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The catalytic and structural changes due to the presence of 0.25 wt% indium on a 3% Ni/CeO,-Al,03 catalyst
prepared by impregnation method were investigated. Catalyst characterizations by XRD, TPR, XPS, TEM and
DRIFTS (in presence of CO/CO2/CHy4 +CO>) were carried out. In the short (6 h) catalytic methane dry reforming
tests at 650 °C both samples were stable, produced essentially no carbon, but indium lowered the activity. In the
4 day longevity tests at 675 °C, stable activity was achieved by the In-promoted catalyst in contrast with the

continuous deactivation of the unpromoted Ni sample due to coking and sintering. Indium, partially alloyed with
nickel, could better keep nickel in metallic state, and the increased CO, activation ability, the intimate Ni(In)-
CeO; interface inside the support pores resulted in practically no coking.

1. Introduction

Recently it is generally accepted that the greenhouse gas emissions
such as CO, and methane must be reduced because of their harmful
effect on the climate. The always increasing energy demand should be
satisfied rather by renewable energy carriers instead of combustion of
fossil fuels. However, the available large reserves of relatively cheap
methane could be utilized on environmentally more friendly way as
chemical feedstock by its transformation to valuable products. Methane
reforming by CO3 (CH4 +CO2 = 2CO+2 Hy, dry reforming of methane,
DRM) producing synthesis gas is an attractive option since it does not
form CO; but converts and link it up with the synthesis chain of value
added chemicals. For exploitation of COy containing natural gas and
biogas the DRM can be a direct way [1]. If the energy need of the highly
endothermic process is provided by electricity from renewable energy it
is even more advantageous; moreover, it could be an energy storage
alternative of fluctuating solar and wind derived electricity, since the
further processing of synthesis gas, the CO hydrogenation is exotermic
[2].

DRM is an equilibrium reaction and due to its high positive enthalpy
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(AHggg K=247 kJ mol 1) it requires high reaction temperature, above
500-600 °C. Proper catalysts can accelerate and more importantly drive
the reaction in the intended direction depending on the reaction tem-
perature, because several thermodynamically allowed equilibrium re-
actions can occur beside DRM. The most important ones are the methane
decomposition (CH4 = C+2 Hj), Boudouard reaction (2CO = C+COy),
and reverse water gas shift reaction (RWGS, CO2 +Hy = CO+H30), that
should be limited kinetically to reduce unwanted side products.The
former two are the worst ones deactivating the catalyst and fouling the
reactor by the carbon formed [3], while the third one reduces the H,/CO
product ratio. Other side reactions may be advantageous, as coke gasi-
fication (C+H20 = CO +Hy) helping to remove carbon, and methane
steam reforming (SRM, CH4 +H0 = CO+ 3 Hy) increasing the Hy/CO.

The low stability due to coking (especially in case of the most
economical Ni based catalysts) [4] and sintering of the active phases are
the most important problems of the catalytic DRM hindering its indus-
trialization. A recent review nicely summarizes the most important
synthetic approaches, the advances and the perspectives of nickel-based
catalysts for dry reforming [5]. Within the tremendous DRM literature,
the photo thermal or microwave-assisted thermal catalytic solutions can
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be considered as hot topics [6,7].

Ni is highly active in CH4 dissociation to CHy (x = 0-3) and adsorbed
H, but the accumulating inactive carbonaceous deposits can block the
site or Ni-carbide may form, which is the potential source of graphitic
carbon nanotube/fiber formation. To avoid this, the availability of
oxidizing surface O or OH species derived from CO5 activation should be
provided. Beside the metallic sites, the supporting or promoting oxides
via their basic sites or oxygen vacancies can adsorb and activate COo,
and the metal/oxide interface is the most efficient for the reaction
resulting CO and Hy in such cases [8]. The active metal modification by a
second metal may promote the reaction via alloying and tuning the
reactant activation ability or reducing the carbide formation or CO
disproportionation leading to coke. The optimal bimetallic alloy
composition may be a key factor as was declared for example for NiCu
alloy catalysts, when a proper quantity of Cu promoted CO5 activation
and enhanced the transformation of CHy into syngas on Ni atoms [9].
Moreover, confinement of the optimal NiCu alloy composition within
nanosize SiOy spheres could further improve DRM properties and cata-
lyst stability [10].

Earlier highly impeded coking of indium promoted Ni/SiO, catalyst
with Ni/In = 3 at. ratio was demonstrated in DRM [11]. This effect was
explained by the role of indium as nickel modifier via alloying and
hindering the methane decomposition, increasing hydrogen retention
on the surface [12] and reducing CO dissociation [13]. On the other side,
it was suggested that In oxidized by CO5 or the by-product H,O forms
InyOy on Niln particles, which acts as reducible oxide providing active
oxygen for gasification of CHy species [13]. Indium effect was investi-
gated also on alumina and ceria-promoted alumina (8 wt% CeO3) sup-
ported Ni with low In-concentration prepared by deposition
precipitation method (Ni/In atomic ratio=24). [14] Very strong
In-impact was observed to mitigate dramatically the carbon deposition
on Ni/Al,O3 that otherwise resulted in reactor fouling in a short time.
Surprisingly, the CeO3 promotion in the Ni/CeO,-Al;03 was much less
effective: it extended the catalyst lifetime, and reduced coking, but in
much lower extent than the In promotion. The In addition resulted to the
lowest carbon selectivity on Niln/CeO2-Al;03 sample. The key impor-
tance of the interfaces between Ni and CeO- of high oxygen mobility is
widely reported in the literature enhancing CO; activation and oxygen
availability for the CHy oxidation [15,16]. For example, the active
nickel-ceria boundary can be formed with a special synthesis method
within the confined space of a SiO sphere: in this case the core promotes
activity and reduces carbon deposition, and the shell hinders sintering
[17].

It is known that the preparation mode and all the pretreatment steps
may lead to different catalytic performance even in the case when the
concentration of all the catalyst constituents is the same. We decided to
produce new catalysts with different nanostructure and different Ni-In-
CeO; interface by the simple impregnation method instead of the pre-
viously applied deposition-precipitation [14]. Our main aim was to
improve the Ni-ceria interface in order to decrease coking by changing
the preparation method and to see what a minuscule indium content can
add to this specific situation. The catalytic properties in DRM process
were correlated with structural properties characterized by X-ray
diffraction (XRD), temperature programmed reduction (TPR), X-ray
photoelectron spectroscopy (XPS), CO adsorption followed by diffuse
reflectance infrared Fourier transform spectroscopy (CO-DRIFTS),
transmission electron microscopy (TEM) and scanning TEM with energy
dispersive spectroscopy (STEM-EDS) both in the fresh state and after
DRM reactions. Additionally, in situ DRM reactions were investigated by
DRIFTS. The spectacular effect of the preparation method was
confirmed and much more stable catalysts with significantly reduced
coking were obtained still keeping the superiority of the In-promoted
version that was active for 4 days.
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2. Experimental
2.1. Catalyst preparation

The CeO2-Al,O3 support was prepared by incipient wetness
impregnation of a commercial alumina support (Aldrich, SSA=175
m?g~!, Vp =0.27 cm ¢!, pore size 5.3 nm). The impregnation was
carried out at room temperature by adding slowly and dropwise an
aqueous solution containing the proper amount of cerium nitrate
hexahydrate to get 7 wt% Ce on AlyOs. In order to have a complete and
uniform impregnation, the total volume of the solution was slightly
higher than the pore volume of alumina. After drying overnight at room
temperature, the powder was calcined at 500 °C for 2 h. The Ni/CeOs-
Al;03 and the NiIn/Ce0,-Al;03 samples (denoted as Ni-CeAl and Niln-
CeAl, respectively) were prepared with impregnation/coimpregnation
using nickel(II) nitrate hexahydrate, indium(III) chloride and the CeO-
Al,05 support. The nominal metal loadings were 3 wt% Ni and 0.25 wt%
In (Ni/In molar ratio=24). The dried sample powders were calcined at
650 °C for 2 h. Before DRIFTS, TEM, XRD and XPS measurements, the
calcined samples were reduced ex situ at 750 °C for 1 h in hydrogen
(denoted as ex situ calcined/reduced state), while before DRM test in
situ at the same temperature.

2.2. Catalyst characterization methods

The specific surface area and the pore volume of the mixed support
and the Ni-CeAl and Niln-CeAl samples were determined from Ny
adsorption—desorption isotherms at — 196 °C using a Micromeritics
ASAP 2020 instrument. The specific surface area was calculated through
the Brunauer-Emmett-Teller (BET) method applied to the adsorption
curve in the standard pressure range 0.05-0.3 P/P,. By analysis of the
desorption curve, using the BJH method, the mean pore size was ob-
tained. The total pore volume (V},) was evaluated on the basis of the
amount of nitrogen adsorbed at the relative pressure of 0.95.

The crystalline structures of the calcined and the calcined/reduced
samples were determined by powder X-ray diffraction patterns (XRD),
measured by a Bruker D 5000 diffractometer equipped with a Cu Ky
anode and graphite monochromator. The data were recorded in a 26
range of 20°— 80° with a step size of 0.05° and time per step of 5 s. The
crystalline phases were analyzed by means of International Centre for
Diffraction Data (ICDD) database.

Reduction properties of the calcined catalysts were determined by
temperature programmed reduction (TPR) in 5% Hy/Ar (30 ml/min) up
to 1000 °C with a 10 °C/min rate in a Micromeritics AutoChem 2910
instrument. About 0.1 g sample was pre-treated in 5% Oy/He (30 ml/
min) at 350 °C for 30 min and cooled down in He prior to the TPR
experiment.

Morphology of the calcined/reduced and the spent catalysts was
investigated by Transmission Electron Microscopy (TEM) in TEM,
HRTEM and HAADF modes by means of a FEI Titan Themis 200 kV
spherical aberration (Cs) - corrected TEM with 0.09 nm HRTEM and
0.16 nm STEM resolution. Composition of the samples was measured by
STEM-EDS and elemental maps were obtained by spectrum imaging
with 4 Thermofischer "Super X G1" EDS detectors built in the
microscope.

In situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was applied to study the surface-adsorbed species in 1% CO/
Ar, 2% COo/Ar and in a 50% CH4: 50% CO, DRM mixture at chosen
temperatures in a Nicolet iS50 infrared spectrometer equipped with a
Specac DRIFTS accessory and environmental chamber heatable up to
500 °C. All experiments started with an in situ reduction of the ex situ at
750 °C reduced sample: the catalyst in the cell was reduced in 5% Hy/Ar
at 500 °C for 30 min, and then it was cooled down to room temperature
in the same gas flow. CO-DRIFTS experiments were carried out in 1%
CO/Ar at room temperature and after the temperature programmed
desorption in 5% Hay/Ar flow that perfectly cleaned the surface again at
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300 °C. CO2-DRIFTS experiments at 300 °C were done on a freshly
reduced sample, while DRM-DRIFTS experiments were performed after
a subsequent regenerating treatment in 5% Hy/Ar at 500 °C/30 min
followed by a cooling step to 300 °C. These DRM experiments were
carried out in a temperature ramped mode from 300 °C to 500 °C range
followed by a 30 min isothermal hold at 500 °C and a final cooling step
to 300 °C still in the CH4-CO, mixture. All spectra shown here were
corrected with the appropriate spectrum (background) taken just before
the admission of the actual reactant.

Surface compositions of the samples were determined by X-Ray
photoelectron spectroscopy (XPS) in a KRATOS XSAM 800 instrument.
The samples were analyzed by using an unmonochromatized Al K-alpha
source (1486.6 eV). The Al 2p binding energy from the alumina support
set at 74.4 eV was used as reference for charge compensation. The ex situ
calcined/reduced samples were measured directly and then again after
an in-situ reduction at 500 °C in Hj using the instrument’s atmospheric
pretreatment chamber. Because of the low amount of cerium and the
overlapping of Ce 3ds/, with the Ni 2p; , peaks, for evaluation of Ce>*
amount the data treatment of Pardo and his co-workers [18] was used.
Shortly, the Ce(IV)% of cerium is estimated by calculating the attenu-
ation of the u” component at 917 eV with respect to the total area of the
Ce 3d peak after subtracting the Ni 2p;,o contribution [9]. The Ce3*
content in % was calculated according to Eq. (1):

Ce(IlH)% = 100 — Ce(IV)%=100-u" %/14x100 (€D)]

where u” is the area fraction of the peak at 917 eV. When there is only
Ce** present in the sample (as in pure CeO,), the u” peak is 14% of the
total area of the Ce 3d multiplet.

2.3. Catalytic studies

2.3.1. Short DRM tests at 650 °C followed by the temperature programmed
oxidation of coke

The 6-h catalytic runs were done in a fixed-bed quartz reactor of 4
mm inner diameter, where the thermocouple for temperature control
was fixed to the outer surface of the quartz tube. 20 mg of a calcined
catalyst with 70 mg of diluting quartz beads were placed into the reactor
and reduced in 30 ml/min 90% Hy/Ar at 750 °C (ramp rate was 10 °C/
min) for 1 h. Subsequently, the sample was cooled down to 650 °C in 10
min under He purge, then the equimolar CH4:CO2:Ar = 49.5:49.5:1
reactant mixture with 70 ml/min flow rate (210 L/h/g.at) was switched.
Reaction was allowed to proceed for 6 h. A quadrupole Pfeiffer Prisma
spectrometer was used for gas analysis, and the quantification of mass
flow rates of Hz, CH4, CO and CO, components were done in the way
described in ref [11].

Temperature programmed oxidation (TPO) measurements after
cooling the sample in He to room temperature were done in 40 ml/min
flow of Oy:He:Ar= 10:89:1 mixture with temperature ramp to 650 °C
followed by a 30 min isothermal hold. The pre-calibrated CO, signal was
used to quantify any carbon deposits.

2.3.2. Catalytic DRM longevity tests

These tests were performed using a Microactivity Reference reactor
system (MA-Ref from PID Eng&Tech, Madrid, Spain) equipped with a
quartz tubular reactor (inner diameter = 10 mm). A catalyst sample was
placed in a fixed bed of 20 mg of well-mixed catalyst powder with 180
mg of diluting quartz beads and positioned on a flock of quartz wool in
the reactor tube. The temperature was measured with a K-type ther-
mocouple placed in the center of the catalyst bed. The catalyst was first
degassed in N3 stream (50 ml/min) at 200 °C and then reduced in situ in
H; stream of 50 ml/min by heating from 200° to 750°C with a ramp of
10 °C/min. This was followed by an isothermal step at 750 °C for 1 h.
The catalyst was then cooled to 675 °C in Ny stream (50 ml/min). The
CH4-CO45 DRM activity test was performed at the same temperature and
atmospheric pressure with an undiluted and equimolar CH4/CO2
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mixture (70 ml/min). The reactor outlet stream was passed through a
heated transfer capillary (I.D.=0.16 cm at 200 °C) to the GC instrument
(Agilent Technologies, model 7890 A) equipped with Poraplot Q and
Molesieve 5 A capillary columns, in which quantitative analysis of gases
exiting the reactor outlet was recorded every 26 min. After the test, the
deposited carbon was measured by TPO experiment in 40 ml/min Oy:
He:Ar= 10:89:1 mixture with 10 °C/min ramp rate to 650 °C followed
by a 30 min isothermal hold. The pre-calibrated CO5 signal was used to
quantify any carbon deposits as before.

3. Results and discussion
3.1. Structural results of Ny adsorption, XRD, TPR and TEM

Compared to the original BET of alumina support, the Ce-
modification induced a decrease in the surface area from 174 m?/g to
129 m?/g, but the introduction of nickel component caused no further
decrease of pore volume and pore diameter data (it was fixed at 0.2 cm®/
g and 5.4 nm, respectively). This means, that the cerium precursor was
actually introduced into the pores of the alumina, which also led to a
shrinkage of the original pore volume (beside of the calcination treat-
ment itself).

Reduction properties of the calcined samples were investigated by
Temperature Programmed Reduction (TPR) in 5% Hy/Ar up to 1000 °C,
and the obtained results are shown in Fig. 1 and collected in Table 1. The
TPR profiles of the two samples are very similar: a small weak peak was
detected at around 300 °C and a large one just below 800 °C. Indium
introduction caused a decrease in the temperatures of peak maxima of
both peaks. The low temperature peak may be linked to the reduction of
surface ceria species [19] or some easily reducible NiO-CeOx(-InOy)
compound on the alumina surface. Most NiO species are definitely in
very strong interaction with the CeO3-Al;03 support, as the majority of
NiO started to get reduced above 600 °C. It is known that TPR peak at
temperatures of 750 °C or above is attributed to surface or the bulk
reduction of NiAly04 [20,21]. The small difference in the peak maxima
in favor of NiIn-CeAl sample might mean that indium promotes the
reduction of the NiO-CeO»-Al,03 mixed solid solution. The total Hj
consumption is listed in Table 1 in terms of mmol Hy/gc4. The expected
hydrogen consumption for the total reduction of NiO to Ni is 0.51
mmol/g while the reduction of In,O3 to In would count for 0.02 mmol/g.
The total consumption is higher because of the concomitant reduction of
ceria influencing the Hy uptake. Nevertheless, it appears that the
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©
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150 300 450 600 750 900
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Fig. 1. TPR profiles of the calcined catalyst samples obtained under 5% H,/Ar
flow. (The broken line signs the reduction temperature applied prior to the
catalytic reaction.)
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Table 1
Quantification results of the TPR spectra.
Samples T1 Hy T2 H, Total Hy
“Q consumption Q) consumption consumption
(mmolg’l) (mmolg’l) (mmolg’l)
Ni-CeAl 323 0.06 792  0.53 0.59
Niln- 302 0.08 777  0.62 0.70
CeAl

presence of indium promotes the reduction of ceria increasing the total
hydrogen consumption [22,23], but NiO remains in a very strong
interaction with the mixed oxide anyway. We should note that the
750 °C reduction treatment applied before the catalytic reactions could
surely not bring all the nickel-oxide into a metallic state.

Fig. 2a and b show the XRD patterns of the calcined and calcined/
reduced catalysts together with the reference patterns of NiO
(00-044-1159) and NiAly04 (00-001-1299) and the pattern of bare
support (both Al;03 and CeAl). Nothing but the 7 nm sized crystallites of
cubic ceria could be identified beside alumina in all calcined samples.

It was not possible to distinguish between segregated NiO or NiAlyO4
because the main diffraction peaks would overlap with their diffraction
peaks of alumina and CeOs. After the ex situ reduction treatment, peaks
attributed to metallic nickel at 44.5 and 51.9 2theta appeared for both
samples. Based on thesepeaks relative to the support at 47.5 and 56.4
2theta, the contribution of ceria appears less intense probably due to the
partial reduction of ceria during the pretreatment procedure. A very

e Al,O
e CeAl
e Ni-CeAl
= Niln-CeAl
NiO (pdf card 00-044-1159)
—— NiAlL,O; (pdf card 00-001-1299),
CeO, (pdf card 00-004-0593)

400

200

Intensity (A.U.)

20 30 40 50 60 70 80
20 ()
— CeAl
=== Ni-CeAl calcined/reduced
b) m=m= NiIn-CeAl calcined/reduced
Ni (pdf card 00-004-0850)

In [020]
100

In[112]

Intensity (A.U.)

20 (%)

Fig. 2. XRD pattern of: a) calcined Al,O3; CeAl support; Ni-CeAl and Niln-CeAl
samples along with reference pattern of NiO and NiAl,03 and b) reduced CeAl,
Ni-CeAl and Niln-CeAl and reference curve of metallic Ni.
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rough estimation of the nickel crystallite size based on the Ni (200) peak
resulted in 4.6 nm for Ni-CeAl and around 8.9 nm for Niln-CeAl. It is
worth to note that these values are affected by large errors because of the
short range of the measurement and the overlapping of the peaks, so we
highlight just that larger crystallite size is found in the case of the
bimetallic sample. This general trend is confirmed also by the analysis of
the Ni (111) peaks, which suffer of a higher error, and give different size
values (3.2 nm for Ni-CeAl and 3.9 nm for NiIn-CeAl), but maintain the
same trend. For the same reason, it is not possible to speculate about the
formation of any alloy between nickel and indium. Moreover, no fea-
tures attributable to segregated metallic indium were seen (54.4 2theta
and 56.5 2theta for In [112] and In [020]) [24].

The catalyst morphology was further investigated by TEM/HRTEM
analysis (see Fig. 3a-f). The EDS elemental mapping could provide some
information about the distribution of Ni, Ce and In after the ex situ
calcination/reduction treatment (calcination at 650 °C/reduction at
750 °C). In general, Ni particles were really hard to spot based on the
usual contrast method, as the heavy ceria might also give darker spots if
concentrated. On the monometallic Ni sample the presence of larger
particles was suspected based on TEM image of Fig. 3a, and ascertained
by HAADF and STEM-EDS images (Fig. 3b and c), but such larger par-
ticles with 10 nm sized Ni were not spot at other places. In addition, the
STEM-EDS shown in Fig. 3c proves that ceria is nicely distributed in the
sample. Ni in the bimetallic sample (Fig. 3d) was highly dispersed, as
only elemental mapping could prove the location of small Ni(In) parti-
cles with particle sizes less than 10 nm as suspected based on the HAADF
image and the elemental mapping of the same area (Fig. 3e and f). In-
dium signal was detected everywhere, also at places where Ni particle-
shaped entities were not present, and the Ni/In ratio could be reasonably
determined only for such large areas but not for individual Ni particles
(Ni/In=10 was measured here). The low loading and the rather
dispersed state of indium resulted in a higher uncertainty when defining
the location of indium, but based on the In map, we would suggest that
indium is associated with both the support and the nickel particles and it
is not enriched in/on nickel as was observed with the same loading in
the case of the deposition precipitation synthesis method [14].

TEM analysis revealed that the ceria modifier was uniformly
distributed over the alumina. The average nickel particle size could not
be given, but a rough estimate based on the elemental maps gives
d< 5 nm for both samples with some larger exceptions for the Ni-CeAl
catalyst. As for indium, such an enrichment of indium in the nickel
particles as seen in our previous publication for DP prepared samples
[14] cannot be ascertained. Instead, a fine distribution of indium can be
assumed, which does not exclude the existence of a Niln alloy.

3.2. XPS characterization results

The XPS spectra obtained over the ex situ calcined/reduced samples
and after the in situ reduction are shown in Fig. S1 and the derived data
are listed in Table 2.

The in situ reduction at 500 °C in the XPS pretreatment chamber
must have ensured the same state of the catalysts as was present after the
ex situ 750 °C reduction. The extremely low nickel signal intensities
detected over both samples (nominal Al/Nip,x =35) suggested that
metal particles are hidden inside the pores of the support or covered by
CeO2-Al,03 moieties because of the very strong metal-support interac-
tion proved by TPR. The metallic portion of nickel is higher (80%) in the
case of indium-promotion. This suggests that indium is alloyed with
nickel or it greatly influences the reduction property of nickel-oxide. As
for the quantification of surface ceria concentration, we should be aware
that ceria peaks in the 3 d region overlap with the Ni 2p; » peaks. Thus,
instead of the classic fitting method of Burrough [25], we used the
method of Pardo [18] for the determination of Ce>* amount as described
in our earlier work [14]. The surface ceria concentration was the same
for both samples, but the Ce>* contribution was a bit higher in Ni-CeAl,
while proportion of oxidic nickel was more — in complete agreement



A. Horvath et al.

Applied Catalysis A, General 669 (2024) 119495

Fig. 3. TEM results of the calcined/reduced catalysts. a) TEM of Ni-CeAl sample; b) HAADF image of the same area; c¢) EDS elemental maps of Al, Ni, Ce obtained
over the same area; d) TEM of Niln-CeAl; e) HAADF image of the signed area; f) EDS elemental maps of Ni, In, Ce obtained over the same area.

Table 2
XPS results on calcined/reduced catalysts: surface composition data and relative
amount of metallic nickel and Ce>" sites.

Sample name Atomic ratios Ce3* Ni®
Al/Ni Al/Ce Al/In Ni/In (%)” (%)°

Ni-CeAl 55.6 16.16 - - 65 63.1

Niln-CeAl 87.9 16.07 633.2 7.2 59 79.2

2 percentage of Ce>* in the total Ce content detectable by XPS
percentage of metallic Ni° in the total Ni content detectable by XPS

with the TPR results. If more Ni?* ions remain occluded inside the ceria
structure, this can cause more oxygen vacancy and higher concentration
of Ce*!. The BE of indium 3 ds; shifted with 0.4 eV upon the in situ
reduction treatment (from 444.7 eV to 444.3 eV, spectrum not shown)
demonstrating that part of indium became metallic (alloyed with
nickel). The surface Ni/In was 7.2 in the reduced sample, which in-
dicates that In was better enriched and more dispersed close to the up-
most surface of the catalyst than Ni, because the nominal bulk Ni/In
value is 24. These XPS results signify that indium enhances the amount
of metallic nickel via its intimate contact or alloy formation with Ni and
reduces the surface concentration of Ce®*.

3.3. Interaction of CO and CO2 with the catalysts investigated by DRIFTS

The changes in the vibration frequency of the adsorbed CO molecules

can deliver useful information about the particle size, surface structure
and electron density of adsorbing metal [26]. The gas phase CO vibra-
tions are located between 2100 and 2200 cm’l, while CO molecules
bonded to a surface nickel atom through the carbon end give bands
above 2000 cm ™! (linear adsorption geometry on dense facets at around
2050 cm ! [27,28]), and CO bonded to 2 or 3 Ni atoms results in IR
bands below 2000 cm ™! in the bridged CO region [29,30]. CO bonded to
kinks, adatoms and edges or the linear di and tri carbonyls are detected
at higher wavelength of the linear CO region [29,30].

First, the data of CO chemisorption at room temperature followed by
the temperature ramped desorption experiments will be evaluated. The
red curves of Fig. 4a and b show the spectra taken in 1% CO/Ar mixture
at room temperature over Ni-CeAl and Niln-CeAl samples. The main
difference beside the higher CO band intensity of NiIn-CeAl catalyst is
the higher linear/bridge CO band ratio. This was already reported for
our previous In-containing Ni samples and described as the surface
dilution effect of alloying indium component (the number of Ni-Ni
neighbors is less and so the possibility to form bridged CO species is
less as well). Another important feature to spot is the red shift of the
linear CO bands related to those registered on the monometallic Ni-CeAl
(20862062 cm ™! for CO bonded to highly undercoordinated Ni sites,
20502030 cm ™! for CO adsorbed on dense facets) as it was already
noticed for the samples prepared by deposition precipitation. This is
assignable to the electronic and diluting effect of indium neighbors of Ni
sites increasing their electron density and reducing the dipole-dipole
interaction between adsorbed CO molecules [14]. The desorption of
adsorbed CO in the presence of 5% Ha/Ar flow is also shown in Fig. 4.
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Fig. 4. DRIFT spectra of adsorbed CO at room temperature in 1% CO/Ar (red
curves) and the desorption spectra taken in 5% Hy/Ar at 25 °C and then during
temperature increase over a) Ni-CeAl and b) Niln-CeAl sample.

The pure Ni sample behaved as expected: CO bands continuously
decreased in intensity and redshifted due to the decreased dipole-dipole
interaction at lower coverage (2081—2034, 1950, 1920, 1835 cm’l),
but above 150 °C no adsorbed CO band was observed. In contrast, the
CO band area of the bimetallic sample did not change up to 150 °C, only
shifted strongly towards the lower wavenumbers from 2060 cm™ to
2035 cm ™}, then a big drop was observed at 200 °C, but a final small CO
band at 1993 cm ™! was still visible reaching 250 °C. The higher stability
and the strong redshift at unchanged coverage of adsorbed CO is
obvious. This undoubtedly proves the existence of surface or bulk Niln
alloy that changes its composition, electron density or morphology
during temperature increase and acts against the normal desorption
tendency (very strong redshift). (Note that indium should be highly
mobile on/within nickel as its bulk melting point is 156.6 °C.) Beside
H20, no other surface-bonded species, carbonate or formate were
observed during these experiments (the corresponding region is not
shown).

The nature of Ni atoms in the neighborhood of indium atoms was
further investigated with CO chemisorption carried out at 300 °C. Fig. 5
collects the spectra under 1%CO/Ar flow at 1 min and a few min after
introducing the gas onto the catalysts. (Note that 5% Ha/Ar was
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Fig. 5. DRIFT spectra of adsorbed species in 1% CO/Ar at 1 min and 5 or 3 min
of exposure at 300 °C and the desorption spectra (dashed lines) taken in 5% Hy/
Ar 3 min after the gas switch over Niln-CeAl sample (upper group) and Ni-CeAl
(lower group).
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switched to 1%CO/Ar at 0 min of the experiment). Again, as at room
temperature, higher CO band intensity was detected over the bimetallic
sample, almost exclusively in the linear CO band region at 2045 cm >,
and the band intensity was unchanged during the first 5 min. In contrast,
both linear (at 2030 cm 1) and bridge CO bands over Ni-CeAl decreased
fast. This means, CO decomposition happened on the Hy covered pure
Ni, poisoning the adsorption sites. Over both samples formate bands
(2907, 1598, 1391, 1381 cm™!) were building up continuously as CO
interacted with the support, which is expected at this temperature. Upon
the 3 min 5% Hy/Ar flush after the CO adsorption, there was still
adsorbed CO visible on Niln-CeAl catalyst at 2002 cm ™, some formate
and a little carbonate species as well. In the case of Ni-CeAl, no adsorbed
CO but the same sized formate bands were observed. From the small
changes in the intensity of the gas-phase CO, band around 2350 cm ™! no
conclusions could be deduced, since the sample compartment of the
spectrometer where the DRIFTS environmental chamber located is not
closed. This means, gas phase CO, signal can be changed due to the
change of the gas composition inside the IR cell or simply in the ambient
atmosphere. Due to these restrictions we are not able to tell how the CO,
was formed on Ni-CeAl under the Ha-flush, if the CO disproportionated,
or the formates decomposed, or the CeO, component oxidized the
adsorbed CO, etc. On the other side, we cannot tell if a lower CO5 signal
in the case of the bimetallic sample is whether connected to the
increased RWGS activity of indium component.

The same temperature of 300 °C was chosen to investigate the
interaction of CO9 with the Hjy-covered catalysts as to mimic a RWGS
reaction and detect CO; activation steps depending on the presence or
absence of Niln alloy. Fig. 6 depicts spectra grouped in two for the two
samples. The lower curves are those obtained in the presence of 2% COy/
Ar at 1 and 5 min of exposure and then after 1 min flush in the 5% Hy/Ar
stream over the Ni-CeAl sample. The CO2 obviously dissociated and the
resulting CO was adsorbed on the available Ni sites but the carbonyl
band intensity decreased within the 1-5 min interval. This again shows
the surface poisoning process by surface nickel oxidation or carbon
formation. The maximum intensity of carbonyl band (with a linear
component at 2018 cm ™) was the same as in the presence of 1% CO/Ar
at the same, 1 min exposure time. The places of CO dissociation beside
the Ni surface are the oxygen vacancies of the ceria additive. At lower
wavenumbers, support-bonded carbonates and formates were also
detected. These latter are due to the initial reduction of carbonates and
the reaction of CO,gs + OHgypport- The spectra of the bimetallic catalyst
shown on the upper part of the figure reflect that CO, activation resulted
in adsorbed CO too, and after 5 min the intensity of Ni-adsorbed
carbonyl bands was lower as well (in contrast to the CO@300 °C

— 1 min, 2%CO,/Ar
—— 5 min, 2%CO,/Ar
1 min, 5%H,/Ar
—— 1 min, 2%CO,/Ar
5 min, 2%CO,/Ar
L B 1 min, 5%H,/Ar

Niln-CeAl

Log (1/R), a. u.

Ni-CeAl

T T T
3000 2500 2000 1500

Wavenumbers, cm™’'

Fig. 6. DRIFT spectra of adsorbed species in 2% CO,/Ar at 1 and 5 min of
exposure at 300 °C and the desorption spectra (dashed lines) taken in 5% Ha/Ar
1 min after the gas switch over Niln-CeAl (upper group) and Ni-CeAl (lower
group) samples.
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experiments on this sample). Moreover, the original band with a
maximum at 2025 cm”! splits into 2 components (at 2025 and
2008 cm1). We saw in the CO-DRIFTS@ 300 °C experiments above that
CO apparently does not dissociate under the same conditions over Niln-
CeAl. Thus, the present intensity decrease must be caused by the CO4
activation step resulting CO+O close to or on the metal sites. The mobile
oxygen must reach Ni easily, to cause continuous oxidation and decline
CO adsorption ability. This means that CO5 activation results in facile
oxidation of metallic sites and so this activation happens close to the
metal at the metal/support interface. The carbonate region of this
sample is very similar in intensity to that of Ni-CeAl catalyst, thus, the
pure CeO3-Al;03 part of the support (not contacting or far from metal
particles) has the same acid-base properties. If we compare the spectra
after 1 min of 5% Hjy/Ar flush, the monometallic sample has only
adsorbed carbonates and formate bands, while the bimetallic one due to
the higher stability and concentration of chemisorbed CO species, still
has the same 2 component carbonyl band discernible beside the more
intense carbonate-formate bands.

Shortly, the main difference between the samples is that CO does not
dissociate on Niln while it does on pure Ni as this was proven on a Niln/
SiO; catalyst but with much higher, 2% In loading by pulse CO experi-
ments followed by QMS [13].

3.4. Interaction of a stoichiometric CO2-CH4 DRM mixture with the
catalysts investigated by DRIFTS

DRIFTS experiments were carried out in the presence of a methane
dry reforming mixture introduced onto the reduced catalyst at 300 °C,
ramped to 500 °C, kept there for 30 min and cooled to 300 °C under the
reactant mixture. Chosen spectra in Fig. 7 show the main differences
observed during these measurements. Beside gas-phase CO, and CH4
bands, chemisorbed CO, carbonates and formates could be distinguished
on both samples. At lower temperatures (bridged) bidentate carbonates
(1650, 1350 cm 1) were also present, but at 500 °C only monodentate
carbonates (1530, 1360 cm 1) and formate species (1595 cm~ 1) were
stable [31] on both samples with the same intensity. In a diluted Hy
stream, the bridged carbonates transform to formates on both samples.
This similarity means again that the presence of In promoter in the
support oxide cannot be detected by means of DRIFTS method. The In
loading is extremely low, and some part of it seems to be alloyed with
nickel, the remaining one might cause variance in the number of
extrinsic oxygen vacancies, but the other than spectator role of car-
bonates and formates could not be proven in the present case via
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Fig. 7. DRIFT spectra of adsorbed species in CH4:CO5 = 50:50 DRM mixture
and 1 min after switching to 5% Ha/Ar at the end of the experiments (dashed
lines) over NiIn-CeAl (upper group) and Ni-CeAl (lower group) samples.
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DRIFTS.

If we compare the metal-bonded carbonyl regions, the following
statements can be drawn. The lower stack of curves belongs to the Ni-
CeAl sample in Fig. 7. The usual broad band with linear CO at
2032 cm™! and bridged ones with a maximum at 1904 cm™! at 300 °C
was detected that lost from their intensities, with the redshift of the
linear component to 2023 cm ™! by reaching and staying at 500 °C for
30 min. The gas-phase CO product of the reaction was easily spot
(higher than on Niln-CeAl sample), revealing the good activity of this
sample. Going down again to 300 °C in the reaction mixture, the weak
carbonyl band intensity and position remained basically the same. Hy
flush (dashed line) caused a slight decrease in the tiny CO band intensity
and removed the bridged carbonates.

As for the bimetallic counterpart shown on the upper part of Fig. 7,
the strong linear CO band at 2032 cm ™! (red shifted compared to that
observed in 1% CO/Ar in Fig. 5, due to the lower CO coverage in the
DRM mixture) weakened and shifted to 2005 cm ™! by 500 °C, remained
the same for 30 min and by cooling to 300 °C, blue shifted and split into
2 components at 2037 and 2017 cm™! without losing anything from the
intensity measured at 500 °C. This suggests that a kind of oxidation
happens and InOyHy might form causing Niln surface segregation and
the split of carbonyl peak, as was already detected with our In-rich Niln/
SiO, sample [13]. Last, when the gas was switched to a 5% Hy/Ar
mixture, the CO band intensity increased and the 2 components appar-
ently merged into one with a maximum at 2030 cm ™. Note that there
was no CO source in the gas phase after the switch, so the increase of
carbonyl band must be explained. In our opinion, the existing
carbonates-formates could be decomposed and produce chemisorbed CO
species on Niln, or the Hy caused the reduction of ceria and deliberated
some oxygen or OH to react with CHy on the metal sites resulting in
adsorbed CO. This would suggest the existence of easily oxidizable CHy
species and the higher mobility of surface oxygen/OH that can be used
for carbon removal on Niln-CeAl. This is not valid for the monometallic
Ni sample, viz., the reaction produces such a Ni state that is more active
(see the larger CO gas bands at 500 °C than on the bimetallic sample),
but CO cannot be produced by a sudden hydrogen contact of the spent
surface. This might include the irreversibility of CHy4 dissociation into
carbidic carbon over Ni. It is known that a marked weakening of the
metal-CO bond can happen in the presence of surface carbon or carbide
[29].

Based on these DRIFTS-DRM experiments, we would expect a higher
catalytic activity of Ni-CeAl sample and a better coking-resistance of
Niln-CeAl in the catalytic tests in plug flow reactors. However, the
temperature difference (500 °C of DRIFTS-DRM versus 650 or 675 °C)
can cause large deviations from these expectations.

3.5. Catalytic activity and coking properties in dry reforming, analysis of
spent catalysts

3.5.1. Results of the short catalytic tests at 650 °C

Two experimental setups were used for the catalytic tests differing
greatly in reactor and temperature sensor’s geometry and analysis
method. In both cases, reduction pretreatment at 750 °C was performed
and the sample was cooled in inert to the reaction temperature. The 6-h
“short” tests were carried out with QMS product analysis method. Fig. 8
depicts the CH4 and CO5 conversion curves obtained during this short
DRM test at 650 °C. We can see that Ni-CeAl is extremely stable thor-
ough this TOS having CO5 conversion (40%) much higher than CH4
conversion (25%). The bimetallic sample was also highly stable, only
both reactant conversions were lower. This lower activity was already
observed in other In-promoted sample prepared by deposition precipi-
tation synthesis method and it is due to the decreased CH4 dissociation
ability of the NiIn alloy [12-14]. The other simple explanation would be
the lower dispersion, but this was not revealed neither by XPS nor by the
CO-DRIFTS results of Niln-CeAl. The increase of the ratio of CO,/CH4
conversions in favor of In-added sample reflects the increased RWGS
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Fig. 8. Methane and CO, conversion curves during the short DRM test. Hy/CO ratio at the start of the reaction was 0.64 for Ni-CeAl and 0.53 for NiIn-CeAl.
Conditions: after reduction at 750 °C/1 h cooling to T = 650 °C in He, then DRM with CH4:CO2:Ar = 49.5:49.5:1 mixture, 210 L/h/gca., TOS= 6 h.

activity induced by indium inclusion. It is known that ceria has signifi-
cant WGS activity at moderate temperatures [32], but the RWGS activity
can be even enhanced over InpO3-CeOy [33]. Thus, InOsHy at the
Ni-support interface must also play a role in these processes. The water
formed during RWGS may contribute to the surface carbon gasification
and coke removal. Quantifying the deposited carbon by TPO experi-
ments of the spent samples revealed almost no coking in both cases:
0.05 wt% C was detected on Ni-CeAl and 0.03 wt% C was measured on
Niln-CeAl.

Ceria modification of alumina in the present case was perfectly
effective in preventing coke deposition that would be otherwise ex-
pected on pure Al,O3 support. Due to the strong interaction between the
metallic nickel and the oxidic components in the NiO-CeO3-Al,O3 ma-
trix, under this reaction conditions we got a stable catalyst. The indium
promotion decreased the activity (since Ni is alloyed with In), but
maintained the stability with the same, close to zero carbon deposition.

Next, TEM measurements were carried out to detect possible
morphological changes on the spent samples. Fig. 9 testifies that in the
compact structure of the catalyst, Ni particles are still hard to discover.
This means that Ni remained nicely dispersed after 6 h of time on stream
at 650 °C. The surely discernible Ni particles were measured and the
result was 3 nm for Ni-CeAl and 3.7 nm for NiIn-CeAl, but reliable size
distribution cannot be given based on the low number of particles.
Fig. 9b shows the enlarged image of the circled area in Fig. 9a: the close
contact of CeO3 and a tiny Ni particle was captured. This proves that the
3 nm sized Ni and the 4 nm sized surface CeO, entities can work side by
side over the large surface of AlyO3 making the Ni/CeO interaction
effective in fighting with coke deposition. The elemental Ni (and Al, Ce)
mapping image in Fig. 9c¢ helps to find the ~3.8 nm sized Ni particles
that are almost invisible otherwise in a normal TEM image.

Fig. 9d and e depict the bimetallic spent catalyst, showing a TEM
image and its corresponding STEM-EDS Ni, In, Ce elemental maps. Both
the size of Ni(In) and the distribution of Ce compound are very similar to
that of Ni-CeAl, which means that the differences observed in catalytic
and DRIFTS experiments cannot be supported or denied by TEM. A Ni/
In= 17 ratio was obtained over the measured area here, which means
that close to the nominal Ni/In ratio exists on such a small area.

3.5.2. Results of the 4 day-longevity catalytic tests at 675 °C

The 96 h longevity tests at 675 °C were performed in a different
catalytic reactor consisting of a thinner catalyst bed in a wider quartz
tube and a thermocouple inserted into the catalyst bed. These are
important parameters to mention, and the only 25 °C difference in re-
action temperature compared to the short tests might mean more in
reality, as DRM is an endothermic reaction and so inside the catalyst bed
the real temperature might have been a bit lower than 650 °C set by the
thermocouple on the outer wall of the quartz reactor tube of short tests.
Another difference was that the GC analysis used for quantification
provided data only after the first 26 min of the reaction. This means that
any rapid deactivation process upon contact with the reaction gas could
not be noticed in this case.

Fig. 10 shows the conversion values obtained during these long-term
tests. It is eye-catching that the Ni-CeAl sample (Fig. 10a) deactivated
with a continuous decrease of both CO5 and CH,4 conversions, although
the first 6 h of this long term test would not suggest such deactivation
tendency, because the conversion of both reactants was almost identical
to the ones in the short term measurements. This is why the long term
stability tests of catalyst samples are very precious and indispensably
helpful when deciding which catalyst formulation has an eventual good
property. Without carrying out such a long measurement, just based on
the 6 h-experiment at 650 °C, one would vote for the nice activity and
stability of unpromoted Ni-CeAl versus the less active Niln-CeAl sample.
The CO2/CH4 conversion ratio was 1.5 on Ni-CeAl, very similar to the
result of short test, and so was the Hy/CO ratio (0.62). These two ratios
signify that beside DRM, reverse water gas shift reaction (CO;
+Hy=CO+H0) occurs as well, whereas other reactions (2CO=C+COa,
CO+Hy=C+H,0) that affect the Hy/CO ratio may have further influ-
ence [34]. Moreover, it was reported that nickel ions in ceria lattice and
highly dispersed NiO after reduction are responsible for the high yield of
CO in RWGS at high temperature [35].

As for the performance of the bimetallic Niln-CeAl sample shown in
Fig. 10b, the starting conversions of both reactant were just a bit lower
than on Ni-CeAl, but the activity remained nicely stable with only a
slight deactivation up to the end of 96 h (30 relative % for the CHy
conversion and 22 relative % for CO5 conversion). This can be
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Fig. 9. Results of TEM investigations of catalysts used in the short DRM test. a) TEM image of Ni-CeAl; b) HRTEM of the circled area of Ni-CeAl; ¢) STEM-EDS
elemental maps of Al, Ni, Ce over Ni-CeAl; d) TEM image of Niln-CeAl and e) STEM-EDS elemental maps of Ni, In, Ce over Niln-CeAl.
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Fig. 10. Methane and CO, conversion curves during the longevity DRM tests over a) Ni-CeAl and b) Niln-CeAl samples. The H,/CO ratio was constant and 0.62 for
Ni-CeAl and 0.52 for NiIn-CeAl thorough the experiments. Conditions: after reduction at 750 °C/1 h cooling to T = 675 °C in Ny, then DRM with CH4:CO5 = 1:1
mixture, 210 L/h/gca, TOS= 96 h.

considered as a significantly higher stability under these demanding
conditions. As the CO,/CH4 ratio was higher (2.1) and the Hy/CO ratio
was lower (0.52) than in the case of the In-free sample, we can point out

that indium increases the rates of all CO5 converting side reactions, as
was already observed in the same type samples but produced by depo-
sition precipitation method [14], but these apparently lead to a longer
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catalyst lifetime beside an acceptably stable CH4 dissociation rate up to
4 days timeframe. All in all, the 4 day-long stability tests revealed the
primacy of Niln-CeAl catalyst when thinking of perspective catalyst
formulations for more realistic conditions, when long catalyst lifetime is
a must. The unpromoted counterpart, although it is perfect within a
short range, loses the ability to produce CO-rich synthesis gas after some
time.

The presence and the oxidation ability of any deposited carbon was
determined by TPO measurements after the longevity tests (Fig. S2). The
TPO curve quantification revealed 0.16 wt% carbon for Niln-CeAl
sample and ten times more, 1.5 wt% carbon in the case of Ni-CeAl
catalyst. The values are not high, but still, Ni-CeAl sample deactivated
at the end of the long test and the bimetallic catalyst remained active.
The carbon deposits could fully deactivate the catalyst only if present as
(graphitic) carbon layers over the nickel particles. The oxidation of
graphitic carbon in close contact with the metal can be detected above
450-500 °C depending on the support. Ceria is a good oxidation co-
catalyst, this is why the oxidation of carbon deposited over these sam-
ples are expected to appear at lower temperatures. Indeed, the main TPO
peak shown in Fig S2 for the Ni-CeAl had two components: one with a
maximum at 465 °C and a shoulder at 570 °C. The higher temperature
definitely refers to a massive graphitic type of coke, while the one at
lower temperature may be finer, partially amorphous but in contact with
the metal particles and the support as well. The bimetallic Niln-CeAl
catalyst produced insignificant amount of deposited carbon that
appeared just above the signal noise at 650 °C suggesting some graphitic
type of carbon.

The morphology of the spent samples was further studied by TEM.
Fig. 11 a-c show the images of used Ni-CeAl. Particle size of Ni on the
support appeared to be still small, (see the TEM image in Fig. 11a),
around 7 nm. Carbon coverage around the supported Ni particles could
not be observed, although the TPO suggested two type of carbon with
different oxidation properties. Beside the catalyst grain in Fig. 11a, a
separated carbon tube with metallic Ni particle inside was also observ-
able. According to the enlarged HRTEM image in Fig. 11b, the ~39 nm
sized elongated particle is wrapped by several layers of graphitic carbon
and a long tail of multiwalled 150 nm long carbon nanotube. Such
structures were seen at other places of the TEM specimen as shown in
Fig. 11c. Thus, based on these TEM images we can conclude that particle
size sintering and carbon coverage was the cause of catalyst deactivation
in the case of unpromoted Ni-CeAl sample during the 4 day-longevity
tests. The overoxidation of Ni caused by the HyO formation could be
another reason of deactivation, because the amount of deposited carbon
was not too high, but we could not find any proof for that.

The TEM results of spent Niln-CeAl after the long test are collected in
Fig. 12a-d. The general view of this sample is again similar to that of Ni-
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CeAl catalyst, where large, aggregated Ni particles showing strong sin-
tering over the support were not seen at all. After 96 h of TOS, the Ni(In)
parts are still nicely distributed among the CeOx-Al,O3 matrix (Fig. 12a).
Carbon deposit over the catalyst aggregates was not detected, but in-
dividual thin carbon nanotubes with diameter under 20 nm were found
at a few places. Fig. 12b shows an unusual big group of such nanotubes.
These thin, fine tubes enlarged in Fig. 12.c-d contained metal particles
with spacings corresponding to Ni(111) lattice. Their Ni size was
maximum 15 nm, with an exception that is shown in Fig. 12c being
36 nm in its widest dimension. The most important observation is that
these Ni(In) particles were not completely covered by carbon layers in
contrast to the ones in Ni-CeAl catalyst: at one end they were almost free
of carbonaceous layers suggesting that they have still active sites to
carry on the reaction. This must be due to the presence of indium sites
along the Ni surface that can be partially oxidized by H>O or CO, than
reduced by Hy or CO, providing active oxygen or OH species thus
keeping Ni clean and active. The portion of indium oxide species that
was present in the mixed oxide phase in contact with the metallic par-
ticles could serve as atomic glue and prevent Ni from significant size
increase. Moreover, this surrounding In-oxide buried in the CeO,-Al,03
matrix promotes CO; activation that can again boost oxygen or OH
transport to remove surface CHy species from Ni. The little deactivation
observed must be attributed to some Ni sintering, as large Ni particles as
in Ni-CeAl catalyst were not observed. The highly positive effect of
0.25 wt% indium promotion beside the strong Ni-CeO, interaction and
the extended Ni/CeO;, interface is clearly reflected by the morphological
and catalytic stability of Niln-CeAl sample.

3.6. The influence of impregnation method on the Ni-In-CeO; interaction
in alumina matrix

Our previous publication about Ni and Niln/CeO2-Al;O3 catalysts
having the same metal loadings but prepared by deposition precipitation
method [14] reported a higher catalytic activity in the 650 °C tests but
higher coking tendency as well than what were experienced in the
present case. The largest difference between the samples of the two
synthesis (DP versus impregnation) routes was the nickel-support
interaction being much stronger in the case of impregnation. This
resulted in a NiO-(Inp03)-CeO2-Al;03 mixed oxide with a vast majority
of aluminate after calcination. TPR analysis revealed that the NiO spe-
cies were reduced to the metallic state only above 600 °C in the case of
impregnation method, regardless of whether indium promoter was
present or not. The resulting particle size was definitely lower than with
the DP method, but an exact particle size distribution could not be
determined. According to the DRIFTS results, indium was alloyed with
nickel and the bimetallic particles were partly oxidized by CO, but did

Fig. 11. Results of TEM investigations of Ni-CeAl catalyst used in the longevity DRM test. a) a representative TEM image with a catalyst grain and a carbon nanotube
with Ni particle inside; b) HRTEM image of the same single nanotube with the encapsulated large Ni particle; ¢c) TEM image of other carbon nanotubes with Ni

particles inside.
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Fig. 12. Results of TEM investigations of Niln-CeAl catalyst used in the longevity DRM test. a) a representative TEM image of a catalyst grain; b) a group of separated
thin carbon nanotubes with Ni particles inside or at the end of the tube; ¢c) HRTEM image of the same nanotubes with Ni(In) particle at the end; d) HRTEM image of

smaller Ni(In) particles inside or at the end of herringbone carbon nanotubes.

not dissociate CO - in contrast to the monometallic Ni catalyst. Due to
the extended, intimate Ni-CeO2 interface of small Ni particles and the
CeO; islands, stable activity could be achieved at 650 °C without coke
formation, but indium lowered the CH4 dissociation ability (CH4 con-
version was less). At higher temperature (675 °C), the dominance of the
promoted sample was eye-catching as it was stable and active for 4 days,
while the In-free counterpart slowly lost its catalytic activity due to
carbon coverage and sintering of nickel. The intrinsic RWGS activity of
In-containing catalyst was observed under these conditions and this is
the parameter that helps to keep nickel sites clean and available. As
during DRM reaction water is always present, it can oxidize metallic
indium (in NiIn alloy) forming InOxHy or InOy [36,37]. On the other
side, indium-oxide can be reduced by Hy [38,39] or CO [40], and on the
partially reduced sites CO, dissociation can happen [41].

The two types of catalytic experiments underscore the importance of
long-term catalyst testing and highlight the positive contribution of in-
dium in Ni-containing dry reforming catalysts. In general, higher Ni size
stability, resistance against sintering, less coke deposition are the posi-
tive effects of indium occluded inside the CeO-Al;03 matrix and alloyed
with nickel.

Based on our experience with other indium-loaded samples, the Ni-In
interaction greatly depends on the support composition. The effect
observed with mixed CeO2-AlyO3 carriers is influenced by the prepara-
tion method, i.e. by the position of the nickel particles (mainly in the
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pores or not), their dispersion and their interaction with the CeO2
component. It appears that the dual role of indium as a promoting
component in the oxide support and in the metal component is a
dynamically changing function.

4. Conclusions

In the present work, the structural and dry reforming properties of a
Ni/Ce03-Al;03 catalyst and its 0.25% In-promoted Niln/CeO2-AloO3
counterpart were investigated and compared. The catalyst synthesis was
carried out by impregnation in two steps: first, the mixed support was
prepared (commercial alumina impregnated with Ce nitrate) and
calcined, then the Ni and In precursors were co-impregnated onto the
mixed support and another calcination step was performed. The samples
were analyzed by various structural characterization methods, while the
dry reforming activity of methane was tested in a thin plug flow reactor
at 650 °C for 6 h (short tests) and at 675 °C for 4 days (longevity tests) in
a wider reactor tube, i.e., with a different catalyst bed aspect ratio, each
in conjunction with coke quantification.

TPR analysis revealed NiO species very strongly interacting with the
support that formed small metal particles upon 750 °C reduction treat-
ment, but some NiO must have remained in an oxidic state as Ni
aluminate near the support surface. The XPS results indicated that in-
dium increased the amount of metallic nickel through its close contact or
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alloy formation with Ni and decreased the surface concentration of Ce3*.
The Ni particle size of the samples was small and was still about 5 nm
after the short catalytic reactions. The formation of bimetallic Niln
particles was demonstrated by DRIFTS experiments. Some type of sur-
face segregation, likely due to partial oxidation of In, was detected by
DRIFTS-DRM and DRIFTS-CO, measurements, while CO was not disso-
ciated across the bimetallic surface according to DRIFTS-CO studies. In
the short DRM tests at 650 °C, the catalysts were very stable and
exhibited almost no surface carbon, but the activity was lower for the In-
promoted sample. Under a longer timescale at 675°C and using
different reactor geometry, the catalyst without indium exhibited a
continuous loss of activity, while the bimetallic sample lasted to the end
of the test with only a small degree of deactivation. The deactivation of
the monometallic catalyst can be explained by the moderate coking
covering the nickel sites and partly by sintering. In the bimetallic cata-
lyst, beside some sintering, the nickel could remain free of carbon and
active by the minuscule In-promotion that had such a tremendous effect.

We have already noted that such a small amount of indium must
have a significant effect when alloyed with nickel, but the chance for
such alloy formation is even smaller if indium(oxide) penetrates deeply
into the structure of the oxide matrix and is held there with a strong
interaction. However, if there is also a nickel component in the porous
structure, reduction pretreatment can cause alloy formation of both
components. The impregnation method seems to manifest this situation.
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