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ABSTRACT: Dry reforming of methane (DRM) was investigated using Ni−M oxide
catalysts prepared by solution combustion synthesis (SCS) and compared with Ni/α-
Al2O3 synthesized by impregnation. According to X-ray diffraction, fresh oxide Ni−La
and Ni−Ce catalysts displayed low crystallinity, which was improved after DRM,
accompanied by the appearance of metallic Ni. Ni−Ce−Al and Ni−La−Al catalysts
formed, respectively, CeAlO3 and LaAlO3 phases during the reaction. For studied
catalysts featuring low surface areas ranging from 3 to 12 m2/g, the average metal
particle sizes were 12−32 nm according to transmission electron microscopy, with the
particles growing larger with time-on-stream (TOS) apart from Ni−α-Al2O3. DRM tests
were conducted for different TOSs, demonstrating that the highest CH4 transformation
rate was concomitant with the highest deactivation rate during 30 min of time-on-
stream. The most stable performance in temperature stability experiments was
demonstrated by the Ni−Ce−Al catalyst, for which, similar to other catalysts, the H2/
CO ratio remained close to unity. In long-term stability tests, the Ni−Ce−Al catalyst displayed a 3.1-fold higher turnover frequency
(TOF) compared with Ni−α-Al2O3, with no significant deactivation. The TOF values were comparable to the literature, highlighting
the potential of SCS as an alternative approach for synthesis of DRM catalysts.

■ INTRODUCTION

Currently the contribution of energy produced from fossil fuels
is declining because of the more widespread utilization of
alternative energy sources. One such potential alternative
energy source is hydrogen, which can be produced from
natural gas as well as biogas and carbohydrates. Fuel cells in
particular are the most promising devices for energy and heat
generation requiring high-purity hydrogen.1

Generation of hydrogen from biogas containing methane is
viewed as a viable option, which can compete with conven-
tional technologies based on natural gas. There are three
possible technologies of methane reforming: dry reforming
(DRM), steam reforming, and partial oxidation.2 It has been
suggested in ref 3 that the most suitable process to utilize
biogas composed of CH4 and CO2 is the dry reforming
process. The reaction is highly endothermic (ΔH298 = +247
kJ/mol), producing synthesis gas with a H2/CO molar ratio
equal to 1:1.
In fact, during DRM, several side reactions (eqs 1−3) can

also occur,4 with some of them being exothermic and
proceeding at temperatures below 530 °C

+
=H

Boudouard reaction: 2CO C CO ;

172.4 kJ/mol
2

298 (1)

+ +

=H

hydrogenation of CO : CO 2H C 2H O;

90 kJ/mol
2 2 2 2

298 (2)

+ +

=H

hydrogenation of CO: CO H C H O;

131.3 kJ/mol
2 2

298 (3)

The following reactions (eqs 4 and 5) are favored at high
temperatures4

+

= +H

methane decomposition:CH C 2H ;

74.9 kJ/mol
4 2

298 (4)
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+ + = +H

reverse water gas shift(RWGS)

: CO H CO H O; 41 kJ/mol2 2 2 298
(5)

Several catalysts have been investigated in DRM comprising
supported noble5 and transition metals.6 The main benefit in
using transition-metal catalysts, such as supported Ni, is that
the metals are abundant and inexpensive. On the other hand,
especially supported nickel catalysts are prone to deactivation,
which can be mitigated at least partially by fine-tuning the
catalyst composition. For example, CeO2 and La2O3 have been
intensively tested as promoters or supports for
Ni,7−10,12−17,19,21,22 while other modifications involve the use
of encapsulated Ni nanoparticles11 or mesoporous supports for
Ni18 as well as modifications with iron.20 The main idea has
been to suppress the sintering of Ni and coking with these
methods. For example, Ni supported on halloysite clay and
promoted with Co, Ce, or La resulted in improved catalyst
stability by suppressing metal sintering during DRM.8

Ceria-promoted catalysts have been promising in DRM. An
overview of different catalysts tested in DRM is demonstrated
in Table S1. Ceria promoted 5 wt % Ni on CeO2−Al2O3 [with
the molar ratio of Ce/(Ce + Al) of 0.1, denoted as 5Ni−CeAl],
producing a CH4 conversion of 60% and CO2 conversion of
79% (Table S1, entry 1),16 and remained stable over 40 h. As a
comparison, nonreduced Ni/CeO2 (denoted as 5 wt % Ni/
CeO2-NR, where NR�nanorods) exhibited higher activity
than 5 wt % Ni/CeO2-NP (NP�nanopolyhedra) and higher
stability over 30 h. In the case of 5 wt % Ni/CeO2-NR, the
initial conversion of CH4 and CO2 was 81 and 85%,
respectively, with a H2/CO ratio of 1.1 (Table S1, entries 2,
3).17 Ce-promoted Ni-based catalysts can prevent formation of
NiAl2O4, which can otherwise decrease catalytic activity.

9 It
was shown that 3 wt % Ce on Ni/Al2O3 enhanced catalytic
activity and stability toward coke formation in methane
reforming.10 In addition, a mixed oxide Ce1−xNixO2 catalyst
exhibited high activity and strong resistance to coke
deposition,11 while Ni/Al2O3 and Ni/CeO2 catalysts deacti-
vated rapidly due to nickel sintering and coke formation.12,13

According to14, 10 wt % Ni/Al2O3 catalyst contained the
NiAl2O4 phase, while enhanced activity in DRM was obtained
for the catalyst with the addition of 5 wt % CeO2, forming
CeAlO3 and, thereby, enhancing the carbon resistance of the
catalyst. In addition, dry reforming at low temperatures has
also been investigated.15 For Ni/SiO2, the CH4 and CO2
conversions are very low and not stable, which can be
contributed to carbon formation (approximately 24%) on large
Ni0 particles. Ni−Ce/SiO2 was more active than Ni−Ce/γ-
Al2O3. The methane conversion level reached an equilibrium
(60%), while for Ni−Ce/γ-Al2O3, the CO2 conversion was
higher.
Lanthana-modified Ni/Al2O3

21 and the use of Ni/La2O3
7

have shown promising results in DRM. For example, 8 wt % La
was added to 33 wt % Ni/Al2O3, giving higher catalytic
performance and stability compared to other catalysts with
lower and higher La loadings (Table S1, entry 6).21 A
comparison of different lanthanides as a support for nickel was
performed in model biogas dry reforming at a space velocity of
200,000 mL gcat−1 h−1.7 The results showed that Ni/La2O3 and
Ni/Sm2O3 exhibited the highest conversion rates for both CH4
and CO2 reactants, and the maximum conversion values were
achieved at 750 °C (approximately 52%).23 The best

performance was observed for Ni/La2O3, in which the
LaNiO3 perovskite structure was formed.

7 Although CeO2
and PrOx possess larger redox activity and oxygen mobility, the
catalytic activity of Ni/CeO2 and Ni/PrOx catalysts was
significantly lower in comparison to that of Ni/La2O3 and Ni/
Sm2O3. It was stated in

19 that the addition of La2O3 to Ni/
Al2O3 can decrease the acidity of the catalyst and prevent the
formation of pyrolytic carbon because the basic La2O3 favored
chemisorption and dissociation of CO2 and subsequently
accelerated carbon elimination by the reverse Boudouard
reaction CO2 + C = 2CO. Another advantage of La2O3
addition was its capability to efficiently disperse Ni crystallites
in Al2O3 and prevent the growth of Ni grains at high
temperatures. Furthermore, it was reported in ref 19 that
incorporation of La2O3 and CeO2 in Ni/Al2O3 increased
conversion of CH4 and CO2, as well as the yields of H2 and
CO and their selectivity.
As a comparison, the Ni catalyst supported onto a

commercial alumina gave initial conversion values of CH4
and CO2 of 50 and 60%, respectively, decreasing thereafter,
while the H2/CO ratio remained constant for 20 h (Table S1,
entry 4).18 In contrast, the 15Ni−5Fe−30Al catalyst exhibited
good performance during DRM in spite of its high acidity.20 In
addition, even if the surface area of Ni−Fe−Al was the lowest
among other catalysts demonstrated in Table S1, it was highly
active and stable for 20 h (Table S1, entry 5).
Solution combustion synthesis (SCS) is a very simple

method allowing fast preparation of materials, which can be
used as ceramic powders for a variety of technologies,
including catalysts, gas sensors, and ceramic pigments.24 SCS
catalysts, in particular, have been applied in partial oxidation of
methane,25 DRM,26 and aqueous hydrogenation of maleic
acid.27 Metal nitrate hydrates [M(NO3)x·nH2O] are used as
oxidizers, and urea (glycine, etc.) is used as a fuel in the SCS.28

Metal nitrate hydrates and urea are mixed with deionized
water. This solution undergoes a combustion at a preignition
temperature (500 °C in the current work). SCS consists of self-
sustaining exothermic interactions between metal nitrate
hydrates and fuel that are intimately blended at the molecular
level, displaying characteristics similar to those of other
flammable systems.
The exothermic reaction of Al(NO3)3·9H2O and urea is

shown as · +

= + + +

2Al(NO ) 9H O 5CH N O

Al O 8N 5CO 28H O
3 3 2 4 2

2 3 2 2 2
As can be seen, the gas release occurs, removing nitrogen

and carbon from dinitrogen and carbon dioxide as well as
leading to the release of water. In the end, only metals in
different forms remained: oxide, alloy, spinel, and so forth.
Such a preparation method has been coined SCS. In an

alternative option (the combustion method per se), metal
nitrates, hydrates, and fuel are thoroughly stirred to obtain a
gel, which is thereafter placed into a furnace. One more
example of the combustion method is a case when the metal
nitrates and fuel are dissolved in water and stirred at 90 °C on
an electric heater and the formed gel is burnt at 500 °C or
other temperatures.
The aim of this work was to demonstrate for the first time

the activity and stability of the rare-earth element-promoted
Ni−Al catalysts prepared by the solution combustion method
in dry methane reforming. The performance of the catalysts
was evaluated with a time-on-stream (TOS) of 30−40 min at
each temperature and their thermal stability was tested in a
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stepwise manner. For some selected catalysts, long-time
stability was also investigated. Thermodynamic limitations
were investigated by taking into account the equilibrium
conversion. Several physicochemical methods including
powder X-ray diffraction (XRD), transmission electron
microscopy (TEM), temperature-programmed techniques,
scanning electron microscopy with elemental analysis
(SEM−EDX), and CHNS analysis were used to correlate
catalyst performance with their properties and to study the
coke formation in the spent catalysts.

■ EXPERIMENTAL PART
Catalyst Synthesis. The catalysts were prepared by SCS.

The necessary amounts of the metal nitrates Ni(NO3)2·6H2O,
Al(NO3)3·9H2O, La(NO3)3·6H2O, Ce(NO3)3·9H2O, and urea
were placed in a thermostable beaker and completely dissolved
in 30 mL of deionized water, which was heated beforehand to
80 °C. The beaker containing the solution was placed in a
muffle furnace preheated to 500 °C (an exception was 15Ni−
15Ce−20La, which required 550 °C). The combustion of the
solution occurred within 10−15 min, and thereafter, the beaker
was cooled to room temperature.
A monometallic Ni/α-Al2O3 catalyst was prepared by

impregnation to compare its performance with the catalysts
synthesized by SCS. The α-Al2O3 support with a grain size of
0.04−0.08 mm was obtained by the calcination of γ-Al2O3 in
the furnace at 1150 °C for 2 h.29 Thereafter, a certain amount
of Ni(NO3)2·6H2O was dissolved in water and mixed with α-
Al2O3, followed by drying at 250 °C for 1.5 h and calcination at
650 °C for 3 h. The loading amount of Ni was fixed at 12 wt %
to have a comparable metal loading.
Catalyst Characterization. The phase composition and

structure of the synthesized catalysts were characterized by
powder XRD with a DRON-4-0.7 diffractometer using CoKα
radiation in the range of 2θ = 5−100°.
Temperature-programmed reduction with hydrogen was

carried out using MicrotracBelcat II equipment. For each
analysis, ca. 100 mg of a sample was pretreated at 200 °C for 2
h with argon. Thereafter, the sample was cooled to 50 °C and
heated up to 800 °C with a temperature ramping rate of 10
°C/min under a H2/Ar atmosphere (5 vol % H2 and 95 vol %
Ar) using 1.5 and 28.5 mL/min H2 and Ar flows, respectively.
The target temperature was maintained for 20 min.
Temperature-programmed desorption (NH3-TPD) experi-

ments were carried out on the same instrument. Ca. 60−100
mg of the catalyst sample was pretreated at 500 °C for 1 h.
Thereafter, a sample was cooled to 50 °C. Ammonia was
preadsorbed at 100 °C for 30 min, and thereafter, the
physisorbed ammonia was flushed from the catalyst surface for
60 min under a helium flow. In the following step, the sample
was heated to 600 °C at a ramp rate of 10 °C/min under 1.5
mL/min of ammonia and 28.5 mL/min of helium, respectively
(5 vol % NH3 and 95 vol % He); the target temperature-
maintaining time was 20 min.
Temperature-programmed desorption was performed to

determine the concentration of basic sites using AutoChem
2010 (Micrometrics). At the first step, the catalyst with ca. 200
mg was dried at 150 °C for 30 min under He (AGA, 99.996%),
after which it was cooled to 100 °C. Subsequently, CO2
adsorbed on the catalyst surface for 30 min and was flushed
from the catalyst surface at 100 °C for 30 min. Finally, the
temperature was elevated to 700 °C at a ramp rate of 10 °C/
min.

CHNS measurements were conducted using a Thermo
Fisher Scientific Flash 2000 Organic Elemental Analyzer
equipped with a TC detector. The temperature in the furnace
was 950 °C. As standards, several organic compounds, such as
methionine, cystine, 2,5-bis(5-tert-butyl-benzoxazol-2-yl) thio-
phene, and sulfanilimide, were used.
SEM analysis was performed using a Zeiss Leo Gemini 1530

Scanning Electron Microscope equipped with a Thermo
Scientific UltraDry Silicon Drift Detector (SDD).
Thermogravimetric analysis (TGA) and differential thermal

analysis (DTA) were performed with an SDT Q600 apparatus
(TA Instruments) under a N2 or air atmosphere (flow rate 100
mL/min) and the temperature was increased to 800 °C at a
heating rate of 10 °C/min.
TEM analysis was performed with a JEOL JEM-1400Plus

instrument giving a resolution of 0.38 nm and using an
acceleration voltage of 120 kV and an OsisQuemesa 11 Mpix
bottom-mounted digital camera to investigate the metal
particle size and textural characteristics. The catalysts were
reduced using the following reduction program: 450 °C was
reached at a ramp rate of 10 °C/min and maintained as the
target temperature for 2 h. Determination of the metal particle
sizes was performed with ImageJ software.
A Micromeritics 3Flex-3500 instrument was used to evaluate

the textural properties. The moisture in the catalyst samples
was removed, and the samples (0.15 g) were degassed ex situ
under vacuum at 180 °C for 20 h. Thereafter, a sample was
pretreated in the physisorption equipment under 0.2−0.3 bar
at 180 °C for 5 h, followed by liquid nitrogen adsorption at
−196 °C and various relative pressures. The BET and DFT
methods were used to calculate the specific surface area and
pore size distribution, respectively.
Catalytic Experiments. The catalytic activity tests were

performed under atmospheric pressure, using 2 mL of a
catalyst in a fixed-bed quartz reactor (the internal reactor
diameter and the length of the catalytic bed are 20 and 5 mm,
respectively). This catalyst amount was chosen to reach such
values of conversion that would allow a meaningful
interpretation of the data. The catalyst particles were placed
on a layer of quartz wool. The catalyst performance was
evaluated based on the mass of nickel used in the experiments.
The catalyst without the inert material dilution was introduced
in the reactor to monitor catalyst deactivation within TOS (30
min and 10 and 20 h on stream), as reported in.30 A short-term
stability test was performed as follows: the temperature range
was set from room temperature to 650 °C, maintained for 2
min, and increased thereafter to 750 °C and maintained for 2
min again. At 850 °C, the holding time was 30 min. The
stability test at the temperature range of 600−900 °C was done
in steps of 50 °C that were maintained for 10 min at each step.
In addition, long-term stability tests were performed with one
catalyst at 850 °C for 7 h and continued over two additional
days for 7 and 6 h of TOS.
The model biogas mixture with a gas ratio of CH4/CO2/Ar

equal to 1:1:1 (vol) was used in DRM.31 The total flow rate of
gases was 100 mL/min, corresponding to a gas hourly space
velocity (GHSV) of 3000 h−1. The reduction was conducted
before an experiment only for 15Ni−15Ce−20La at a H2 flow
rate of 40 mL/min at 900 °C for 20 min. Thereafter, the
reactor with the catalyst was flushed with Ar at a flow rate of 70
mL/min for 30−40 min. No special activation of other Ni
catalysts, including 12% Ni/Al2O3, was done before catalytic
experiments. The gas composition of the reactants and
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products was analyzed using a gas chromatograph equipped
with a TCD (thermal conductivity detector), as described in
detail below.

Analysis. Analysis of the initial mixture and reaction
products was carried out using a chromatograph with Chromos
software. The chromatograph was equipped with packed and

Figure 1. XRD patterns of fresh and spent catalysts (TOS = 30 min): (a) 15Ni−35Ce, (b) 15Ni−15Ce−20Al, (c) 15Ni−35La, (d) 15Ni−15La−
20Al, (e) 15Ni−15Ce−20La, and (f) fresh and spent 12 wt % Ni/α-Al2O3. The spent catalysts were used in DRM for 30 min at 850 °C with a
GHSV of 3000 h−1, spent; (b) 15Ni−15Ce−20Al, (d) 15Ni−15La−20Al, and (e) 15Ni−15Ce−20La catalysts were also used in DRM in the
temperature range of 600−900 °C and back to 600 °C; (b) 15Ni−15Ce−20Al and (f) 12 wt % Ni/α-Al2O3 in a long-term experiment were used in
DRM at 850 °C for two consecutive runs with 5 h of TOS. Conditions: Vcat = 2 mL, GHSV = 3000 h−1, 100 mL/min. Explanation of phases: 1.
CeO2, 2. Ni0, 3. CeAlO3, 4. La(OH)3, 5. LaAlO3, 6. La2Ce2O7, 7.NiO, 8. α-Al2O3, and 9. CeOx (x = 1.695).
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capillary columns. CH4, CO2, and CO were analyzed with a
capillary column using a FID, while H2, oxygen, and nitrogen
were analyzed by a packed column with a TCD. The
temperature of the TCD was 200 °C, while the evaporator
temperature was set at 280 °C, and the temperature of the
column was 40 °C. The flow rate of Ar was 10 mL/min.
Definitions. Conversion of CH4 and CO2 (X), the

consumption rates (r), and the space-time yields of CO and
H2 (STY), as well as the H2/CO ratio were calculated as below
(eqs 6−13)
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F F

F

( )
100%CH

CH ,in CH ,out

CH ,in
4

4 4

4 (6)

= ×X
F F

F

( )
100%CO

CO ,in CO ,out

CO ,in
2

2 2

2 (7)

=r
F F

mCH
CH ,in CH ,out

Ni
4

4 4

(8)

=r
F F

mCO
CO ,in CHO ,out

Ni
2

2 2

(9)

=
F F

n
TOFCH

CH ,in CH ,out

Ni,exp
4

4 4

(10)

In which nNi,exp denotes the moles of the exposed metal. The
mean Ni particle size obtained from TEM was used in the
calculations.
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Fi denotes the molar flow of gas i (mol/s).
The carbon balance has been calculated, as defined in ref 32,

as follows

=
+ +

+
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The experiments were performed in the absence of external
mass transfer limitations, and the Weisz−Prater parameter φ,
calculated from

=
r r RT
p D

1obs P
2

CH eff
4 (15)

was found to be 0.14 for the long-term experiment at 850 °C
and 1 atm over the 15Ni−15Ce−20Al catalyst, indicating that
the internal mass transfer limitations can be neglected. The
following input data were used for the calculation: the binary
diffusivity for methane and carbon dioxide DAB = 1.69 × 10−4

m2/s according to the Chapman−Enskog equation33 and
Knudsen diffusivity DK = 6.90 × 10−6 m2/s for methane in the
15Ni−15Ce−20Al catalyst with a pore radius of 8.5 nm
(determined by BJH for the desorption branch of the N2
physisorption isotherm). The effective diffusion coefficient was

calculated from the Bosanquet equation to be De of 6.63 ×
10−6 m2/s. Effective diffusivity was obtained from eq 16

=D Deff e (16)

with the value for porosity divided by tortuosity equal to 0.1
giving Deff = 6.63 × 10−7 m2/s.
Methods for Thermodynamic Analysis. The equili-

brium composition of the methane dry reforming reaction
network was computed using the Gibbs reactor module
implemented in ChemCAD software.34 The nonideality of the
system was taken into account adopting the Soave−Redlich−
Kwong equation of state, as suggested in the literature.35 The
computations were conducted by fixing a total pressure of 1
bar and a feed composition of 1:1:1 CO2, CH4, and Ar.

■ RESULTS AND DISCUSSION
Characterization of Catalysts. XRD Results. The

recorded powder XRD patterns are shown in Figure 1.
Metallic Ni (henceforth Ni0) [PDF 01-071-4655] appears as
peaks at ca. 52.5, 61.4, and 92.4° 2θ in most of both fresh and
spent catalysts. Ni0 originate from the reduction of Ni2+ during
catalyst preparation36−39 and/or in the spent catalysts used for
the dry reforming process.18

The XRD profile of bimetallic 15Ni−35Al was shown in the
previous study.20 The bimetallic 15Ni−35Al exhibited only
amorphous features, while the amorphous content in 15Ni−
35Ce appears to be rather large (Figure 1a). In the latter, CeO2
[PDF 00-067-0122] could be identified as the only crystalline
phase in the fresh catalyst. The crystallinity of the catalyst
tested in DRM for 30 min of TOS at 850 °C is slightly higher,
and in addition to CeO2, crystalline Ni0 is clearly present. The
fresh 15Ni−15Ce−20Al catalyst shows a high degree of
amorphous content and very low crystallinity. The few very
weak peaks could signify the presence of the cubic phase of
CeAlO3 [PDF 00-028-0260], but no reliable analysis could be
carried out.40 The spent catalyst is equally amorphous, while
peaks of Ni0 are barely distinguishable from those in the
background. No reflexes of the CeO2 phase were distinguished
in 15Ni−15Ce−20Al.
When this catalyst was used in a long-term stability test

(Figure 1b), increasing temperature and holding for 30−40
min at each temperature, the CeAlO3 phase, with a better fit to
peaks with a tetragonal unit cell [PDF 01-081-1186] than
cubic, was formed together with Ni0, as confirmed with the
main peaks at 25, 39.2, 48.5, 56.6, and 70.9° 2θ of CeAlO3.
Formation of cerium aluminate occurred above 600 °C during
DRM. Analogously, after reduction at 850 °C, CeO2 was
reduced completely to CeAlO3.

40−42 It was reported in ref 37
that formation of Ce2O3 is possible above 800 °C, as shown in
eq 17

+ +2CeO H Ce O H O2 2 2 3 2 (17)

and CeIII oxide can further react with Al2O3 (eq 18)

+Ce O Al O 2CeAlO2 3 2 3 3 (18)

The spent 15Ni−15Ce−20Al catalyst evaluated in the
stability test at 850 °C for 10 h shows a reflex at 2θ ca.
30.5°, becoming more prominent after 20 h of TOS. This peak
could correspond to the main peak of the CeOx (x = 1.695)
phase [PDF 04-018-6657] (not listed in Figure 1). Because
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many other catalysts also display this peak, it may also arise
from Al2O3 with a low crystallinity.
The fresh catalyst 15Ni−35La exhibited a La(OH)3 phase

[PDF 01-083-4962] and Ni0. The former phase disappeared
during DRM (Figure 1c), judging from the XRD pattern of the
spent catalyst. Typically, synthesized lantana prepared from
lanthanum nitrate via, for example, the precipitation method
using ammonium hydroxide as a precipitant contains both
La2O3 and La(OH)3 after calcination at 700 °C since lantana is
hydroxylated to lanthanum hydroxide (eq 19)

+La O 3H O 2La(OH)2 3 2 3 (19)

However, in the presence of humidity43 and in the current
case, no lantana was observed. It was also reported in ref 44
that La(OH)3 is decomposed under an inert or oxygen
atmosphere to La2O3 at 800 °C, which was not observed in
this work. Analogously, the spent catalyst (30 min TOS) has at
least Ni0, while other crystalline phases were not present. For
the fresh 15Ni−15La−20Al catalyst, no significant crystalline
phases have been apparent from the XRD pattern. The few
that barely emerge from the background could correspond to
the perovskite structure of LaAlO3 at 39.0, 48.3, 56.4, 70.7, and
83.8° 2θ (Figure 1d) [PDF 01-083-4233], as also reported
in.45 This phase is more clearly present, accompanied by Ni0,
in the spent 15Ni−15La−20Al catalyst used in DRM at 850
°C for 30 min of TOS. The XRD data revealed that in the
current case, during DRM between 600 and 900 °C in the
temperature cycling experiment, the LaAlO3 phase remained
stable, while the relative amounts of the crystalline phases have
significantly increased compared to the amorphous content.
Furthermore, a qualitative comparison to the short-term DRM
test shows that the relative amounts of LaAlO3 and Ni0
remained the same. As reported in ref 46, perovskite-type
structures with the unit formula of ABO3 can be formed during
the polymeric steric entrapment method, which allows us to
prepare high-entropy alloys. In ref 47, perovskites were
prepared by the coprecipitation method at a temperature of
550 °C.
As a comparison, the fresh 15Ni−15Ce−20La contained

cubic La2Ce2O7 [PDF 01-084-4175] (or CeO2 due to their
similar unit cell dimensions) and NiO [PDF 04-006-6160],
while in the spent catalyst, the NiO phase disappeared and Ni0
appeared instead (Figure 1e). The La2Ce2O7 phase can be
formed during heating of La2O3 and CeO2 at 800 °C for
several hours,48 and thus, it is also feasible that this phase was
formed during the SCS.
In addition, a monometallic reference catalyst, 12 wt % Ni/

α-Al2O3, was analyzed by XRD. The fresh catalyst contained
mostly pure α-Al2O3 [PDF 01-075-1862], while peaks of NiO
can also be distinguished from the XRD pattern, some of them
overlapping with the peaks of the α-Al2O3 phase. In
comparison with the current work in ref 49, α-alumina was
mixed with some amounts of θ-alumina, showing the impurity
of the support. Furthermore, in ref 50, Ni was highly dispersed
in the support, and after calcination at 700 °C, Ni/γ-Al2O3
became α-Al2O3 and NiAl2O4, which was not identified in the
current case because Ni did not react with Al2O3. During
DRM, NiO was reduced to Ni0, which is difficult to determine
reliably as the peaks of α-Al2O3 and ceria overlap with the Ni0
reflexes.
XRD analyses of the fresh catalysts reduced at 850 °C is

presented in Figure S1. XRD data of the reduced catalysts
showed reflexes with high intensity, while for nonreduced

catalysts, it was difficult to visually identify any reflexes for
15Ni−15Ce−20Al and 15Ni−15La−20Al catalysts (Figure 1).
After reduction of the catalysts at 850 °C, it can be seen that
NiO in 15Ni−15Ce−20Al was not completely reduced, since
NiO species remained; however, the intensity of the NiO
reflexes is low. On the other hand, no NiO was visible in other
catalysts (Figure S1). Nonreduced 15Ni−15Ce−20La and 12
wt % Ni/α-Al2O3 catalysts (Figure 1) had small reflexes
corresponding to NiO, which was transformed to metallic Ni
after reduction. Ce- and La-aluminates CeAlO3 and LaAlO3 as
well as lanthanum cerate, La2Ce2O7, remained stable after
reduction.
SEM−EDX Results. The results from elemental analysis of

the fresh and some spent catalysts (Table S2) show that nickel
content in the bimetallic catalysts was ca. 17 wt % except in
15Ni−35Al, where it reached 42 wt %, as reported in the
previous study.20 In trimetallic catalysts, the Ni amounts varied
in the range of 24−26 wt %. The molar ratio of Ni/M (M =
Ce, La) was in the range of 1.3−1.4, while in bimetallic
catalysts, this ratio was between 0.6 and 0.8, remaining nearly
the same in the fresh and spent catalysts, even if Ni was located
on the tips of carbon nanotubes in several catalysts (see
below).
TEM Results. It was difficult to identify metal particles in the

fresh catalysts due to a low contrast (Figure 2a,b), while in the
spent catalyst with a TOS of 30 min at 850 °C, the metal
particles were clearly identified. Thus, the metal particle size
distribution was calculated only for the spent catalysts (Table
1). The smallest average metal particle size was observed in the
spent 15Ni−35Al (not shown in Table 1), while slightly larger
particle sizes were observed in the other bimetallic catalysts
containing alkali metals.20 The trimetallic catalyst 15Ni−
15Ce−20Al exhibited smaller particles in comparison to
15Ni−15La−20Al.
In the TEM images of all of the spent catalysts, the carbon

nanotubes can be easily detected. For example, carbon
nanotubes with a diameter of 70−90 nm can be found in
the current work in the spent 15Ni−15La−20Al. In ref 51,
carbon nanotubes of between 10 and 23 nm in size were found,
when the average size of Ni species was 7−8 nm. However,
after temperature cycling, the average size of the catalyst
particles was increased to 32 nm, indicating possible sintering.
As a comparison with52, graphitic coke was detected on Ni−
CeO2 catalysts after the reaction; however, in the current case,
this type of coke was not identified in the XRD pattern of
either Ni−Ce or Ni−Ce−Al catalysts. Moreover, in ref 52, Ni
species were well-dispersed on Ce−Al support. As can be seen
from Table 1, the average size of metal particles is 15 nm for
both 15Ni−35Ce and 15Ni−15Ce−20Al, which corresponds
to the literature. The average metal particle size was not
significantly affected by the temperature cycling exposure for
15Ni−15Ce−20Al. However, sintering of nickel particles
occurred for 15Ni−15Ce−20La, and the nickel particle size
increased to 32 nm.
As a comparison, two different types of Ni−Al catalysts were

investigated. One, 15Ni−35Al, was synthesized via the SCS
method, while the other one, 12 wt % Ni/α-Al2O3, was
prepared by the impregnation method. 15Ni−35Al exhibited
the smallest particle size after DRM compared to their
trimetallic counterparts (Table 1). In addition, the average
Ni particle size of 12 wt % Ni/α-Al2O3 was 9 nm for the fresh
catalyst (not shown in Table 1), while the spent catalyst has a
particle size of 15 nm, the same as 15Ni−35Ce and 15Ni−
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15Ce−20Al tested in 30 min of TOS. Small metal particle sizes
for Ni−Al catalysts have also been reported in the literature as
being in the range of 4−11 nm, with the average particle size
being 7 nm.18 In another work,45 Ni/α-Al2O3 obtained via
impregnation with the addition of carbon black in the

intermediate steps exhibited metal particles of a size in the
range of 10−25 nm. It was stated that the difference in the
particle sizes of different Ni−Al catalysts directly depends on
their surface areas. Another reason can be attributed to Ni
sintering caused by calcination of catalysts at high temper-
atures (1300 °C). However, in the current work, no sintering
was observed for 12 wt % Ni/α-Al2O3 despite using 1150 °C
for preparation of α-Al2O3.
Textural Properties. The N2 adsorption/desorption iso-

therms and pore size distributions are shown in Table 2.
According to the IUPAC classification, the isotherms of all
catalysts can be categorized as type IV with H3 hysteresis
loops, which is related to mesoporous materials with wedge-
shaped pores. The specific surface areas of the catalysts
prepared by solution combustion methods are very small and
the catalysts contain more mesopores than micropores. The
specific surface area of the spent catalysts decreased by 37−
58%, and at the same time, the ratio of microporous to
mesoporous volume decreased due to carbon accumulation.
The specific surface area of the spent catalyst 15Ni−35La was
only 42% of the fresh one, while for the other catalysts, the
corresponding levels were 50% for 15Ni−35Ce < 15Ni−
15La−20Al (60%) < 15Ni−15Ce−20Al (63%), indicating that
the latter catalyst retained the majority of its surface area.
Ammonia TPD Results. The results from ammonia TPD

showed that the highest acidity was observed in a bimetallic
15Ni−35Al catalyst, as expected due to the presence of a high
amount of alumina (Figure 3 and Table 3). The trimetallic
15Ni−15Ce−20Al exhibited 27% lower acidity than 15Ni−
15La−20Al due to its slightly higher Al content (Table S1). All
three catalysts contained more strong acid sites, that is, those
with the temperature maximum for ammonia desorption peaks
close to 600 °C. The α-Al2O3 and γ-Al2O3 supports have Lewis
acid sites determined by pyridine-FTIR.53 While Ni/α-Al2O3
could exhibit Lewis acid sites, from NH3-TPD, the amount of
NH3 desorbed from α-Al2O3 was negligible. This could be
related to a much lower surface area of α-Al2O3 compared to
that of γ-Al2O3.
Furthermore, the acid/base ratio of the Ni/α-Al2O3

(nonpromoted) catalyst was 2.63, higher than that for 3 wt
% La−20 wt % Ni/77 wt % α-Al2O3 catalyst, indicating that
there was electron deficiency at the interface of the metal and
the support.54 The type of acidity of Ni/α-Al2O3 was also
Lewis.
Results from CO2 TPD. The strength of basic sites is defined

as weak when CO2 desorption (Figure 4 and Table 4) occurs
below 200 °C, as medium when CO2 desorption occurs
between 200 and 400 °C, as strong when CO2 desorption

Figure 2. TEM images of (a)15Ni−15Ce−20Al fresh, (a1) 15Ni−
15Ce−20Al after 30 min of TOS, (a0) 15Ni−15Ce−20Al after
temperature cycling at 600−900−600 °C, (a′) 15Ni−15Ce−20Al
after 20 h of TOS, (b) 15Ni−15La−20Al fresh, (b1) 15Ni−15La−
20Al spent, (c) 15Ni−35Ce spent, (d) 15Ni−35La spent, (e) 15Ni−
15Ce−20La after temperature cycling at 600−900−600 °C, (f) 12 wt
% Ni/α-Al2O3 fresh, and (f1) 12 wt % Ni/α-Al2O3 spent. a1, b1, c1,
and d1 spent catalysts used in DRM for 30 min at 850 °C, a0 in
temperature cycling at 600−900−600 °C, a′�20 h of TOS, and f1�
10 h with a GHSV of 3000 h−1.

Table 1. TEM Analysis of the Fresh and Spent Catalystsa

catalyst spent metal particle size (nm)

15Ni−15Ce−20Al c15,d18,f23
15Ni−15La−20Al c19,d32
15Ni−15Ce−20La d26
15Ni−35Ce c15
12 wt % Ni/α-Al2O3

e15
15Ni−35La c20
15Ni−35Al b12

aThe spent catalysts were used in DRM for 30 min at 850 °C with a
GHSV of 3000 h−1. bFrom ref 20, Ni particle size. c30 min of TOS.
dTemperature cycling experiment at 600−900−600 °C. e10 h of TOS
at 850 °C. f20 h of TOS at 850 °C.
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occurs between 400 and 600 °C, and as very strong when CO2
desorption occurs above 600 °C.55
The highest basicity was recorded for 15Ni−35La, followed

by 15Ni−35Ce. The 15Ni−35La catalyst contained the
La(OH)3 phase according to XRD, and this phase has a high
concentration of medium-strength basic sites with the peak
desorption maximum at 410 °C,56 which is rather close to the
peak maximum for 15Ni−35La in the current case. For
trimetallic catalysts, 15Ni−15Ce−20Al exhibited more basic
sites at high temperature (ca. 528 °C) in comparison to 15Ni−
15La−20Al, and it was more stable in DRM. This result is in
accordance with56 where Ni/CeO2−Al2O3 exhibited more
strong basic sites in comparison to Ni/Al2O3−La2O3.
Hydrogen TPR. TPR patterns of the Ni−based catalysts are

depicted in Figure 5 and Table 5. The reduction of Ni species
starts at a higher temperature for 15Ni−35Al than for alkali-

modified Ni-catalysts. The TPR results of 15Ni−15Ce−20Al
showed that nickel species in the catalysts were reduced in the
temperature range between 300 and 400 °C.57 The first peak at
300 °C corresponds to the reduction of Ni2+ (NiO) species on
the catalyst surface, which is in line with XRD results showing
the presence of metallic nickel. The TPR peak in the
temperature range of 400−500 °C can be explained by the
reduction of NiO species strongly interacting with the support
(15Ni−15La−20Al). It should be pointed out, however, that
the presence of NiO was not visible in the current case in
XRD. In case of 15Ni−15Ce−20Al, it is also possible that
some CeO2 species are reduced on the surface to Ce3+, as
reported in37. When comparing the TPR results of 15Ni−
15Ce−20Al with its XRD results, it can, however, be seen that
the crystallinity for this catalyst is very low, thus indicating that
based on TPR and XRD results, it is difficult to clearly separate
different species.
CHNS Analysis. CHNS results of the spent catalysts used in

DRM for 30 min at 850 °C with a GHSV of 3000 h−1 show
that the normalized carbon content per mass of nickel
decreased for 15Ni−15La−20Al > 15Ni−35La >15Ni−
15Ce−20Al > 15Ni−35Ce > 15Ni−35Al (Table 6 and Figure
6). The normalized carbon content of the Ni−Ce−Al catalyst
was higher than that of Ni−Ce catalysts due to the presence of
Al and the higher acidity of the former catalyst (Table 4). The
reason is the contribution of CeO2, which enhances adsorption
of CO2 in the interfacial region and, at the same time,
decreases carbon formation.58 It has been reported in the
literature42 that Ce-promoted catalysts enhance CHx gas-
ification and formation of CO when CeO2 is reduced to
CeO2−x and thereafter reoxidized back to CeO2 in the presence
of CO2. As a comparison, CHNS analysis was also performed
for the 15Ni−15Ce−20Al catalyst used under the same
conditions for 20 h of TOS and its carbon content was 3.8-fold
that for the catalyst used only for a TOS of 30 min. Moreover,
the former catalyst exhibited a molar H/C ratio of 0.1,
indicating that the H/C ratio decreased when the catalyst was
exposed for a long TOS.
The amount of coke increased with the increasing metal

particle size of the spent catalyst, and at the same time, the
molar ratio H/C exhibited a minimum. The H/C ratio was
very low for NiLa, with relatively large metal particles. When
the H/C ratio is below 2, it indicates the presence of aromatic
coke, while a value below 1 denotes more dehydrogenated
coke.
TGA. According to TGA (Figure 6), the normalized amount

of carbon calculated per exposed catalyst decreased for 15Ni−

Table 2. Textural Properties of the Fresh and Spent Catalystsa,b

catalyst F/S SBET (m2/g) Vtot (cm3/g) Vμ (<2 nm) (cm3/g) Vm (<20 nm) (cm3/g) Vμ/Vm (-)

15Ni−15Ce−20Al F 8 0.011 0.003 0.007 0.43
15Ni−15Ce−20Al S 5 0.018 0.001 0.008 0.13
15Ni−15La−20Al F 5 0.008 0.002 0.006 0.33
15Ni−15La−20Al S 3 0.014 0 0.006 0
15Ni−35Ce F 10 0.024 0.002 0.011 0.18
15Ni−35Ce S 5 0.020 0.001 0.006 0.16
15Ni−35La F 12 0.050 0 0.004 0
15Ni−35La S 5 0.020 0.001 0.007 0.14
15Ni−35Al20 n.d n.d n.d n.d n.d n.d
15Ni−35Al20 F 8 0.014 0.004 0.011 0.33

aThe spent catalysts were used in DRM for 30 min at 850 °C with a GHSV of 3000 h−1. Notation: F, fresh; S, spent. bn.a., not available; n.d., not
determined.

Figure 3. Ammonia TPD profiles for some catalysts prepared by the
solution combustion method.

Table 3. Results from Ammonia TPD for Some Catalysts
Prepared by the Solution Combustion Methoda

catalyst
T1,max
(°C)

T2,max
(°C)

T3,max
(°C)

normalized
area/gcat

15Ni−15Ce−20Al 159 401 622 0.54
15Ni−15La−20Al 146 439 622 0.65
15Ni−35Al20 140 922 n.a 1
an.a., not available.
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15La−20Al (56 wt %/gcat) > 15Ni−15Ce−20Al (21 wt
%/gcat). The same order was observed by CHNS analysis, as
described above. The maximum of heat release observed at 575
°C pointed out on the filamentous type of coke formation
observed also over nickel catalysts supported on mixed oxides
Fe/Mg-bearing metallurgical waste59 and FeNi/H−Y-5.1.60
Furthermore, TGA of the fresh catalysts in the presence of air
revealed phase transformations for 15Ni−15Ce−20Al (5.3 wt
%) > 15Ni−15La−20Al (3.2 wt %). The weight increase in the
TGA profile is due to oxidation of metallic nickel and/or ceria
found in the spent catalyst analogously reported in61. Under
nitrogen, the weight loss for 15Ni−15La−20Al was higher at
500 °C, while oxidation of this catalyst occurred under air.

However, at 800 °C, the weight loss for this catalyst was much
smaller than that under air.

■ THERMODYNAMIC ANALYSIS
The calculated composition in terms of molar fractions is
reported in Figure 7.
As revealed, hydrogen is the main product already at

temperatures higher than 620 °C. The methane fraction is

Figure 4. Results from the CO2 TPD.

Table 4. Results from CO2 TPD

catalyst
T1,max
(°C)

T2,max
(°C)

T3,max
(°C)

normalized
area/gcat

15Ni−15Ce−20Al 101 528 n.a 0.04
15Ni−15La−20Al 115 518 n.a 0.05
15Ni−35Ce 106 508 n.a 0.07
15Ni−35La 364 509 741 1

Figure 5. Hydrogen TPR of different (a) trimetallic and (b) bimetallic catalysts.

Table 5. Results from Hydrogen TPR

catalyst
T1,max
(°C)

T2,max
(°C) T ≥ 3max (°C)

normalized
area

15Ni−15Ce−20Al 320 377 800 0.33
15Ni−15La−20Al 380 542 no 1.0
15Ni−15Ce−20La 372 527 no 0.19
15Ni−35Ce 248 340 540 0.91
15Ni−35La 194 363 397, 574, 620,

694
0.31

15Ni−35Al20 353 456 800 0.37
12 wt %
Ni−α/Al2O3

375 527 no 0.02
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decreasing with temperature, approaching full conversion. The
CO fraction becomes higher at high temperatures. The trends
are well in line with the ones reported in the literature.35

■ CATALYTIC RESULTS
Comparison of the Performance of Different Cata-

lysts. Evaluation of catalytic behavior at short TOSs (TOS =
30 min) of different catalysts in DRM was done at 850 °C.
Data on hydrogen consumption in TPR and normalized
carbon formation in the spent catalysts, plotted as a function of
methane and CO2 transformation rates, are shown in Figure 8
and Table 7. The methane and CO2 transformation rates
calculated per gram of nickel decreased as follows: 15Ni−
15La−20Al > 15Ni−15Ce−20Al > 15Ni−35La >15Ni−35Ce
> 15Ni−35Al. The high activity for 15Ni−15La−20Al can be
explained by its high hydrogen consumption in TPR.62 This

catalyst also exhibited the highest amount of coke calculated
per exposed Ni.
The amount of formed coke correlated well with the

methane transformation rate for all other catalysts except
15Ni−35Ce, as described in the section on TGA. Furthermore,
the highest carbon formation was observed in 15Ni−15La−
20Al, featuring, according to XRD, La(OH)3 not being stable
during DRM. Analogously to the current case with the La-

Table 6. Normalized Carbon Content Determined from
CHNS Analysis from the Spent Catalysts Used in DRM at
850 °C for 30 min of TOS

catalyst
normalized carbon content

(wt %)/gNi
H/C molar
ratio

15Ni−15Ce−20Al 0.38 0.22
15Ni−15La−20Al 1.0 0.13
15Ni−35Ce 0.39 0.23
15Ni−35La 0.61 0.25
15Ni−35Al20 0.12 0.26

Figure 6. Mass of the catalyst and heat release as a function of temperature during TGA for (a,b) 15Ni−15Ce−20Al and (c,d) 15Ni−15La−20Al
catalysts. Conditions: to 800 °C with 10 °C/min in 100 mL/min of gas flow. Legend: fresh catalyst in N2 flow (dot−dot line), fresh catalyst in air
flow (solid line), and spent catalyst in air flow (dash−dash line). The spent catalysts were used at 850 °C in DRM for 30 min of TOS.

Figure 7. Equilibrium composition of the reaction mixture as a
function of temperature.
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modified catalyst containing more carbon than the correspond-
ing Ce-modified catalysts 15Ni−15Ce−20Al, the La-modified
Ni−halloysite catalyst showed higher coking than Ce−Ni
halloysite.8 In the current case, the Ce-modified catalyst
exhibited a molar ratio of Ni/Ce of 1.35 (Table S1), while no
coking was observed in ref 16 with the spent Ni−Ce−alumina
catalyst, with a Ni/Ce molar ratio of 1.6 and a nickel particle
size of 10 nm after DRM at 800 °C.
The bimetallic 15Ni−35Al catalyst displayed the slowest

methane transformation rate (Figure 8a) due to the strong
interactions of Ni with the support, resulting in low reducibility
of the nickel (Figure 5).

The Ni−Ce catalyst exhibited the second slowest methane
transformation rate despite its easy reducibility at a low
temperature (Figure 5) and exhibited high hydrogen
consumption in TPR (Table 5). The amount of coke per
nickel was low as, most probably, the presence of the CeO2
phase (Figure 1a) aided in coke suppression (see section TGA
Analysis). On the other hand, its trimetallic counterpart,
15Ni−15Ce−20Al with a low crystallinity (Figure 1b), was less
reducible than 15Ni−35Ce (Table 5), nevertheless exhibiting a
slightly higher methane transformation even with a low acidity.
For the other lanthanum catalyst, the bimetallic 15Ni−35La
was rather active in DRM (Table 7) although it was not stable

Figure 8. (a) Relative consumed hydrogen from TPR and normalized amount of coke and (b) relative acidity/basicity as a function of the methane
transformation rate at 850 °C after 30 min of TOS in DRM, (c) initial TOF calculated from methane transformation as a function of relative
hydrogen consumption in TPR, and (d) average Ni particle size. Notation: 1. 15Ni−35Al, 2. 15Ni−35Ce, 3. 15Ni−35La, 4. 15Ni−15Ce−20Al,
and 5. 15Ni−15La−20Al.Conditions: CH4/CO2/Ar = 1:1:1, 850 °C, 30 min of TOS, GHSV = 3000 h−1, 2 mL of catalyst, and a gas flow rate of
100 mL/min.

Table 7. Methane and CO2 Transformation Rates, Initial TOF Calculated from Methane Conversion, STYs, H2/CO Ratio,
Carbon Balance, and Deactivation Rate from the Short-term DRM (TOS = 30 min) at 850 °C

catalyst
rCHd4

(mol/gNi/s)
rCOd2

(mol/gNi/s)
TOFCHd4

(s−1) rate /rateCH CO4 2

STYHd2

(mol/gNi/s)
STYCO

(mol/gNi/s)
CB
(%)

deactivation
rate %/min/gcat

a H2/CO

15Ni−15Ce−20Al 2.6 × 10−4 2.1 × 10−4 0.23 1.3 4.5 × 10−4 3.0 × 10−4 67 0 1.5
15Ni−15La−20Al 2.9 × 10−4 2.6 × 10−4 0.34 1.1 5.6 × 10−4 4.0 × 10−4 79 0.20 1.4
15Ni−35Ce 2.1 × 10−4 1.7 × 10−4 0.18 1.2 3.8 × 10−4 2.4 × 10−4 68 0.1 1.6
15Ni−35La 2.2 × 10−4 1.9 × 10−4 0.25 1.2 4.0 × 10−4 2.7 × 10−4 70 0.005 1.5
15Ni−35Al 0.75 × 10−4 0.70 × 10−4 0.05 1.1 1.5 × 10−4 1.0 × 10−4 74 0.03 1.5
aDeactivation rate is calculated during the decrease in CH4 conversion per time and mass of the catalyst.
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during DRM at 850 °C, as can be concluded from Figure 1c.
The La(OH)3 phase, confirmed by XRD, decomposed during
DRM, and the area of metallic nickel also decreased. Although
it was easily reduced already at a low temperature, the
reducibility of 15Ni−35La was low and comparable with that
of 15Ni−35Al. The 15Ni−35La catalyst was also the most
basic, which, however, did not suppress the coke formation
significantly (Figure 2c).
Initial turnover frequencies (TOFs) calculated from

methane transformation for different catalysts did not correlate
with relative hydrogen consumption (Figure 9c). However,
TOFs were increasing with increasing metal particle size and
reaching the maximum for 15Ni−15La−20Al, while for 20 nm
Ni particles observed in 15Ni−35La, the TOF value dropped.
In addition, structure sensitivity for methane transformation
was also observed, where a volcano-type curve to the methane
turnover frequency was obtained with increasing Ni particle
size.63

The deactivation rate was the highest for 15Ni−15La−20Al
(Table 7), which contained the second-largest metal particle in
the spent catalyst (Figure 9b and Table 2). The normalized
carbon content per exposed amount of nickel increased with
increasing nickel particle size in the spent catalyst, except for
15Ni−35La (Figure 9b). Analogous results showing high coke
formation with large Ni particles for Ni supported on the silica
catalyst in steam reforming of methane at 800 °C were
obtained in refs 63 and 64 as well as in DRM over Ni−CeO2
modified with different metals.65 Also, in DRM, more coke was
formed over larger Ni particles.37 It should be pointed out here
that the direct comparison between Ni particle size and coking
of five different catalysts in this study is not fully
straightforward because the support is not the same for these
catalysts with different metal particle sizes. The TEM image of
the spent 15Ni−15La−20Al revealed that nickel is encapsu-
lated into the carbon nanofiber opposite for 15Ni−15Ce−20Al
(Figure 1). Analogously, Ni particles were trapped into
filaments during DRM for 8 wt % Ni−Al−La.66 Over the
15Ni−15La−20Al catalyst, the CO2 conversion rate was 2.9 ×

10−4 mol/gNi/s, while methane conversion was 2.6 × 10−4

mol/gNi/s due to the presence of La giving basicity to the
catalyst (Table 3). In the current case, this catalyst had a Ni/Al
molar ratio of 0.85 (Table S2) and contained perovskite-type
mixed La−Ni−Al oxide (Figure 1). This ratio is quite high
when compared to67, when the optimal molar ratio of Ni/Al
was 0.42 in LaNixAl1−xO3 in DRM at 800 °C, giving the
highest conversion and good stability of the catalyst.
A stable performance and constant CH4 and CO2

conversion were obtained over 15Ni−15Ce−20Al (Table 7).
This catalyst and 15Ni−35Ce exhibited the smallest metal
particle size after TOS for 30 min among the studied catalysts.
The high metal dispersion and a small size of Ni−NPs (15 nm)
minimized the coke formation during DRM, maintaining stable
catalytic activity for prolonged periods,68 mostly related to the
presence of Ni−CeO2. Furthermore, the amount of strong
basic sites was higher in 15Ni−15Ce−20Al than in 15Ni−
15La−20Al, which according to55, increases catalyst stability.
However, despite a stable performance of 15Ni−15Ce−20Al,
it accumulated the third-highest amount of carbon deposits per
Ni after 30 min of TOS, as confirmed by CHNS (Table 7).
Based on XRD, the original phases CeO2 and Ni0 remained the
same, although the crystallinity of the catalyst was low (Figure
1). It can, however, be observed from Figure 1a that Ni0
particles are located on the tips of carbon nanofibers and
exhibit still activity as reported in69. According to55, CeO2 can
enable Ni-based catalysts to enhance CO2 activation according
to Ce2O3 + CO2 → 2CeO2 + CO. In the current case, Ce2O3
was not identified in the XRD pattern of the 15Ni−15Ce−
20Al catalyst tested in DRM at 850 °C for 30 min of TOS.
This phase was, however, formed in the long-term exposure of
the catalyst at a high temperature (Figure 1).
The H2/CO ratio is an important descriptor of DRM, being

equal to unity for the stoichiometric reaction. The H2/CO
ratio above unity demonstrates the excess of H2 production
and CH4 decomposition occurring during DRM for 30 min of
TOS. In the current case, the H2/CO ratio varied in the range
of 1.4−1.6, with the lowest one obtained for 15Ni−15La−

Figure 9. (a) Deactivation rate as a function of methane transformation at 850 °C after 30 min of TOS in DRM. (b) Normalized carbon content in
the spent catalyst as a function of Ni particle size in the spent catalyst. Notation: 1. 15Ni−35Al, 2. 15Ni−35Ce, 3. 15Ni−35La, 4. 15Ni−15Ce−
20Al, and 5. 15Ni−15La−20Al. Conditions: CH4/CO2/Ar = 1:1:1, 850 °C, 30 min of TOS, GHSV = 3000 h−1, 2 mL of catalyst, and a gas flow rate
of 100 mL/min.
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20Al, while for, for example, 15Ni−15Ce−20Al, this ratio was
1.5. When comparing the results with the literature,64 the Ni−
Al2O3−CeO2 catalyst prepared by the sol−gel method with a
Ni/Ce molar ratio of 3.4 gave a H2/CO ratio close to unity in
DRM at 850 °C, while its counterpart prepared by the
impregnation method resulted in a H2/CO ratio of 0.8. In the
current case, 15Ni−15Ce−20Al contained Ni/Ce with a molar
ratio of 1.35. Thus, it can be concluded that the catalyst
preparation method resulting in close interactions between

metals and an optimized Ni/Ce molar ratio has a large impact
on DRM.
Effect of Temperature Cycling in DRM over Trime-

tallic Ni−Al-Based Catalysts. The effect of temperature
cycling was studied for both Ni−Ce−Al and Ni−La−Al
catalysts by increasing the temperature after 10−15 min of
TOS from 600 to 900 °C with a step of 50 °C and returning
back to 600 °C (Figure 10). Over the Ni−Ce−Al catalyst, the
transformation rate of methane was 21% higher than the CO2

Figure 10. Experimental data on temperature-dependent DRM on nickel alumina catalysts: (a,c) rate for methane and CO2 transformation and
carbon balance and (b,d) space-time yields (STYs) of H2 and CO and the H2/CO ratio in dry methane reforming in the temperature range of
600−900 °C and return to 600 °C. Conditions: Vcat = 2 mL, GHSV = 3000 h−1, 100 mL/min. Catalysts: (a,b) 15Ni−15Ce−20Al, (c,d) 15Ni−
15La−20Al, and (e,f) 15Ni−15Ce−20La. Notation: 1. 600, 2. 650 °C, second day 3. 700, 4. 750, 5. 800, 6. 850, 7. 900, and 8. 600 °C.
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transformation rate at 600 °C. The catalyst retained its activity
because the transformation rates of CH4 and CO2 were also 21
and 20% at 600 °C at the end of the reaction (Table 8).
Although the carbon balance decreased initially from close to
100 to 66 and 78% for Ni−Ce−Al and Ni−La−Al,
respectively, at 600 °C, the full carbon balance was recovered.
15Ni−15Ce−20Al exhibited initially at 600 °Ca higher

methane transformation activity and a lower CO2 trans-
formation rate than 15Ni−15La−20Al, while at 800 °C, the
activity for both transformations over 15Ni−15Ce−20Al was
lower than that for 15Ni−15La−20Al. The initial TOFs for
methane transformation decreased for the trimetallic catalysts
as follows: 15Ni−15La−20Al > 15Ni−15Ce−20Al > 15Ni−
15Ce−20La, which correlated well with the hydrogen
consumption in TPR (Table 5).
The space-time yields for H2 and CO were higher for the

15Ni−15La−20Al catalyst than for 15Ni−15Ce−20Al. Inter-
estingly, the H2/CO ratio at 800 °C was close to unity,
opposite to the results obtained at 850 °C. These results might
be due to the formation of CeAlO3 and LaAlO3 (Figure 1),
respectively, when the catalysts were treated with a stepwise
temperature increase. On the other hand, heating up the
15Ni−15Ce−20Al and 15Ni−15La−20Al catalysts for a short
time up to 850 °C did not promote these phase trans-
formations. The activation energies for the methane trans-
formation calculated using the Arrhenius equation were in the
range of 36−37 kJ/mol, which are close to the values of 32−56
kJ/mol reported in the literature for Ni-based catalysts.45,57,70

According to the literature,37 the presence of CeAlO3 limits
the formation of graphitic carbon; subsequently, the stable
performance of 15Ni−15Ce−20Al can be related to the
formation of this phase during DRM in the temperature
cycling experiments. It was also suggested40 that CeAlO3 can
react with CO2 during DRM as follows (eq 20)

+ + +2CeAlO CO Al O 2CeO CO3 2 2 3 2 (20)

Analogously low carbon accumulation was observed in DRM
at 800 °C for 10 wt % Ni supported on Ce−AlO43 with a
molar ratio of Ni/Ce equal to 2. During catalyst reduction at
900 °C, the CeAlO3 phase was already formed, while reduction
with hydrogen at 800 °C was not enough. Furthermore, when
the catalyst reduced at 800 °C was tested in DRM at 800 °C
for 18 h, the CeAlO3 phase was formed. In the current case,
CeAlO3 was formed during DRM in the temperature cycling
experiment as well as in the long-term experiment when the
molar ratio of Ni/Ce was 1.35. As a comparison, the rates for
methane and CO2 transformations over 15Ni−15Ce−20La at
600 °C are only 68 and 70% (Figure 10e,f and Table 8),
respectively, of those reported for 15Ni−15Ce−20Al. This
result correlates well with the low hydrogen consumption
determined for 15Ni−15Ce−20La (Table 6). In addition, after
DRM in the temperature cycling experiment, large metal
particles were observed in TEM images (Table 1 and Figure
2e), showing clearly that the performance of this catalyst was
not comparable with the performance at 15Ni−15Ce−20Al,
while it was stated in71 that the La2O3−La2Ce2O7 mixture is
beneficial in DRM, hindering carbon formation; however, in
the current case, no La2O3 phase was observed.
The H2/CO ratio for 15Ni−15Ce−20Al varied in the range

of 1.0−1.4 with TOS, while for 15Ni−15La−20Al, it was in the
range of 0.9−1.2. Formation of the perovskite-type LaAlO3 is
thus promising as it can serve as a support for the DRM
catalyst, as also reported for Ni of ca. 21 nm size supported on T
ab
le
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ceria and lantana alumina catalysts.42 It is reported in ref 72
that the H2/CO ratio was ca. 1.2 over Ni/LaAlO3 during DRM
at 700 °C using a GHSV of 18 L/(g·h) at a TOS of 10 h. This
H2/CO value is the same as in the current case over 15Ni−
15La−20Al at 700 °C. Thermodynamic analysis in ref 73 gave
a H2/CO ratio of ca. 1.1 at 800 °C, close to those obtained in
the current work. The H2/CO ratio’s decrease to 0.8 at the end
of the experiment at 600 °C is due to a higher CO2 conversion
at 900 °C in comparison to CH4 conversion. Higher CO2
conversion indicates the RWGS reaction to occur, which
consumes more hydrogen, yielding a lower H2/CO ratio as a
consequence. The equilibrium H2/CO ratio at 600 °C is ca.
3.60

Long-Time Stability. Due to the relatively better perform-
ance of the 15Ni−15Ce−20Al catalyst, its long-term stability
was further elucidated at 850 °C using a GHSV of 3000 h−1 for
a longer time of 7 h and continuing the experiment on the next
day for 7 h and onto the third day for 6 h with the same
catalyst. The results showed that the methane transformation

rate was ca. 40% higher than that for CO2, being stable for 14 h
(Figure 11a). At the same time, the carbon balance was ca.
75%. The H2/CO ratio varied in the range of 1.0−1.2, which is
very good.
Furthermore, when comparing the carbon accumulation rate

determined from CHNS analysis for 15Ni−15Ce−20Al
catalysts for TOSs of 0.5 and 20 h, respectively, the rates
were 13.8 and 1.3 wt %/h, indicating that carbon accumulation
was initially more than 10-fold higher than with a longer TOS.
This result is explained by adsorption of filamentous coke,
which is deposited both on the metal and acidic sites, being
available at the beginning of the reaction. The temperature of
filamentous coke formation was discussed in conjunction with
TGA.74

As a comparison, the performance of Ni/α-Al2O3 remained
stable for 10 h of TOS (Figure 12). The deactivation rate
calculated from methane transformation was zero for both Ni/
α-Al2O3 and 15Ni−15Ce−20Al during 10 h of TOS (Table 9),
while for 20 h of TOS, it was 0.04%/min. The higher

Figure 11. Long-term TOS performance of 15Ni−15Ce−20Al at 850 °C, (a) transformation rates for methane and CO2 and carbon balance, and
(b) space-time yields of CO and H2 and the H2/CO ratio. Conditions: Vcat = 2 mL, GHSV = 3000 h−1, 100 mL/min. Notation: 1. first experiment
was performed for 7 h of TOS, followed by two more days with TOSs of 7 h (second day) and 6 h (third day).

Figure 12. Long-term TOS performance of 12Ni−α-Al2O3 at 850 °C, (a) transformation rates for methane and CO2 and carbon balance, and (b)
space-time yields of CO and H2 and the H2/CO ratio. Conditions: Vcat = 2 mL, GHSV = 3000 h−1, 100 mL/min. Notation: 1. first experiment was
performed for 5 h of TOS, followed by two more days with a TOS of 5 h (second day).
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deactivation rate observed after 10 h of TOS in the long-term
experiment can be due to partial transformation of CeAlO3 to
CeO2, as suggested by the potential CeO2 phase observed in
the XRD (Figure 2). This phase is formed in a reducing
atmosphere at high temperature when CeO2 reacts with Al2O3
to form the CeAlO3 phase, according to eqs 17 and 18. It was
also stated in ref 37 that CeAlO3 could react with CO2 to form
CO and CeO2 (eq 20), and thereafter, CeO2 can oxidize the
CHx species located at the Ni-support boundary, restoring the
CeAlO3 sites (eq 21)

+ + + + xAl O 2CeO CH CO 2CeAlO ( /2)H2 3 2 x 3 2
(21)

In the current case, no CeO2 phase was observed in the
spent catalyst after 10 h of TOS, while after 10 h of TOS, the
CeAlO3 phase appears to be partially oxidized to CeO2 (eq
22). It was also stated that methane decomposition occurring
on active metal sites is followed by a reaction with the surface
CO2 species or the adsorbed oxygen atoms derived from CO2
is involved in one of them

+ + *CO CO O2 (22)

where * denotes a metallic nickel active site or an oxygen
vacancy over ceria, while O* means adsorbed oxygen species
over nickel or an occupied oxygen vacancy.42

The deactivation rate for Ni−Ce−Al reported in the
literature37 was of an analogous extent, although the
corresponding experiment was performed at 750 °C. Thus, it
can be concluded that performance of 15Ni−15Ce−20Al was
comparable to that of Ni/α-Al2O3 for 10 h of TOS at 850 °C
in DRM.
The long-term stability of 15Ni−15Ce−20Al was compared

with the performance of 12 wt % Ni/α-Al2O3 (Table 9). The
results showed that the methane transformation rate was 1.3
and 1.1-fold higher than the CO transformation rate for 15Ni−
15Ce−20Al and 12 wt % Ni/α-Al2O3, respectively. Further-
more, the performance of the trimetallic catalyst was better
than that obtained for 12 wt % Ni/α-Al2O3, that is, the
methane transformation rate for the former catalyst was 1.8-
fold that for 12 wt % Ni/α-Al2O3. When STY yields calculated
per mass of Ni were compared, the trimetallic catalyst was also
more active. The H2/CO ratio was slightly higher for the
trimetallic catalyst compared to that for 12 wt % Ni/α-Al2O3.
Both catalysts, however, remained stable during the DRM and
no deactivation calculated from the methane transformation
rate was observed despite coking. As a comparison with the
literature,37 DRM was performed over 9 wt % Ni−Ce−Al2O3
catalyst with a Ni/Ce molar ratio of 1.5 prepared by the
coprecipitation method. The space-time yield of hydrogen at
800 °C was 16 s−1 calculated per mole of active nickel on the
surface. Also noteworthy is the fact that Ni−Ce−Al2O3 gave a
H2/CO ratio of 0.88, which differs from the current results. It
was, however, pointed out in ref 37 that the reverse water gas
shift reaction is more prominent at the lower temperature
range of 700−850 °C and the highest reaction temperature in
ref 31 was 800 °C, while in the current case, it was 850 °C.
As shown in Table 10, the performance of 15Ni−15Ce−

20Al was compared with other catalysts reported in the
literature, showing conversion and initial turnover frequencies
calculated as moles of methane reacted per moles of exposed
Ni surface divided by time. The conversion levels over 15Ni−
15Ce−20Al for methane and CO2 were 45 and 70% of those
obtained for 12.2 wt % Ni−α-Al2O3 (Table 10). It should,T
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however, be kept in mind that the catalyst volume was the
same in these experiments, but masses varied. The higher
conversion was obtained over 12.2 wt % Ni−α-Al2O3, for
which the conversion levels were nearly the same as those
obtained at thermodynamic equilibrium (Figure 7). Methane
conversion at thermodynamic equilibrium at 850 °C is ca. 98%,
while that at CO2 is slightly lower, being ca. 90%.
Furthermore, TOFs which take into account exposed surface

moles of nickel were close to the results obtained in75,76, which
demonstrated a high performance of catalysts in DRM. In the
current case, relatively large metal particle sizes varying
between 12 and 23 nm (Table 1) were observed, most
probably due to low specific surface areas of the catalysts
prepared by the solution combustion method. However, TOFs
are still in the same order of magnitude as reported earlier.76,77

On the other hand, TOF values calculated in ref 77 were much
higher than that of other catalysts demonstrated in Table 10.
Overall, it can be stated that the obtained results were
comparable to those obtained with 12 wt % Ni/α-Al2O3, which
is important from a practical point of view for industrial
application.

■ CONCLUSIONS
Several bi- and trimetallic Ce−Al oxide catalysts were prepared
by the solution combustion method, characterized by various
physicochemical methods, and tested in DRM. The surface
areas of the prepared catalyst were in the range of 3−12 m2/g,
which is typical for this type of catalyst. The metal particle sizes
varied between 12 and 26 nm, and the largest metal particle
sizes of the spent catalysts were observed for the Ni−Ce−La
catalyst, indicating that the presence of Al can suppress
sintering. The most acidic catalyst was the monometallic
reference catalyst Ni−α-Al2O3, with a large aluminum content,
while lower acidities were observed for trimetallic Ni−Ce−Al
and Ni−La−Al catalysts. On the other hand, the most basic
catalyst was Ni−La, while very low basicity was recorded for
the trimetallic counterparts Ni−Ce−Al and Ni−La−Al. XRD
results of the fresh and spent catalysts revealed that bimetallic
Ni−La and Ni−Ce catalysts exhibited low crystallinity
analogously to the fresh trimetallic catalysts. On the other
hand, the crystallinity of the trimetallic catalysts increased with
the increase in the severity during DRM, and at the same time,
metallic Ni appeared during DRM. CeAlO3 and LaAlO3 phases
were formed during DRM in Ni−Ce−Al and Ni−La−Al
catalysts, respectively, which might facilitate better stability of
the catalyst.
In the preliminary catalyst testing, short-term tests with 30

min TOS at 850 °C were performed, and methane trans-
formation was observed to be structure-sensitive. The highest
methane transformation rate also promoted the highest catalyst
deactivation rate. Based on the initial catalyst screening,

temperature stability for trimetallic Ni−Ce−Al, Ni−La−Al,
and Ni−Ce−La was investigated via cycling the temperature
during DRM from 600 to 700 to 800 to 900 °C and back to
600 °C. The results showed that the most stable performance
was observed for Ni−Ce−Al, while both Ni−Ce−La and Ni−
La−Al gave lower methane transformation rates when
returning the temperature back to 600 °C. For all these
catalysts, the H2/CO ratio was, however, close to 1.0−1.1.
Long-term stability tests for Ni−Ce−Al and Ni−α-Al2O3

catalysts showed that the former catalyst exhibited 3.1-fold
higher TOF than the latter reference catalyst, and no
measurable deactivation was observed during long-term tests
for both catalysts. TOF values were also in the same order of
magnitude as compared with literature data, indicating that the
solution combustion method is a promising alternative for
DRM reaction.
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