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Cobalt-based catalysts containing Ce, La and Al were prepared via solution combustion synthesis (SCS)
and used in dry reforming of methane (DRM). Combustion temperature for the highest active 20Co-
10La—-20Al catalyst measured during the combustion process was 861 °C, explaining the formation
of CoAl,O4, which was active for DRM in the present work. No graphite structure was defined from the
XRD pattern and TPO profiles of the spent Co—La—Al catalyst, while other catalysts contained this phase.
In addition, only 10 wt% of carbon was identified in Co—La—-Al, according to CHNS results. All catalysts
were well dispersed, and the metal particle size varied between 19 and 28 nm. TPR analyses showed that
doping of rare-earth metals leads to easier reduction due to oxygen vacancies, which suppress coking.
The highest CH,4 transformation rate and space-time yield of hydrogen were observed for CoLaAl, which
exhibited a metal particle size of 23 nm, giving the lowest carbon content in the spent catalysts after
temperature cycling experiments in DRM. This catalyst containing metallic cobalt and an active CoAlL,O4
spinel demonstrated stable formation of hydrogen and CO during 50 h time-on-stream. The spinel
phase was, however, decomposed during the DRM. The best catalyst also contained a perovskite-type
mixed oxide, LaCo,Al;_,O3, which was already formed during synthesis through an SCS method. This
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1. Introduction

The use of environmentally friendly harmless fuels (electrical
energy, hydrogen, etc.) is growing annually, which has a positive
effect on the environment. However, it is still impossible to
avoid the use of fossil fuels, and consequently, the emission of
harmful gases into the atmosphere has negative impacts on the
environment. These harmful gases can also be converted into
harmless ones by producing hydrogen from biogas, natural gas
and carbohydrates, which can serve as an alternative fuel
source. Fuel cells are considered one of the most promising
materials for producing energy and heat." Greenhouse gases
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phase was not, however, stable in long-term experiments.

emitted in large quantities into the atmosphere are carbon
dioxide and methane. Ironically, on the economic side, these
gases are of high value in the chemical field owing to their
availability and carbon base.” They can be used to generate
hydrogen through a technology competitive to traditional ones
based on natural gases.

Three methods of methane reforming, namely, dry reforming
of methane (DRM), steam reforming of methane (SRM) and partial
oxidation of methane (POM), are known. There are also options to
combine dry reforming with steam reforming or even all three
reactions in the so-called tri-reforming of methane.

DRM is a more ecologically friendly process, whereas POM
requires heat-dissipating elements because of its high exothermi-
city. As for SRM, this process involves additional requirements
such as water evaporation, as well as additional costs.® Moreover,
for the utilization of biogas containing CH, and CO,, dry
reforming is considered the most efficient method and is pre-
sented as CH4 + CO; < 2Hy +2CO  (AHSg =
247 kJ mol~!).* It is seen from this equation that DRM is an
endothermic reaction. However, side reactions occurring at

follows:
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temperatures below 530 °C during this process are exothermic
and presented as eqn (1)-(3):°

Boudouard reaction: 2CO < C + CO»;

AHj3q = —172.4 kJ mol ™" o
Hydrogenation of CO,: CO; 4 2H; < C + 2H,0

AHSy = —90 kJ mol ™! @

Hydrogenation of CO: CO + H; <« C 4+ H,0O -

3

AH3g = —131.3 kJ mol ™

The methane decomposition (eqn (4)) and reverse water-gas
shift (eqn (5)) reactions occur at high temperatures as follows:

CH; < C+2H, AHj = +74.9 kJ mol™! (4)

CO, +H, «» CO +2H,0 AHS5 = +41 kImol™'  (5)

From the point of view of long-term development, the combined
utilization of methane and carbon dioxide is a feasible way.*” Dry
reforming of methane can assist in achieving reasonable control of
greenhouse gas emissions.® It is important to recycle greenhouse
gases and produce synthesis gases via a DRM reaction.” In addition,
since the ratio of hydrogen to carbon monoxide is 1/1, the synthesis
gas obtained from DRM can be used in the Fischer-Tropsch
synthesis, which has extensive applications in the production of
value-added chemicals and oxygen-containing fuels.'®™" Further-
more, the exceptional stability of the C-O and C-H bonds originat-
ing from sp hybridization and the saturated alkane character of CO,
and CH, respectively, require extremely high temperatures."

Noble metals such as Pt, Rh, and Ru have been used as catalysts
for the DRM because of their excellent reactivity and anti-coking
property."*'* However, these metals are expensive and less abun-
dant and are therefore not the most suitable for commercial
applications. More affordable transition metals such as Ni and
Co have been studied as alternative catalysts for DRM. Because of
their low cost and high catalytic activity, many studies on Ni-based
catalytic systems for the DRM have been conducted.">° However,
under severe reaction conditions, these systems are prone to
deactivation by carbon deposition. Furthermore, while being sus-
ceptible to deactivation due to the oxidation of the active metals,
Co-based reforming catalysts have exhibited better resistance
against carbon deposition than Ni-based catalysts.*"**

The addition of other metals, as well as forming alloys, can
increase the catalytic activity and stability. To improve the

Table 1 Results from DRM over Co catalysts
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adsorption of CO,, one way is to increase the alkalinity of the
support. Metal lanthanides are able to accumulate oxygen and
increase CO, adsorption due to their alkaline properties.?® In
DRM reactions, an increase in catalytic resistance to carbon
deposition can be achieved using La,Os;, which also has alka-
line properties and a high ability to accumulate oxygen.>* It has
also been reported that metal dispersion of Co-based catalysts
has been improved by La addition.>®

Studies on Ni and Co-based catalysts capable of accumulating
and transferring oxygen demonstrate an increase in -catalytic
activity, which was also established in the modification of Ni with
Ce0,.”° Ce has the property of removing carbon because it parti-
cipates in accelerating the dissociative adsorption of CO,.*”°

Several different Co-catalysts have been used in DRM
(Table 1). It was reported that Co;,/SBA-15 exhibited the highest
methane conversion of 100% at 800 °C among all catalysts
presented in Table 1, indicating that monometallic Co supported
on a good support can be active in DRM. However, CO, conver-
sion was only 80%.'° A CO, conversion value of 90% was
observed for 7.5 wt% Co/CeO, catalysts.””> An interesting result
was reported earlier’® for a Col0Y-U catalyst prepared by a
sonochemical method using ultrasound. This catalyst exhibited
good activity at 800 °C for 10 h. The addition of Zn as a promoter
did not enhance the catalytic activity, leading, however, to
deactivation during 10 h of TOS. Similar deactivation was
observed for Co10Y-U. Moreover, even after regeneration with a
CO,/Ar mixture, for 5 wt% CoZn(2)/ZrO,, the conversion was still
decreasing. For both catalysts, the H,/CO ratio was lower than
unity.* This indicates a high rate of reverse water-gas shift
reaction. It was found that 10 wt% Ni/CeZrO, showed a lower
methane conversion rate than that of the Zn-modified catalyst;
however, CO, conversion for this sample was the lowest.>'”**

Solution combustion synthesis is a promising method of
catalyst preparation enabling the generation of finely dispersed
materials. These features can reduce hot spot formation and
enhance heat and mass transfer.”® The fuel-to-oxidant ratio
influences the combustion process, for example, when this
ratio is equal to unity, flaming is intensive increasing the
combustion temperature, thus causing exothermicity.>* Upon
increasing the fuel-to-oxidant ratio, the combustion tempera-
ture decreases.®” A similar fuel-to-oxidant ratio (1/1.4) was used
in a previous study® with the synthesized materials demon-
strating high catalytic activity.

The purpose of this work was to synthesize cobalt-alumi-
num catalysts containing cerium and lanthanum prepared by a
solution combustion method and test their activity and stability

CH,/CO,
Entry Catalyst Reaction conditions TOS, (h) conversion (%) H,/CO Ref.
1 Co10Y-U T =850 °C, CH;:CO,:Ar=1:1:1, GHSV =24 L h™* g, * 10 80/90 0.8 30
2 Co01,/SBA-15 T =800 °C, CH,;:CO,:Ar=1:1, GHSV =67 L h™' geo * n.a. 100/80 na. 19
3 5 wt% CoZn(2)/ZrO, T =850 °C, CH,:CO,:N, = 40:40:20, GHSV = 60000 mL h™" g . 20 70/85 0.9 31
4 7.5 wt% Co/CeO, T = 800 °C, CH,: CO, : AT = 20%: 20% : 60%, GHSV = 30000 mL h™* g, * n.a. 90/92 1.0 22
5 10 wt% Ni/CeZrO, T =800 °C, CH;:CO,:N, =1:1:1, GHSV = 60000 mL h™ " g * n.a. 88/64 1.1 32
174 | Mater. Adv,, 2025, 6, 1173-1190 © 2025 The Author(s). Published by the Royal Society of Chemistry
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in DRM. The benefit of solution combustion method is that
strong interactions between different metals can be achieved
under harsh oxidizing conditions, for example generating a
CoAl,0, spinel, even if it suffers from low reducibility.>” Lantha-
nide metal doping to Co/Al,O; catalysts prepared by flame spray
pyrolysis has been shown to enhance methane conversion and
suppress catalyst coking.?” Thus, in the current work, lanthanide
doping in SCS of Co-Al catalysts was applied. The catalyst
performance was tested in temperature cycling experiments
from 600 °C to 900 °C and returning back to 600 °C. In addition,
for the best catalyst, CoLaAl, a long-term stability test for 20 h
TOS was performed. The results showed that LaAlO; was formed
in the spent catalysts. According to our knowledge, no reports
were found from DRM in the presence of Co and LaAlOs, while
DRM tests for Ni and LaAlO; have been reported.®® The following
physico-chemical methods were used to characterize catalysts:
scanning electron microscopy with elemental analysis (SEM-
EDX), transmission electron microscopy (TEM), and X-ray dif-
fraction (XRD). To determine the carbon content in the spent
catalysts, temperature-programmed oxidation and CHNS analy-
sis were also performed.

2. Experimental

2.1. Catalyst preparation

The solution combustion method was used to prepare catalysts
from 20 g of the following reagents: Co(NO3),-6H,O (Sigma
Aldrich, 97%), Al(NOs;);-9H,0 (Carlo Erba, 99%), La(NOj)s-:
6H,0 (Galvanite, chemical pure), Ce(NO;);-9H,0 (Alfa Aesar,
99.5) and 10 g of urea (Sigma Aldrich, 99.5%), which were
placed in a heat-resistant beaker. Urea was used as a fuel to
improve the combustion process. The fuel-to-oxidizer ratio was
equal to unity. The mixture was preheated to a temperature of
80 °C, and the, 15 mL of deionized water was added into the
beaker. After complete dissolution of the salts in the beaker, the
mixture was placed into a muffle furnace and preheated to
500 °C. Three thermocouples were installed in the beaker to
control temperature changes with the control panel connected
to PC during combustion. The first thermocouple was placed in
the lower layer of the solution, the second thermocouple in the
middle layer, and the third in the surface layer of the solution.
The combustion occurred in a muffle furnace for 10-15 min,
and a catalyst in the form of a solid foam was obtained.
Thereafter, the beaker with the catalyst was cooled to 20 °C.
As a result, four catalysts with different ratios of the catalyst
precursors, namely, 20Co-30Al, 20Co-20Al-10Ce, 20Co-20Al-
10La and 20Co0-20Al-5Ce-5La were obtained, and the final
catalysts were denoted as CoAl, CoCeAl, CoLaAl and CoCeLaAl.
The above-mentioned ratios correspond to the weight ratios.
As the catalysts were prepared by the solution combustion
synthesis, the growth of dendrites occurred during combustion
with different heights depending on the metal nitrate nature,
the fuel type (urea or glycine), the water amount and the initial
temperature in the furnace. The selection of the reagent
amounts is based on the maximal possible weight, still

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ensuring that the dendrites are not growing outside of the
beaker. While 50% of the mix was urea, the catalysts were
conventionally designated without considering the fuel.

2.2. Catalyst characterization

The powder X-ray diffraction data were acquired using a PanA-
Iytical Aeris Research Edition XRD instrument equipped with a
PIXcel 1D detector. The samples were packed onto a zero-
background Si disc and diffraction data were acquired using
Cu Ky o (1.540598 A, 1.544426 A) radiation in Bragg-Brentano
geometry. HighScore Plus and the PDF-4+ database was used for
phase analysis.*>*® Crystallite sizes were calculated using the
Scherrer formula with the shape factor (K) set to 0.89. The
instrumental line broadening was determined by profile fitting
peaks of a Si standard with an average crystallite size of 10 pm.

The textural features of the catalysts were determined using a
Micromeritics 3Flex-3500 analyzer by the method of physisorp-
tion of liquid nitrogen. First, the moisture was removed from the
selected catalyst weighing 0.15 g, and then the degassing process
occurred for 20 hours at a temperature of 180 °C. Thereafter, the
catalysts were pretreated at 180 °C under vacuum. The measure-
ments were performed in liquid nitrogen at —196 °C. The
Brunauer-Emmett-Teller (BET) and density functional theory
(DFT) methods were used to calculate the specific surface area
and pore size distribution of catalysts, respectively.

The scanning electron microscopy (SEM) method was per-
formed using a Zeiss Leo Gemini 1530 scanning electron
microscope equipped with a Thermo Scientific UltraDry silicon
drift detector (SDD) for elemental analysis.

The nanostructure and textural properties of the spent
catalysts were investigated using a transmission electron micro-
scope (TEM, JeOL 1400 Plus) at an accelerating voltage of
120 kV and a resolution of 0.38 nm, as well as an OsisQuemesa
digital camera installed from below with a resolution of
11 megapixels. The Image] software was used to measure the
metal particle size and calculate the average particle size.

The MicrotracBelcat II device was used to perform
Temperature-Programmed Reduction (H,-TPR) and Oxidation
(O,-TPO). The equipment also contained a quartz tube reactor
that had a thermal conductivity detector (TCD) with which the
temperature was controlled via a PC. About 50 mg of the
catalyst was used for H,-TPR measurements, which were placed
in a quartz tube and pretreated for 2 h under the flow of argon
at 200 °C. Then, the catalyst was cooled to 50 °C and flushed
with 95 vol% Ar (28.5 mL min~") and 5 vol% H, (1.5 mL min~")
streams (5.24% H, in Ar, Woikoski), after which the tempera-
ture was increased at a rate of 10 °C min~ " to 800 °C and the set
temperature was kept for about 20 minutes.

To determine the presence of carbon in the spent catalysts
ca. 50 mg of the spent catalyst was used in temperature-
programmed oxidation (O,-TPO) measurement. Initially, the
catalyst was pretreated at 120 °C for 2 h, thereafter the tem-
perature was increased to 900 °C (the set temperature was
maintained for 20 minutes) at a rate of 5 °C min~ " when mixing
95 vol% Ar (28.5 mL min~ ') and 5 vol% O, (1.5 mL min~"). The
gases were supplied by Woikoski, O, (99.999%), and Ar

Mater. Adv,, 2025, 6, 1173-1190 | 1175
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(99.999%). A mass spectrometer (OmniSTAR, Pfeiffer) was
connected to the equipment, allowing quantification of the
amount of burnt carbon through the determination of CO and
CO, released from the catalyst.

Using a Thermo Fisher Scientific Flash 2000 organic element
analyzer equipped with TC, the amount of carbon that is formed in
the spent catalysts was determined. In addition to carbon, the
contents of hydrogen, nitrogen and sulfur (CHNS) in the catalysts
were also determined at 950 °C in two columns, which were
oxidized, reduced and dried to remove residual moisture. Methio-
nine, 2,5-bis(5-tert-butylbenzooxazole-2-yl)thiophene, cystine and
sulfonamide were selected for evaluation as standards.

2.3. Catalytic experiments

A quartz reactor with a length of 20 mm and a diameter of 5 mm,
in which glass wool, 2 mL quartz, glass wool, 2 mL catalyst, 2 mL
quartz and again glass wool were pre-placed, was installed inside
the furnace to conduct DRM at atmospheric pressure. The
reactor was placed in the furnace in such a way that their central
parts coincide, since there is a thermal sensor with which the
exact temperature affecting the catalyst was known. CH,, CO,
and Ar gases were used as reagents and the carrier gas, respec-
tively, which passed through the reactor at a rate of 150 mL
min~" (CH,:CO,:Ar = 33%:33%:34%). After heating the fur-
nace to the required temperature, gas product analysis was
performed every 15 min using a Chromos GC-1000 chromato-
graph with the Chromos software. At intervals of 100 °C, starting
from 600 °C and ending with 900 °C, temperature-cycling
experiments were conducted, at the end of which the reactor
was cooled to 600 °C and chromatographic analysis of the gas
mixture was performed once again to study the remaining
catalytic activity. To elucidate the catalyst stability, a long-term
experiment was conducted for 20 h. The temperature was raised
from room temperature to 800 °C and the gas mixture was
analyzed every hour after that. For security reasons, the 20 h
process of this experiment was divided into three days: the first
and second days for 7 h, and the third day for 6 h.

2.4. Calculations

The equations for calculations of process parameters, where
transformation rates per mass of cobalt is r, CH, and CO,
conversion is X, the space-time yield of hydrogen and carbon
monoxide is STY and (H,/CO ratio), are given in eqn (6)-(12).

(Fetyin — Foryout)

XCH4 [%] = x 100% (6)
Fcuyin
F in — F H,0u
Xco, [%)] = (Feoyin = Feosou) 1900, 7)
Fco,in
- Fcuyin — Fchyout
1 1 1 — 45 45 8
ren, [mol s~ g7'] B — (8)
4 - Fco,,in — FcHo, out
17! g 1] = 280920~ 7 CHOs.0ut 9
rco, [mols™" g™ P )
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Fi, ou
STYy, [mols™' g7'] = “Haout (10)
mco
-1 -1 7FCO,out
STYco [mols™' g7'] =—>= (11)
mco
STYy
H,/CO=_——2 12
2/ STYco (12)

F; means a gas i molar flow.
Eqn (13) demonstrates how the carbon balance (CB) was
calculated:*'

CB [%} _ FCH4,out + FCOz,out + FCO‘out (13)
Fcuyin + Fco,,in

The initial TOF was calculated as moles of methane con-
verted per moles of exposed cobalt per time (eqn (14)):

Fenyin — Fenyout
Neo X D X (l] — lo)

TOF [s7'] = (14)
where n¢, reflects the moles of cobalt, ¢; = 25 min, ¢, = 15 min
and D is metal dispersion calculated from the TEM images as
100/dco,ave-

3. Results and discussion

3.1. Temperature-time profile of the catalyst combustion

Fig. 1 shows the temperature-time profile of the volumetric
combustion mode of the 20Co-2Al-10La system. During synth-
esis, the solution evaporates at ca. 105 °C. According to a
previous study,*” the gel is formed from ca. 167 °C, and explo-
sion of the volumetric regime occurs at 270 °C, which is in line
with the present work. It is clearly seen that maximal tempera-
tures are as follows: ca. 861 °C in the top layer, ca. 767 °C in the
middle layer and 574 °C in the lower layer. Therefore, the
combustion temperature is rather high compared to the furnace
temperature. It was reported that the CoAl,O, phase was formed
at ca. 650 °C, which is similar to the combustion temperature
measured in the present work.*® This phase allows the high
catalytic performance of catalysts for DRM.** Therefore, SCS is
the faster and easier way to obtain the high-temperature phase.

3.2. Catalyst characterization results

The XRD results of all fresh (after preparation) and spent (after
temperature-cycling experiments) catalysts are shown in Fig. 2.
The fresh CoAl (Fig. 2a) exhibited the CoAl,O, spinel [PDF 01-
082-2252] as the main phase, while weak peaks that match
metallic cobalt [PDF 01-071-4651] are also identified. It is also
worth mentioning that CoAl,0, and Co3;0, are isomorphous.
This is an important point, which means that the presence of
Co30, is possible in the catalysts and thus share almost exactly
the same unit cell parameters and, therefore, the diffraction
peaks in the fresh CoAl sample also fit the Co;0, phase. The
relative peak intensities, however, provide a better match with
the CoAl,0, phase pointing out that, indeed, CoAl,0, is formed
in the catalyst preparation. After using the catalyst in the
reaction, the diffraction peaks associated with metallic cobalt

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Temperature-time profile of the volumetric combustion mode of

the Co—-Ce-La—-Al catalyst.

increased significantly in intensity indicating that cobalt was
reduced during the reaction. In addition, the main phase,
CoAl,04, is no longer detected in the spent catalyst due to the
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reduction of cobalt. Furthermore, an aluminium-rich mixed-
oxide Al, 5C0¢,50, phase [PDF 04-024-6756] was observed in
the spent catalyst, which can alternatively be interpreted as n-
Al 66,04 [PDF 04-(007-2615)] with a similar cubic unit cell. The
hexagonal graphite phase [PDF 01-090-1815] was also present in
significant amounts in the spent catalysts, which was also
observed in a previous study.** According to the results
obtained using the Scherrer formula, the crystallite size of the
metallic cobalt phase is rather similar in both fresh and spent
catalysts (Table 2). However, the crystallite size calculation of
the fresh sample was carried out using only one weak deconvo-
luted peak, and therefore, cannot be considered very reliable.
For the fresh CoCeAl catalyst (Fig. 2b), in addition to
metallic cobalt and CoAl,0,, AlCeO; [PDF 01-081-1185] and
CeO, [PDF 01-081-9112] were detected. Analogously to the
current work, CeAlO; and CeO, formation was observed in
the solution combustion of metal nitrates in the presence of urea
or glycine as a fuel.*> CeO, and CeAlO; were in the cubic and
tetragonal phases.* Analogously to the spent CoAl catalyst,
metallic cobalt was present after the catalytic reaction while its
crystallite size did not significantly change during the reaction. A
potential partial reduction of cerium can occur during the reac-
tion, ie. transformation of CeO, to CeO,; [PDF 04-008-6647],

Intensity (a.u.)

a) 1 b) —— CoCeAl Spent
—— CoAl Spent 5 c
—— CoCeAl Fresh
—— CoAl Fresh ——————
5
£ 3
S S 7,3
2 z .
£ £
5
2 5
5 62 15 2,
19260 2 5 1 5
T T T T T T T =R
10 20 30 40 50 60 70 80

10 —— CoCelaAl Spent
—— CoCelaAl Fresh

10
110
10 1,10 49

Intensity (a.u.)
S
w
& N %

2 101,210 2,10
U\ M A 110 4 2 10 1010

10 20 30 40 50 60 70 80
26 (%)

10 20 30 40 50 60 70 80

26 (°)

Fig. 2 XRD patterns of the fresh and spent catalysts. (a) CoAl, (b) CoCeAl, (c) ColLaAl, and (d) CoCelLaAl. Notation of peaks according to the assigned
phases: (1) cobalt, (2) CoAlLO4/Co304, (3) graphite, (4) Al sC0p 2504 (or N-Alzs6704), (5) CeAlOs, (6) CeO,, (7) polyacetylene, (8) LaCo,Al; O3, (9) CoO,

and (10) CegsLag sAlOs.
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Table 2 Particle (crystallite) sizes for the catalysts determined using XRD
and TEM

Catalyst Dgpene (nm) XRD?  Dgpene (nm) TEM  Dispersion (%)
CoAl 24 25 4
CoCeAl 29 19 5
CoLaAl 24 21 5
CoCeLaAl 28 28 4

“Peak of the metallic Co phase at 44.1° (20) was used for size
determination.

which is supported by the literature study*® stating that reduction
of CeO, at 862 °C generated CeO,g,~CeO;;,. The unit cell
parameters of CeO, and CeO,,; are, however, too similar and
peak intensity too low for a definitive conclusion. The presence of
reduced CeO; 7, in the spent CoCeAl catalyst can indicate a high
coking degree of this spent catalyst (see Section 3.1.7), because it
was stated in a previous study”” that CeO, plays an important role
in preventing the oxidation of Co species via an electronic
interaction. Furthermore, CeO, inhibits catalyst deactivation,
when CO gasification can occur. In addition to graphite being
present in the spent CoCeAl catalyst, the small peak at 25.38° (20)
may indicate the formation of ¢rans-polyacetylene [PDF 00-047-
2029], while the graphite main peak is at 26.08°.

For the fresh CoLaAl (Fig. 2c) catalyst, similarly to the other
prepared catalysts, CoAl,O, and metallic Co were identified.
The generation of metallic cobalt can be explained by the
reduction of cobalt from a higher oxidation state by NH; and
CO released during solution combustion synthesis using urea
as a fuel.*® In addition, peaks corresponding to a mixed-oxide
LaCog ;Aly 303 phase [PDF 04-023-7810] and CoO [PDF 04-006-
1772] were also found, but it is worth mentioning that the
former is isomorphous with LaAlO; [PDF 04-007-4276] and with
different compositions of LaCo,Al; ,O;, and thus, the PXRD
results are inconclusive on whether this phase indeed contains
cobalt. Similar to the current results, it was reported in a
previous study®® that the LaCo,,Aly;0; phase was formed
when the catalyst was prepared by a sol-gel method in the
presence of citric acid and finally calcined at 750 °C for 6 h.
Based on the Scherrer equation, the smallest cobalt crystallite
size was observed in the fresh CoLaAl catalyst. In the spent
catalyst, the mixed oxides as well as CoO were decomposed due
to the reduction of the cobalt during the reaction. The crystal-
line phases found in the spent CoLaAl were Co and LaAlO; [PDF
04-007-8842], which were formed during the reaction, while no
graphite was observed in the diffractogram. It is also important
to note that neither graphite nor other forms of carbon could be
observed in the spent CoLaAl catalyst. It was also confirmed by
Raman spectroscopy in a previous study® that lanthanide
doping on Al,O; reduced the crystallinity of carbon deposits
and inhibited carbon deposition on the catalyst surface during
DRM. The XRD pattern of the catalyst tested for 20 h TOS
stability is presented in Fig. S1 (ESIf).

For fresh CoCeLaAl (Fig. 2d), the LnAlO; phase (where Ln
can be La and/or Ce) was identified, which was assigned as
Cey.sLag 5Al0; [04-014-7057] based on the reaction stoichiome-
try, although the SEM-EDX results indicated a slightly larger
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relative proportion of Ce than that of La. In the fresh tetra-
metallic catalyst, the spinel CoAl,O, phase is also observed
together with metallic cobalt. The peaks corresponding to the
Cey.5Lay 5Al0; phase do not show changes during the catalytic
reactions, while the CoAl,O, phase is no longer observed in the
spent catalyst. Instead, the metallic Co peaks increase in
intensity, while the peaks corresponding to a hexagonal gra-
phite phase also emerge.

Transmission electron micrographs of the spent catalysts
are demonstrated in Fig. 3. The mean metal particle size ranged
from 19 nm to 28 nm (Table 2 and Fig. 3). Based on TEM
analysis, the CoCeLaAl catalyst has the largest average metal
particle size. As can be seen from Fig. 3, Co particles are located
at the tip of carbon nanotubes in more active CoLaAl and
CoCeLaAl catalysts and the catalyst is still active, when metal
particles are located at the tip of carbon filaments, as also
demonstrated in a previous study.’® > In addition, according
to the XRD analysis, CoAl, CoCeAl and CoCeLaAl contain
graphitic carbon, while CoLaAl did not contain peaks for
carbon (see Section 3.1.1). The diameter of carbon nanotubes
is also important for a deep understanding of carbon deposi-
tion in the catalyst. In the present investigation, the average
diameter of the carbon nanotubes in each catalyst is as follows:
CoAl 35 nm, CoCeLaAl 34 nm, CoCeAl 32 nm, and CoLaAl
30 nm. It is interesting that metal particles in CoAl are smaller
than those in CoCeLaAl; however, the diameter of carbon
nanotube is larger in the former one. As a comparison, for the
spent Co-Al catalysts prepared by conventional impregnation,
carbon nanotubes in the range of 14-66 nm were observed, while
in the catalysts synthesized by sol-gel, the diameter of nano-
tubes is in the narrower range (ca. 14-28 nm).>* In addition, for
CoLa/Al, O3, carbon nanotubes with a diameter of ca. 22 nm were
detected, when this catalyst was used in DRM in the temperature
range of 650-750 °C.%°

The SEM-EDX results show that the catalyst particles were of
irregular shapes up to 130-140 pum (Fig. S2 and Table 3, ESIT).
On all catalysts, surface holes are visible, which create meso-
pores. The cobalt loading is high in CoAl, while for tri- and
tetrametallic catalysts it was in the range of 35-38 wt%.

The specific surface area of the catalysts was ca. 9-13 m> [
(Table 4), and as an example two adsorption-desorption isotherms
are shown in Fig. S3 (ESIt). All the studied catalysts exhibited some
mesoporosity. The pore sizes varied from 3.5 to 3.7 nm being
mesopores. No micropores were present in these catalysts. For
catalysts prepared by SCS, low values of surface area are typical.>®

Hydrogen TPR results show that the highest hydrogen con-
sumption was observed for CoCeLaAl followed by CoLaAl, while
the third lowest hydrogen consumption was recorded for
CoCeAl. As expected the lowest hydrogen consumption is found
for CoAl due to strong interactions of Co with the support.>®
This result cannot be directly correlated with the metal particle
size of the spent catalyst.

Hydrogen consumption was related to the relative peak area
obtained from hydrogen TPR when using the same catalyst
mass. The results indicated that for the fresh catalysts, the
relative peak area increased as follows: CoAl < CoCeAl <

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 SEM-EDX results of the fresh catalysts
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Catalyst Cobalt (wt%) Oxygen (wt%) Aluminium (wt%) Cerium (Wt%) Lanthanum (wt%)
CoAl 51.32 £ 0.57 28.74 £ 0.29 19.94 £+ 0.15 0 0

CoCeAl 35.91 £+ 0.57 24.99 £+ 0.43 11.24 £ 0.15 26.73 + 0.52 0

CoLaAl 35.56 = 0.59 24.04 + 0.42 12.54 £ 0.15 0 23.24 + 0.44
CoCeLaAl 38.48 + 0.59 24.03 £+ 0.45 11.72 £ 0.15 14.25 £ 0.86 10.57 £+ 0.64

CoLaAl < CoCeLaAl (Table 5). Hydrogen TPR results show that
for CoCeLaAl, reduction started already at 150 °C (Fig. 4), while
the first maximum temperature for hydrogen consumption
close to 360 °C was observed for CoCeLaAl, CoLaAl and CoAl.
CoAl catalysts with the highest Co content among the studied
catalysts (Table 3) exhibited the lowest hydrogen consumption.
This indicates that Co has strong interactions with Al species,
which makes its reduction difficult. For CoAl, hydrogen con-
sumption increased above 700 °C. Noteworthy is that high
hydrogen consumption is only observed for CoAl catalysts at
high temperatures, but not for lanthanide-modified CoAl cata-
lysts (Fig. 4).

The second lowest hydrogen consumption was recorded for
CoCeAl. At a lower temperature range, the hydrogen consump-
tion for this catalyst is rather low (Fig. 4) because based on
XRD, it contained mainly CeAlO; (Fig. 2) and CoAl,0,/Co30,
phases. It should, however, be noted that these phases have the
same unit cell parameter. As a comparison, the reduction of pure
Co30, is occurring in two steps, i.e. CoO is formed from Coz0, in
the first step in the temperature range of 290-320 °C and CoO is
then reduced to metallic cobalt in the second step in the
temperature range of 450-490 °C,>””” while CeO, TPR has two
peaks at 507 °C and 877 °C corresponding to the surface and bulk
reduction of CeO,, respectively.”® In another work™ surface,
subsurface and bulk CeO, were reduced at 390, 507 and 810 °C,
respectively. However, in Fig. 4, no peak at 507 °C was visible for
CoCeAl, while a peak maximum was observed at 518 °C. Accord-
ing to XRD (Fig. 2), the main phase is CeAlO; in this catalyst and
only traces of CeO, were observed. It was also stated that above
500 °C, hydrogen consumption is related to interactions between
Co and Ce species® as is the case also in the current work.
Analogously as reported in a previous study®® for Ce-Co,AlO,,
hydrogen consumption was shifted to a lower temperature. It can
thus be speculated that the hydrogen consumption above 500 °C
might be related to reduction of CeO,. A peak at 602 °C in
hydrogen TPR was observed in a previous study® for CeO,-AlO;
calcined at 900 °C which is also in line with the current data.
Thus, it can be speculated that in the current study, the hydrogen
consumption is related to the reduction of cobalt, while for Ce-

Table 4 Textural properties of the fresh catalysts

CatalySt SBET (mz gil) Dpa (nm) Vtotb (Cm3 gil) Vmesob (cm3 gil)
CoAl 13 3.7 0.024 0.024
CoCeAl 11 3.7 0.023 0.023
CoLaAl 9 3.5 0.027 0.027
CoCeLaAl 11 3.6 0.026 0.026

 Determined from BJH desorption. ” BJH desorption cumulative
volume of pores.
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Table 5 Temperature for maximum consumption of hydrogen and
normalized peak area from hydrogen TPR

Catalyst T4 max (°C) Tzmax (°C) Tsmax ("C) Normalized peak area
CoAl 358 417 571 0.69
CoCeAl 459 528 599 0.79
CoLaAl 366 421 518, 587 0.89
CoCeLaAl 361 421 599 1.0
—-—- CoAl
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Fig. 4 Hydrogen TPR of all catalysts.

loaded catalysts, surface CeO, reduction is occurring above 500 °C
and the already formed CeAlO; phase is reduced at higher
temperatures. Note that metallic Ce cannot be obtained from
CeO, by reduction under hydrogen at 800 °C. A rather low
hydrogen consumption for CoCeAl can also be related to its
relatively lower Co content in comparison to La-modified catalysts
(see below).

Both La-modified catalysts in the current work exhibited
high relative hydrogen consumption (Table 5). In the current
case, CoLaAl contained a mixed LaCo,Al; ,O; phase (Fig. 2),
which was formed in high-temperature calcination analogously
as reported in a previous study.*® This mixed oxide, LaAl, s
Coy 7503, exhibited a hydrogen consumption peak between 300
and 600 °C."° In the current case, the hydrogen consumption
for CoLaAl, based on XRD LaCo,Aly 303, was analogously
observed between 300 and 670 °C, and high hydrogen con-
sumption was visible already between 320 and 370 °C related to
cobalt species. In addition, the mixed oxide LaCo,Al; ,O; was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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present in the fresh and spent catalyst and Co as confirmed in
XRD. Furthermore, it was stated that Co®>* could be reduced at a
lower temperature without any clear formation of an inter-
mediate Co**.*® Opposite to the results of ref. 49, Co*" for-
mation and reduction to metallic Co could be seen above
500 °C in the current work. It can be seen that in the current
work, high hydrogen consumption for CoLaAl and CoCeLaAl
with high Co/(La + Ce) atomic ratios of 3.6 and 3.7, respectively,
was detected, while this ratio was only 3.2 for the CoCeAl
catalyst exhibiting a much lower hydrogen consumption.

The XPS results are shown in Table 6 and Fig. 5. XPS results
for all the fresh and spent catalysts exhibit a peak close to 780
eV, which denote the presence of Co oxides,** while the metallic
cobalt should be found at 778.2 eV. Furthermore, the presence
of a peak at 785.5 eV is a satellite peak of CoO, showing clearly
its presence in all samples.®!

In the XPS spectra of fresh CoCeAl, the Ce 3d peak at 917 eV
confirms the presence of CeO, in the fresh CoCeAl and the
peaks at 882.35 eV, 888.75 €V, 898.14 eV and 908 eV indicate the
presence of Ce** as also reported.”” Although peaks related to
Ce®" are found at 885.43 eV, no peak is found at 880 eV for Ce** in
any samples.”””®> Thus, it can be concluded that the presence of
Ce®" in the fresh CoCeAl cannot be excluded, because the peak
close to 885 eV related to Ce®" was present. The presence of Ce**
indicates strong interactions between metals and oxygen defects on
the catalyst surface, which can facilitate CO, adsorption, dissocia-
tion and carbon elimination.*” It should also be noted that in XRD
CeAlO; with Ce** was observed. For the spent CoCeAl catalyst,
slightly higher peak positions in comparison to the corresponding
fresh catalyst were found, indicating partial oxidation of the
species. In addition, no metallic cobalt was visible on the catalyst
surface of the fresh or spent CoCeAl catalysts by XPS, while in XRD
measurements, Co° was observed. It should, however, be pointed
out that metallic cobalt can be easily oxidized, and moreover, the
XRD pattern reflects the bulk composition.

The O 1s peaks especially for CoCeAl at 529.6 eV and
531.1 €V could be denoted as lattice oxygen in CeO, and adsorbed
oxygen species close to 531 & 0.5 eV, respectively.>***°* The role
of adsorbed oxygen or oxygen in surface hydroxyl is important in
catalysis, because adsorbed oxygen species have high reactivity
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and they can participate in oxidation reactions and oxygen
vacancies can be created. Oxygen vacancies can promote CO,
activation in lanthanide-doped catalysts and promote gasification
of carbon deposits in the spent catalyst.

In both fresh and spent CoLaAl samples, peaks for La 3ds,
and La 3d;, in the range of 832.2-842.6 eV and 849.0-860.1 eV
were observed corresponding to the presence of La,O; on the
surface.”” La 3ds/, and La 3d;/, have peaks close to 834 eV and
851 eV, while the corresponding satellite peaks are found close
to 838 eV and 855 eV.%> Furthermore, the XRD pattern of the
fresh CoLaAl contained a mixed LaCoAl oxide, which was also
present in the spent catalyst. However, the difference can be
related to surface vs bulk analysis when using XPS and XRD,
respectively. The binding energies for La 3d in the spent CoLaAl
catalyst increased, indicating surface oxidation of La, while in
the XRD pattern, only the LaCo,Al; ,O; phase was observed
both in fresh and spent catalysts.

Analogously to CoLaAl, nearly identical La 3d peaks were
found in CoCeLaAl and the binding energies for La 3d in the
spent CoCeLaAl catalysts also increased, while XRD results of
the fresh and spent catalysts showed the presence of stable
perovskite Ce, sLay sAlO0; (Fig. 2).

The carbon peak for the spent CoLaAl catalyst was at
284.5 eV, while that for the other three spent catalysts was
close to 284.6 eV. According to a previous study,®> C-C and
C—C carbon have peaks at 284.8 eV and 284.5 eV, respectively.
This result indicates that the coke in the spent CoLaAl was
more unsaturated.

From the O 1s peaks of the spent catalysts, typically peaks
are found in the range of 531.2-533.6 eV with the corres-
ponding C 1s peak in the range of 284.5-284.6 eV. These can
be assigned as organic C=O or C-O species on the spent
catalysts, because the corresponding peaks are found in the
range of 531.5-532 eV and 533 eV, respectively with the corres-
ponding C 1s peak at 284.8 eV.°>

The TPO results of the spent catalysts show that the CoCe-
LaAl catalyst exhibited the highest TC signal and the highest
relative amount of CO, formed during TPO (Fig. 6 and Table 7).
The second highest peak area was recorded for CoLaAl. The
third highest amount of carbon was observed for CoCeAl and

Table 6 Peaks found for different elements in fresh and spent (in parenthesis) catalysts

Catalyst Co 2p (eV) Al 2p (eV) Ce 3d (eV) La 3d (eV) O 1s (eV)
CoAl 780.4 (780.8) 73.8 (74.6) n.a. n.a. 529.7 (533.2)
785.5 (785.7) 531.1 (531.6)
532.6 (530.4)
CoCeAl 780.1 (781.6) 70.7 73.6 (74.1) n.a. 529.6 (530.1)
784.8 (787.1) 882.4 (882.2) 529.6 (531.7)
885.9 (885.9) 531.1 (533.1)

898.1 (898.6)

CeLaAl 780.4 (781.6) 70.4 n.a 834.2 (835.1) 529.7 (530.2)
786.2 (787.1) 73.5 (74.3) 838.0 (838.9) 531.3 (532.0)
532.8 (533.6)
CoCeLaAl 780.2 (787.4) 70.8 (74.1) 882.1 (881.9) 834.0 (834.7) 529.8 (530.0)
785.5 (781.3) 73.5 885.7 (885.9) 838.3 (838.5) 531.3 (531.7)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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C 1s spent catalysts.

the lowest amount was seen for CoLaAl. These results are in
line with the CHNS results. Graphite was identified in XRD
patterns in CoCeLa/MA,*” while in the current research, gra-
phite was found in all spent catalysts except CoLaAl. As the
mean size of the Co crystallites is rather similar, the influence
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| Mater. Adv,, 2025, 6, 1173-1190

of the metal particles on the coke formation cannot be unequi-
vocally established.
The peaks detected below 500 °C correspond to amorphous
carbon, while the one close to 600 °C originated from graphitic
carbon.®® The TC signal of CoLaAl, therefore, supports the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) TCD signal, (b) formed CO and (c) CO, during temperature-prog

findings from the PXRD pattern of the spent CoLaAl catalyst,
where no crystalline graphite was detected. The negative TC
signal close to 600 °C corresponds to a high amount of heat
formed during burning graphitic coke. The molar ratio of H/C
was very small for the three catalysts, indicating that these
spent catalysts also contained graphitic coke. The molar H/C
ratio of 2 and 1 in carbonaceous species is related to paraffinic
and aromatic hydrocarbons.®” The high carbon content in
CoCeAl is related to the absence of CeO, in the spent CoCeAl
catalyst (see Section 3.1.1), indicating that it is not active for the
gasification of carbonaceous species.*’

3.3. Catalytic results

The catalytic performance of CoAl, CoCeAl, CoLaAl and CoCe-
LaAl was carried out in the temperature cycling experiment

: "
20000 25000

rammed oxidation of spent catalysts.

from 600 to 900 °C and returning to the initial temperature
(Fig. 7 and Table 8). The highest methane transformation rate
was recorded for CoCeLaAl at 6.0 x 10> mol s~ ' g~ * at 600 °C
due to its high reducibility (Table 5). Although other catalysts
exhibited initially low activity at 600 °C, the values of transfor-
mation rates and space-time yields sharply increased at 700 °C
(Fig. 7b, d, f and h).

CoLaAl displayed the highest activity at 800 °C among all
catalysts studied here. The second highest activity was obtained
for CoCeLaAl. Furthermore, the coke amount in CoLaAl was
found to be the lowest. When comparing with the literature,®®
the catalytic activity of LaCo/MA was higher than that of CeCo/
MA (MA denotes mesoporous alumina). Both of these catalysts
exhibited a Co;0, particle size of ca. 13 nm and contained y-
Al,03, Co30, and CoAl,O, phases. In addition, the surface areas

Table 7 Results from temperature-programmed oxidation of spent catalysts

Relative peak area

Carbon determined by H/C molar ratio

Catalyst Timax (°C)  Tomax (°C)  Timax (°C)  Tamax (°C)  of CO, based on MS ~ CHNS (wt%)/exposed” gc,e.  determined by CHNS
CoCeLaAl 245 452 484 n.a. 1.0 42.2 0.07
CoCeAl 253 465 525 n.a. 0.73 30.7 0.11
CoLaAl 225 330 481 605 0.18 10.0 0.08

“ For CoAl catalyst the carbon determined by CHNS (wt%) per exposed gac. is 53.2 Wt% Zexposed cat

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were 164 and 169 m> g ' for CeCo/MA and LaCo/MA,

respectively.
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It is important to note that CH, and CO, transformation rate

values for tetrametallic catalysts remained stable at the second
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cycle, while for other catalysts, these values significantly differ
compared to initial ones. In all cases, CO, transformation rates
were larger than methane transformation rates; moreover, the
H,/CO ratio was close to unity in the second cycle, indicating
the occurrence of reverse water-gas shift.”” The carbon balance
for catalysts decreased with the increase in temperature; how-
ever, it was recovered at the second cycle at 600 °C analogously
to a previous study.*

Initial TOF for methane transformation increased in the
following order: CoCeLaAl > CoLaAl > CoAl > CoCeAl. The
higher initial TOF values for CoCeLaAl and CoLaAl can be
related to the high relative hydrogen consumption in TPR
(Table 5). The calculated initial TOF values were rather small
in comparison to a previous study,”” in which TOF for Co-Al-La
catalysts prepared by a flame spray pyrolysis technique at
700 °C was ca. 14 s~ '; however, the specific surface areas of
these catalysts were also much larger being in the range of 111-
122 m> g%,

Apparent activation energy for methane transformation was
calculated from the Arrhenius equation to evaluate the catalyst
activity. The results indicated that the activation energy of
CoCeAl and CoLaAl is ca. 100 k] mol™" in the temperature
range of 600-700 °C (Table 8), which is close to that of CoCe/Al
reported in previous studies.””® The activation energy
decreased, however, at elevated temperatures. The lowest acti-
vation energy at 700-900 °C was observed for the highly active
CoLaAl and CoCeLaAl catalysts. At 600-700 °C, apparent activa-
tion energy was 39 and 37 kJ mol " close to the results reported
previously.*>7*

Space-time yield (STYy,) for hydrogen was the highest for
CoLaAl at 800 °C, while the lowest one was obtained for CoCeAl
(Table 8), even lower than that for CoAl. The CoCeAl catalyst
exhibited the third lowest hydrogen consumption (Table 5),
which is explaining its low activity. The STY of hydrogen
increased as follows for lanthanide-modified catalysts: CoLaAl
< CoCeLaAl < CoAl < CoCeAl, the highest coke formation was
observed for CoAl still being the third most active in the
production of hydrogen (Fig. 8). As a comparison with the
previous results,®® the STY for hydrogen for CeCo/MA and
LaCo/MA was 0.97 mmol g¢, ' s~ and 1.0 mmol g¢, ' s,
respectively, while in the current case, the corresponding
values for CoCeAl and CoLaAl are 0.19 mmol g¢, ' s™' and
0.31 mmol g, ' s, respectively. Such values are in line with
lower specific surface areas of CoLaAl and CoCeAl in the
current work, especially considering that hydrogen production
is promoted not only by metallic sites, but also in the interfacial
regions between the metal and the support.®>*® It was con-
firmed that in the current case, the presence of the LnAlO;
phase (Ln is Ce or La) increased hydrogen uptake (Table 5)
and catalytic activity (Table 8). Furthermore, both CeAlO; and
LaAlO; were found in the spent catalyst after temperature
cycling and the high stability of LaAlO; after DRM at 700 °C
was also confirmed previously.”> Perovskite-type ABO; has
oxygen vacancies available on the catalyst surface, which
weaken the metal-oxygen bond and facilitate easier metal
reduction.”® Metallic Co and LaAlO; determine the activity of

© 2025 The Author(s). Published by the Royal Society of Chemistry

Initial reaction rates of CH,4 and CO, transformations and the carbon balance (CB) at 600 °C (the corresponding values at 600 °C after temperature cycling from 600-900 °C are given in

parentheses). Initial reaction rates, carbon balance (CB), space-time yield (STY) at 800 °C, and apparent activation energy (E,) are given
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the catalyst; however, still few studies used Co-based catalysts
containing rare-earth metals. DRM tests for Ni and LaAlO; have
been reported.*® Furthermore, hydrogen yields over Ni/LaAlOj;
were much higher than those for Ni/a-Al,O;. This was inter-
preted due to a higher Ni dispersion in the latter catalyst.*®
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The H,/CO ratios at 900 °C in the current work were
decreasing as follows: CoCeLaAl > CoAl > CoLaAl > CoCeAl
decreasing from 1.63 to 1.25. These values indicate CH, decom-
position, while more enhanced CO, reactions according to the
reverse water gas shift reaction (eqn (5)) consume hydrogen and
CO, and produce CO and water. For example, H,/CO ratios
varied in the range of 0.78-0.86 and the lowest H,/CO ratio was
obtained with non-promoted cobalt on the mesoporous alu-
mina catalyst.®” Analogously, H,/CO ratios lower than one were
reported for CeLa/MA, CoLa-Ce/MA, where MA denotes meso-
porous alumina.?” The differences in comparison to the current
work might be the smaller metal particle sizes and larger
specific surface area; however, these catalysts were extensively
deactivated, showing a large decrease in methane conversion
with increasing time-on-stream.

In this study, Ce doping of CoAl did not improve the
catalytic activity and a relatively large amount of coke was
determined in this catalyst (Fig. 9). Furthermore, CoCeLaAl
was active for hydrogen production, although this catalyst
exhibited the highest amount of coke in the spent catalyst
(Fig. 2). Furthermore, according to a previous study,”” the
addition of Ce to Co-La/MA catalyst reduced coke accumula-
tion due to the presence of the CeO, phase, as confirmed by
XRD, and improved its performance during DRM. It is known
that CeO, exhibits oxygen mobility facilitating coke gasifica-
tion. In the current case, for the fresh CoCeLaAl catalyst, no
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Fig. 9 Reaction rates for methane and CO, and carbon balance for CoLaAl for (a) 20 h and (c) 50 h TOS. (b) and (d) Corresponding space-time yields and

H,/CO ratios for (b) 20 h and (d) 50 h TOS. Conditions: 800 °C, WHSV h™%,
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Table 9
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Initial reaction rates and space-time yields of CH4 and CO, transformations, turn-over frequency for CH4 and the carbon balance (CB) at

800 °C (the corresponding values at 20 h time-on-stream are given in parentheses)

Catalyst rep,c (mol ™" geo ') roo, (mol s geo ™)

TOFcy, (s™') CB (%) STYy, (mol s~ geo ')

STYco (mol s7* g, ') H,/CO

CoLaAl 1.4 x 107* (1.4 x 107" 1.0 x 107* (1.1 x 107%) 0.2

diffraction peak for CeO, was observed in the fresh catalyst
(Fig. 2).

High catalytic activity of CoLaAl can be related to the
presence of spinel CoAl,0,4, Co;0,4, CoO and Co phases in the
fresh catalyst (Fig. 2). Especially, CoAl,O0, has been shown to
exhibit high activity in DRM at 700 °C, being however, prone to
coking.** Furthermore, CoAl,04, Coz0; and CoO were not
observed in the spent catalyst, indicating that the formed
perovskite-type mixed oxide LaCo,Al; ,O; was suppressing
coking. In comparison with the literature, better coking resis-
tance and catalytic activity have been reported for Ni on
lanthanum aluminate perovskites.”*”>

For the best catalyst, CoLaAl, a long-term stability test was
also performed and the results showed that the transformation
rates and space-time yields remained constant throughout 20 h
at 800 °C (Fig. 9 and Table 9). The PXRD pattern of 20 h spent
sample indicated that the crystalline phases are LaAlO; [PDF
04-006-0695] and graphite [PDF 00-023-0064]. However, the
signal-to-noise ratio of this data is rather weak, which makes
the analysis difficult.

The CO, transformation rate was lower than the CH, trans-
formation rate. As a comparison to a previous study,”” it was
interesting to note that the CoLa/MA catalyst was not stable in
DRM at 750 °C and methane and CO, conversion in 20 h TOS
decreased 27% and 14%, respectively, while in the current case
no deactivation was observed (Table 10). The Co/La weight ratio
was 2, while in the current case it was only 1.5.*” Furthermore,
the Co;0, crystal size was 11.5 nm, while in this work it was ca.
21-24 nm (Table 2). CoLaAl contained also CoAl,0, and mixed
La-Co-Al oxide phases, which were not present in Co La-Ce/MA
catalyst.”” It could be stated that close interactions between
different metals is important for a stable catalyst performance
in the CoLaAl catalyst.

According to CHNS analysis, the spent CoLaAl catalyst
possessed the lowest carbon formation in the temperature
cycling experiment. TPO results also revealed that the type of
carbon was amorphous, e.g. more active, burnt at 481 °C. Due
to oxygen mobility of La-doped Co-based catalysts, carbon

83(82) 2.0x107*(27x 107" 1.9 x 107" (1.9 x 107 1.1 (1.4)

accumulated during methane decomposition on the active sites
is readily oxidized, which can be a reason for the low rate of
coke formation.”” In this regard, La-modified catalysts can be
stable for a long period in DRM.

The H,/CO ratio was unstable for the CoLaAl catalyst;
however, it was close to unity in the first 5 h, increasing
thereafter to 1.7 and decreasing to 1.4 finally at 3 h of time-
on-stream. This might be affected by cooling the reaction after
the first day (7 h time-on-stream) and continuing thereafter at
the same temperature on the second and third days, respec-
tively. Furthermore, XRD measurements of the spent CoLaAl
catalysts revealed that although some metallic cobalt was
present in the sample, the crystallinity of the catalyst substan-
tially decreased (Fig. S1, ESIf) opposite to the same catalyst
subjected to the temperature cycling test. The H,/CO ratio was
stable during 20 h time-on-stream being 0.85.*”

Table 10 shows the comparison of the current results with
those reported in the literature.*”*7%7” According to a pre-
vious study,”® deactivation by methane is not identified; more-
over, the coke content was 0.2 wt% after 6 h of reaction.
However, the catalytic activity is very low in comparison with
the CoLaAl catalyst used in the current study. The metal
particle size in 3Co-1Ce/Ac-N is smaller than that of CoLaAl,
but conversion is lower.”®

Thus, the catalyst of the current study demonstrated high
and stable catalytic performance compared to the catalysts
reported previously.>>”®”7 Although CoLa/MA is more active
than CoLaAl, the conversion values decreased with time-on-
stream.

4. Conclusions

In this work, Co-Al-based Ce- and La-containing catalysts were
prepared by a solution combustion method. The surface area of
catalysts obtained by SCS was in the range of 9-13 m” g~ ', with
the catalysts containing mesopores. The XPS findings demon-
strated the presence of cobalt oxides in the fresh catalysts. The

Table 10 Comparison of the results reported in the literature for DRM over Co-based catalysts

Xcu, Xco, Particle  Dgeac.”
Catalyst Conditions (%) (%) H,/CO size (nm) (% min~") Ref.
CoLaAl T = 800 °C, CH,/CO, = 1:1, 3000 h™", 20 h TOS, 0.62 g cat. 89 (91) 84 (86) 1.1 (1.4) 21-24° 0 This work
CoLa/MA T =750 °C, CH,4/CO, = 1:1, 60000 mL h™" g~%, 20 h TOS, 0.1 g cat. 90 (67) 90 (80) 0.85 (0.85) n.a. 2.1 x 107* 47
3Co-1Ce/Ac-N T = 800 °C, CH,/CO, =1:1,120 mL g ' min™ ", 10 g cat. 83 (62) 95 (75) n.a. 8-12 3.4 x 107" 76
CoAl/CeO, T = 850 °C, CH,/CO,/N, = 40/40/20, (15661 N cm® h™" g, ), 56 (49) 74 (68) 0.77 (0.73) n.a. 1.0 x 10°* 52
10 g cat., 20 h TOS, 0.05 g cat.
5Co-2La/Zr0, T =750 °C, CH,/CO, =1:1,60000 mLh ' g™ * 26 (27) 43 (44) 0.77 (0.76) n.a. 0 77

“ Deactivation rate is calculated from methane conversion as follows: Dgeae. =

© 2025 The Author(s). Published by the Royal Society of Chemistry

XcH, init. — XCH, final

100. © Data from Table 2.
Xcw, init. X TOS % ata from Table
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catalysts, according to XRD, contained, CoAl,O, spinel, which,
however, decomposed during the reaction, forming metallic
cobalt. In addition, the fresh catalysts contained both metallic
cobalt and CoO. The metal particle sizes for the spent catalysts
varied in the range of 19-25 nm and both CoCeAl and CoLaAl
catalysts exhibited the smallest metal particles based on the
TEM results.

The DRM reaction was studied in the temperature range of
600-900 °C over Co-Al and its Ce- and La-modified counter-
parts. According to the results obtained from temperature
cycling experiments, Ce doping did not enhance the activity
of CoAl; however, partial substitution by La could significantly
increase it. CoLaAl catalysts contained a perovskite-type mixed
oxide LaCo,Al, ,O; being isomorphous with LaAlO; and no
carbon species were found in the spent catalyst determined by
XRD. Furthermore, the spent CoAl, CoCeAl and CoCeLaAl cata-
lysts contained graphite type of carbon. Furthermore, the spent
CoLaAl catalyst exhibited the lowest coke formation among all
studied catalysts according to the CHNS and TPO results. The
catalyst activity was retained due the presence of Co particles on
the tip of carbon nanotubes. The second highest active was
observed for CoCeLaAl, which also exhibited high hydrogen
consumption in temperature-programmed reduction. It can be
speculated that the large metal particles, 28 nm, in CoCeLaAl
caused the growth of carbon filaments. In this spent catalyst, the
second largest amount of coke was observed after Co-Al

The long-term stability test was conducted over the best
CoLaAl catalyst for both 20 h and 50 h time-on-stream. It was
shown that the rate of reacting gas transformations both for
CH, and CO were stable during DRM. However, the H,/CO ratio
fluctuated in 1.1 and 1.7. The mixed oxide LaCo,Al;_,O;
observed in both fresh and spent catalysts after the temperature
cycling text was not however stable after more than 20 h TOS.
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