-2wt%In/SiO,,
average particle size: 4.7 nm.

2. Conclusion

It was shown that the presence of 2wt% indium on the surface of a 3wt%Ni/SiO, catalyst
prevented coke formation during dry reforming of methane. TPR results pointed out that
indium was unstable against sintering without nickel on the silica surface, however in the
bimetallic catalyst it was in metallic state and mixed with nickel after reduction at 700 °C.
The presence of indium profoundly changed the adsorption properties of nickel, as CO-TPD
measurements suggested. XPS measurements showed changes in the electronic structure of
nickel on the Ni-In/SiO; catalyst after reduction, moreover, they revealed the presence of
bimetallic particles which surface composition found to be Niz2In, lower than the expected
NizlIn, referring to indium enrichment on the surface. TEM analysis of the spent catalysts after
24 hours’ time on stream showed that the average particle size of the bimetallic catalyst was
slightly smaller than that of the monometallic catalyst. Based on the presented results, the
higher catalytic activity and outstanding carbon tolerance of the bimetallic Ni-In/SiO; catalyst
is the consequence of a structural and electronic effects of indium.
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