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The increasing anthropogenic emissions of greenhouse gases (GHG) is encouraging exten-
sive research in CO, utilisation. Dry reforming of methane (DRM) depicts a viable strategy
to convert both CO, and CH, into syngas, a worthwhile chemical intermediate. Among the
different active phases for DRM, the use of nickel as catalyst is economically favourable, but
typically deactivates due to sintering and carbon deposition. The stabilisation of Ni at differ-
ent loadings in cerium zirconate inorganic complex structures is investigated in this work
as strategy to develop robust Ni-based DRM catalysts. XRD and TPR-H, analyses confirmed
the existence of different phases according to the Ni loading in these materials. Besides,
superficial Ni is observed as well as the existence of a CeNiO3 perovskite structure. The
catalytic activity was tested, proving that 10 wt.% Ni loading is the optimum which max-
imises conversion. This catalyst was also tested in long-term stability experiments at 600
and 800°C in order to study the potential deactivation issues at two different temperatures.
At 600°C, carbon formation is the main cause of catalytic deactivation, whereas a robust sta-
bility is shown at 800°C, observing no sintering of the active phase evidencing the success
of this strategy rendering a new family of economically appealing CO, and biogas mixtures
upgrading catalysts.
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Introduction

The alarming increase of anthropogenic emissions of green-
house gases (GHG) is encouraging extensive research to mit-
igate the impact of these emissions. The transition to low-
carbon societies demands strategies to reduce GHG emis-
sions, consisted mainly of CO, and CH4. Most of the CO,
emissions come from the consumption of fossil fuel for en-
ergy (International Energy Agency, 2018). Nevertheless, it is
less known the important contribution of intensive livestock
and other organic waste to GHG emissions, which come from
anaerobic digestion (IPCC Fourth Assessment Report, 2014).
These emissions, mainly in the form of biogas (a mixture pri-
marily formed by CO, and CH,), were regarded a waste rather
than a value, but this trend is changing. Biogas industry busi-
ness model is moving to two different scenarios: (i) upgrading
to biomethane in order to produce biofuels to generate en-
ergy and (ii) chemical valorisation via reforming to produce
syngas, primarily formed by H, and CO, which is an interest-
ing platform chemical in chemical synthesis. Indeed, syngas
is widely used as a precursor to synthetise fuels and other hy-
drocarbons via Fischer-Tropsch process, or other value-added
products, such as methanol or acetic acid (Martin-Espejo et al.,
2022). Biogas upgrading via chemical valorisation is deemed
an emerging trend which may provide many opportunities
to the chemical industry to tackle GHG emissions (Baena-
Moreno et al., 2021). In this context, thermocatalytic biogas
upgrading to syngas can be addressed via dry reforming of
methane (DRM, Eq. (1)), representing an attractive way to con-
vert CO, and CHy.

CO, + CHy — 2CO + 2H, Q)

Typically, conventional catalysts for DRM are formed by a
metal active phase which is dispersed over a support struc-
ture. Noble metals, like Ru, Rh or Pt, are reported to dis-
play great performance. Nevertheless, due their scarcity and
high market prices, research focus is switching into the use
of transition metals, such as Ni and Co (Jang et al., 2019;
Sharifianjazi et al., 2021). Thermodynamically, DRM is a very
endothermic reaction which requires high temperatures and
energy inputs. At such temperatures, conventional catalysts
are prone to deactivation due to sintering of the active phase
and formation of coke deposits coming from side reactions
such as Boudouard reaction (Eq. (2)), CHs decomposition
(Eg. (3)) and CO and CO, reduction (Egs. (4) and (5)) (Nikoo and
Amin, 2011). Extensive investigation has been conducted in or-
der to find cost-effective catalysts which avoid carbon deposi-
tion and sintering of the active phase while exhibiting accept-
able catalytic performance.

2CO — C+CO, 2
CH; — C+ 2H, 3)
CO+H, > C+H,0 )
CO, + 2H, — C + 2H,0 )

Nickel-based catalysts are frequently chosen among other
transition metals owing to their commendable activity, low
price and availability. However, these catalysts suffer from
coking and sintering, which leads to rapid deactivation. Multi-
ple strategies have been applied to deal with the deactivation
of these catalysts. Recent literature review reports highlight
the most promising advances to design nickel-based DRM cat-
alysts resistant to deactivation (Huang et al., 2022; Le saché
and Reina, 2022; Yentekakis et al., 2021). The use of bimetallic
formulations, the addition of promoters or the combination of
different support structures are typical strategies used to en-
hance the performance of Ni-based catalysts, tuning the na-
ture of the catalysts. In general, chemical and structural prop-
erties (e.g., redox, acid/base, oxygen mobility) are tuned us-
ing these strategies, making an impact on the stability and re-
action mechanism. Besides, dispersion and particle size can
be influenced by these parameters. As a promising alterna-
tive, the use of inorganic complex structures is aimed at sta-
bilising the active phase in the structure while remaining ac-
tive and accessible. Spinels, sandwich, tubular or mesoporous
structures, hydroxyapatite, hexaaluminate, hydrotalcite, per-
ovskites and pyrochlores have been investigated to improve
the performance of DRM (Bhattar et al., 2021; Le Saché and
Reina, 2022). Pyrochlores, with the formula A;B,07, and per-
ovskites, ABO3; and A,BOy4, are mixed oxide materials in which
A-site is typically substituted by a large rare-earth trivalent
metal whereas B-site is substituted by a tetravalent transition
metal of smaller diameter. These materials are highly crys-
talline, possess great thermal stability and oxygen mobility,
which makes then suitable for high temperature and coke-
prone processes, such as dry reforming of methane (Xu et al.,,
2020). For these very reasons, these mixed oxide materials
have been previously studied for biogas reforming. For in-
stance, Bhattar et al. (2020) studied the effect of the addition
of Sr- and Ca- to Ni-substituted lanthanum zirconate cata-
lysts. It was found that the addition of small amount of Sr
improved the performance of the catalyst as well as an in-
crease of the resistance of the catalyst to deactivation from
carbon deposition. On the other hand, La,Ce;0; and LaNiO3
were synthetised by Ramon et al. (2022) in order to eluci-
date the catalytic activity of this catalyst in DRM reaction,
comparing two different synthesis methods. In another study
by Ma et al. (2014), they investigated the effect of nickel-
supported La,Zr,0; pyrochlore-like materials for steam re-
forming of methane, showing an excellent catalytic behaviour
since coking resistance was highly improved. Two studies by
Le Saché et al. (2018a, 2020) successfully proved the incorpo-
ration of Ni into a La,Zr, 4« NixO;_s pyrochlore structure for dry
and bi-reforming of methane. According to the XRD results,
the formation of a perovskite-type LayNiZrOg is responsible
for the great catalytic performance. Bai et al. (2022) have stud-
ied the effect of the substitution of nickel over both cerium
and zirconium on B-site La,(CeZrNi),0; for dry reforming of
methane. In this study, it is believed that the exceptional oxy-
gen vacancies and the interaction of the exsolved Ni with the
support were key properties for the outstanding performance
of the catalysts. Nevertheless, the incorporation of just cerium
and zirconium to form a complex inorganic structure has not
been tried for dry reforming despite ceriums excellent oxygen
storage/release ability (Teh et al., 2021). Attempts have been
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Table 1 - Chemical composition and physicochemical properties of the calcined catalysts.

Sample Ninom (Wt.%) Nijcp (Wt.%) Sger (M?/g) Pore volume (x10~3 cm?/g)
Cz 0 0 4 9.2
CZN5 5.0 5.0 4 8.8
CZN10 10.0 9.5 3 7.7
CZN12 12.5 11.6 2 3.0
CZN15 15.0 13.7 2 1.6

tried for Ce,Zr,0; materials in photocatalysis for organic pol-
lutants abatement, as Jayaraman and Mani (2020) have stud-
ied over a g-C3Ny4 support structure. Ce,Zr,0; has also been
studied on PbS in order to study the electrochemical proper-
ties as a supercapacitor electrode (Bibi et al., 2019). As of today,
no attempts have been made to study the catalytic activity of
Ni-substituted Ce,Zr,0; for DRM.

In this scenario, this work addresses the design of inor-
ganic complex structures to stabilise nickel, leading to ro-
bust catalysts for DRM. Under this premise, the utilisation
of a thermally stable cerium zirconate oxide structure is
studied, inserting and stabilising nickel within the structure
(CeyZr, 4NixOy7.4). This study is focused on the synthesis, cat-
alytic activity, pre- and post-characterisation of Ni-substituted
cerium zirconate for DRM. Specifically, different loading of Ni,
from 0 to 15 wt.%, were incorporated to the structure, substi-
tuting on the B-site of the mixed oxide structure. Our work
showcases an effective strategy to design robust and economi-
cally viable gas-phase CO, conversion catalysts with potential
applications in reforming units and biogas plants.

1. Experimental
1.1.  Catalyst synthesis

The catalysts were prepared through a modified version of
the original Pechini method (Pechini, 1967), which is described
elsewhere (Gaur et al., 2011; Kumar et al., 2016; Tietz et al.,
2001). This method was chosen since it is reported to pro-
duce uniform substituted and non-susbtituted catalyst crys-
tals (Haynes et al., 2008). Cerium nitrate (Ce(NOs)3-6H,0), zir-
conyl nitrate (ZrO(NOs),-6H,0), provided by Sigma-Aldrich,
and nickel nitrate (Ni(NOs3),-6H,0), provided by Alfa Aesar,
were used as precursors. The necessary amount of each pre-
cursor was separately dissolved in deionised water and then
mixed together. Citric acid (CA) was dissolved in deionised wa-
ter and incorporated to the mixture of precursors while stir-
ring at room temperature. The amount of citric acid added
was molar ratio of CA:metal = 1.2:1. The solution was heated
while stirring to 90°C to ensure metal complexation and ethy-
lene glycol (EG) was added to the solution drop-wise, using a
molar ratio of EG:CA = 1:1. The solution was then continu-
ously stirred and concentrated due to evaporation of the wa-
ter until the appearance of a viscous gel. The stirring was then
stopped and the dense gel was left at 90-100°C to promote the
polyesterification reaction between the citric acid and ethy-
lene glycol. The decomposition of the nitrate precursors led
to large plumes of NOx gas. Once the toxic gas is released, the
solid was dried at 100°C overnight. The resulting compound

was powdered manually in an agate mortar and then calcined
in a crucible at 1000°C during 8 hr, using a heating rate of 7.5°C
min~1, to ensure phase transition. To simplify, a special nota-
tion is chosen and the catalysts will be referred as CZ, CZN5,
CZN10, CZN12 and CZN1S5 for 0, 5, 10, 12.5 and 15 wt.% of Ni,
respectively.

1.2.  Catalyst characterisation

The textural properties of the samples were characterised by
nitrogen adsorption-desorption measurements at liquid ni-
trogen temperature (-195.8°C) in a Micromeritics Tristar II ap-
paratus. Before analysis, the samples were out-gassed under
vacuum conditions at 250°C for 4 hr. The specific surface area
(Seer) was calculated using the Brunauer-Emmet-Teller (BET)
method. The average pore volume was determined as the ratio
of the pore volume and the specific surface area. This was then
normalised using a coefficient which depends on the pores
shape.

The metal content of Ni was measured by inductively
coupled plasma spectroscopy (ICP-MS) using iCAP 7200 ICP-
OES Duo (ThermoFisher Scientific) spectrometer previous mi-
crowave digestion in an ETHOS EASY (Milestone) microwave
digestion platform.

X-Ray Diffraction (XRD) measurements were carried out on
X’Pert Pro PANalytic diffractometer with Cu-Ke anode at room
temperature, working at a voltage of 45 kV and a current of 40
mA. The diffractograms were registered between 20 and 90°
(20) with a step size of 0.05° and a step time of 300 sec. The
structural determination was done by comparison with PDF2
ICDD2000 (Powder Diffraction File 2 International Center for
Diffraction Data, 2000) database.

Temperature-programmed reduction (TPR) with H, was
carried out on the calcined catalysts in a conventional U-
shaped quartz reactor connected with a thermal conductiv-
ity detector (TCD) using a flow of 50 mL/min of 5% H, (V/V)
diluted in Ar. TPR measurements were performed using 100
mg of each catalyst and a heating rate of 10°C/min from room
temperature to 900°C, using a CO, (s)/acetone cold trap to con-
dense the water formed during the process.

Scanning electron microscopy (SEM) was carried out on the
calcined catalysts under vacuum using a Hitachi S4800 SEM-
FEG 0.5-30 kV voltage microscope using a cold cathode field
emission gun of 1 nm resolution and equipped with a Bruker-
X Flash-4010 EDS analyser.

Transmission electron microscopy (TEM) of the samples
were performed on a JEOL 2100Plus (200 kV) microscope. It
was equipped with an Energy Dispersive X-Ray analysis sys-
tem (EDX X-Max 80T, Oxford Instruments) and a CCD camera
for image recording.
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1.3. Catalytic behaviour

The catalytic performance of the prepared samples for DRM
reaction was evaluated under atmospheric pressure in a tubu-
lar, continuous flow fixed-bed reactor (Hastelloy reactor) with
an internal diameter of 9 mm in an automatised Microactivity
Reference apparatus from PID Eng&Tech. Stability tests were
performed in a tubular fixed bed quartz reactor with an inside
diameter of 10 mm.

The catalysts were sieved and the 100-200 pm fraction was
placed in the reactor over a quartz wool bed. Prior to the ac-
tivity test, the catalysts were in situ reduced in a flow of 50
mL/min 40% H, (V/V) in He, at 800°C for 1 hr using a heating
rate of 7.5°C/min. The reaction was performed passing a reac-
tant feed flow of 100 mL/min and molar ratio of N,:CH4:CO, =
2:1:1, every 50°C from 500 to 800°C until achieving the steady
state on each step. The WHSV (Weight Hourly Space Veloc-
ity) was fixed at 30 L/(gcat-hr). Furthermore, stability tests were
conducted at the same conditions, at 600°C and 800°C, during
100 hr.

The composition of the product gas stream was monitored
using an on-line gas chromatography (Agilent Technologies)
equipped with a HayeSep Q and Mol sieve 5A column. An ABB
A02020 on-line gas analyser was used to determine the com-
position of the product gas stream in the stability tests. The
spent samples were recovered for post-reaction characterisa-
tion. In all the cases, carbon balance was closed +£5%.

The conversion (X;) of the reactants (Egs. (6) and (7)) and
the H,/CO molar ratio (Eg. (8)) was calculated in order to eval-
uate the catalytic behaviour. The conversion was calculated as
follows:

FCH4‘in - FCH4,out

Xcn, (%) = Form. -100% (6)
4,in
Fco, in — Fco, out .
Xco, (%) = zl;lcoiirf -100% 7)
2,
F
H,/CO = Hj.out (8)
CO,out

where, F is the molar flow of CHyg, CO,, H;, and CO, respectively,
and the subscripts in or out correspond to either the inlet and
the outlet reactor flow.

2. Results and discussion
2.1. Characterisation

Chemical composition of nickel and textural properties of
the prepared samples are listed in Table 1. The metal load-
ing of the catalysts is close to the nominal values of 5, 10,
12.5 and 15 wt.% of Ni, witnessing the successful prepara-
tion method to carefully adjust the desired active phase load-
ing. Still, nickel amounts of the high-Ni containing samples
(CZN12 and CZN15) are slightly lower than the intended val-
ues which might indicate a threshold on optimal Ni uptake.
Regarding the textural properties of the samples, we ob-
serve the noteworthy low surface area of all of the synthe-
sised materials in contrast to benchmark supported catalysts,

* Ce 252M250; NiO
+ Ce,Zr,0, = CeNiO;
Zro,

Normalised intensity (a.u.)

Normalised intensity (a.u.)

*
cz h 7\ . . ke

20 30 40 50 60 70 80 90
26 (°)

Fig. 1 - Normalised XRD pattern of the calcined catalysts.

which have much higher surface area (e.g., Ni-doped Al,05-
CeO, with Sppr = 208 m?/g (Marinho et al., 2021)). Therefore,
this factor is important to consider since the engineered mate-
rials herein are considered to be active for DRM despite their
low surface area. In other words, the DRM reaction does not
necessarily require high-surface area catalysts to reach high
performances as we will evidence further down in this work.
Furthermore, a slight reduction of the surface area is observed
when the Ni loading is increased. This reduction is more ev-
ident in the pore volume which indicates a certain degree of
Ni particles blockage of the catalystspores.

In order to confirm the formation of the different crys-
talline inorganic structures, XRD analysis of the calcined cata-
lysts was performed. The resulting normalised diffractograms
of the Ni-doped cerium zirconate oxide structures with 0, 5,
10, 12.5 and 15 wt.% are presented in Fig. 1. No character-
istic diffraction peaks of individual CeO, oxide phases are
observed, which may suggest the incorporation of Ce into
the inorganic lattice structure. CZ undoped catalyst pattern
presents the characteristic diffraction features of Ceg 5Zrg 50,
tetragonal structure with space group P42/nmc (ICDD Card No.
00-038-1436) and Ce,Zr,0; pyrochlore cubic structure Fm3m
(ICDD Card No. 00-008-0221). Interestingly, when Ni loading is
increased, a slight shift in the diffraction peaks towards lower
angles is observed between the undoped material (CZ) and the
doped catalysts (CZNX). Therefore, the partial substitution of
Ni on the B-site affects the crystalline structure. This shift can
be observed in 29.4, 33.9, 48.9 and 58.1° 26 of the character-
istic diffraction features of CegsZry50,. The incorporation of
Ni using the synthesis method produces a change in the fi-
nal structure of the cerium zirconate oxide, incrementing the
lattice parameter of the material, as reported when doping
these structures (Haynes et al.,, 2008; Le Saché et al., 2018b;
Pakhare et al., 2013). On the other hand, it is observed that Zr is
not completely incorporated into the inorganic complex struc-
ture in CZN5 and CZN10, appearing a diffraction line around
30° 26 which may correspond to ZrO, tetragonal structure with
space group P42/nmc (ICDD Card No. 00-024-1164).
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For CZNS5, an interesting effect is observed. Diffraction lines
abovementioned, associated to the inorganic mixed oxide,
start to unfolding, distinctly observing two peaks with sim-
ilar intensity instead of one, as emphasised in the inset of
Fig. 1. It seems that two crystalline phases are clearly formed,
appearing the characteristic features of Ceg5ZrpsO, tetrago-
nal structure (ICDD Card No. 00-038-1436) and the separate
Ce,Zr,07 pyrochlore cubic structure (ICDD Card No. 00-008-
0221). For Ce,Zr,07 pyrochlore cubic structure, the diffraction
lines at 26 values of 28.9, 33.6,48.1 57.1, 59.9 and 70.4° are at-
tributed to the (222), (400), (440), (622), (444) and (800) crystal
planes. Considering the radius ratio ra/rg, which is relevant
factor for A;B,07.; inorganic complex structures (Bai et al,,
2022; Xu et al., 2020), the substitution of Ni on B-site within the
structure produces a decrease of this parameter since Ni ra-
dius is smaller than that of Zr, which is associated with a less
ordered structure. When the loading of Ni is further increased,
the unfolding phenomenon vanished, appearing mainly one
diffraction pattern corresponding again to Ce,Zr,0; cubic
structure (ICDD Card No. 00-008-0221). Therefore, it is proved
that the incorporation of Ni produces variations in the inor-
ganic oxides formed in this material.

Regarding the active phase, it is observed that part of the Ni
is inserted in the inorganic structure. Cubic perovskite CeNiOg
phase with space group Pm3m (Material project Card No. mp-
866095) can be identified in all the doped materials at 33.5,
48.1 and 59.8°. Besides, the presence of some NiO domains
can be observed in the diffractogram. Diffraction lines 37.3,
43.3, 62.9 and 75.4° 20 are attributed to rhombohedral NiO
(ICDD Card No. 00-022-1189). In general, the intensity of the
diffraction line attributed to NiO species remains the same
as the Ni content increases. Interestingly, in the most intense
diffraction line of NiO, it is observed a slight displacement of
the peak towards higher degrees as the nickel content is in-
creased, reaching 43.5° 20 for CZN15. This increase is associ-
ated to NiO;.x species, where x is higher as the increase of
this diffraction line angle. Indeed, the ratio Ni/O is closer to
orthorhombic NigO3 (mp-656887) than NiO in CZN15. This is
closely related to the diffraction lines shift previously reported
of the mixed oxide structure to lower angles. Therefore, it may
be concluded that Ni is distributed in the lattice structure, in-
teracting differently with the oxide species resulting of the for-
mation of this material.

Further insights on the redox behaviour of our mixed-oxide
systems were gathered by temperature-programmed reduc-
tion (TPR) experiments. The resulting H, consumption pro-
files are depicted in Fig. 2. The composition of the samples,
interactions among the active species of the calcined cata-
lysts and the conditions necessary for the pre-treatment step
were also analysed in light of the TPR data. The undoped ma-
terial CZ has been found to have small reducibility. A small
H,-consumption signal appears due to the possible interac-
tion with the Ce species inserted in the catalyst. This sig-
nal appears between 400 and 540°C. Nevertheless, this reduc-
tion event is small. Overall, the observed H, consumption in
the Ni-based materials is mainly due to the reducibility of Ni
species upon its incorporation in the catalysts. In the profiles
herein presented of the doped materials, three main reduc-
tion regions are worth considering. The first region, with a
temperature peak between 365 and 375°C, can be attributed

400-435 °C
<>
370°C /\

\ 535-580 °C

 CZN15 / e T—

X V\N

%

H, consumption (a.u.)

CZN5
ez _____———
R IR R AR R AR
100 200 300 400 500 600 700 800 900

Temperature (°C)

Fig. 2 - H,-TPR profile of the calcined catalysts.

to the reduction of NiO;.x species which are interacting with
the Ceg5Zrg 50, phase. The presence of this phase is presented
mainly in CZN5 XRD in Fig. 1, which is consistent with the
results. TPR signal is reduced for CZN10, CZN12 and CZN15,
since this phase is disappearing when the Ni content is in-
creased in the samples. A medium temperature region is ob-
served between 400 and 435°C. This phase can be attributed to
the interaction of NiO;. species with the Ce,Zr,0; pyrochlore
phase. In this case, it is observed that the peak is displaced
to higher temperatures as the Ni content is increased, which
may indicate a stronger interaction with the phase. Besides,
the intensity of the signal increases with the Niloading, which
may indicate that higher Ni loadings may lead to larger pro-
portions of NiOj.x. Finally, the most intense signal, between
535 and 580°C, is attributed to the partial reduction of CeNiO;
phase, which is more difficult to reduce. This signal, in general,
decreases as the Ni content is increased.

XRD analysis was also performed on all the samples re-
duced at 800°C for 1 hr. NiO1.x species were reduced to Ni®
since the characteristic peaks of NiOj.x shifted to higher
diffraction line angles after the H, treatment. Characteristic
peaks of Ni° at 44.6 and 50.0° 26 are observed (ICDD Card No.
01-087-0712). Nevertheless, CeNiO3 phase still appears, which
may indicate that this phase is just partially and/or superfi-
cially reduced but bulk crystalline domains remained upon
the selected pre-reduction treatment.

In order to calculate the size of Ni crystallite, Scherrer
equation is used for all the samples in which Ni is incorpo-
rated, using the most intense peak, 44.6° 26. The results can
be observed in Table 2. In general, there is homogeneity in the

Table 2 - Mean crystallite size of Ni° particles.

Ni crystallite size (nm)

CZN5 32.8
CZN10 337
CZN12 31.7
CZN15 311
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Map data 12292
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Fig. 3 - SEM images of the reduced catalysts. (a) CZ, (b) and (c) CZN5, (d) CZN10, (e) EDX with element distribution of CGZN10.

size of Ni crystallite. No increments are observed as the Ni
load is increased in the catalysts. Ni particle size is expected
to be no bigger than 35 nm and well-dispersed on the surface
of the inorganic structure despite the low surface area of
these catalysts.

To visualise the morphology of the catalysts, SEM analysis
was performed in the reduced catalysts. As can be observed in

Fig. 3a, corresponding to the undoped inorganic structure CZ, a
homogeneous, dense structure with small cavities is observed
throughout the sample. No granular or spherical shape is ob-
served. CZNS5, on the other hand, presents two different struc-
tures. In Fig. 3b, a similar porous structure is observed, which
may correspond to the CeysZrysO, phase, whereas Fig. 3c
structure revealed spherical shape of Ce,Zr,0y, as reported
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Fig. 4 - Effect of the temperature on (a) CH4 conversion and
(b) CO, conversion, for all the catalysts from 500-800°C.
Reaction conditions: P = 1 atm, N,:CH4:CO, = 2:1:1, 100
mL/min, WHSV = 30 L/(g-hr).

elsewhere (Bibi et al., 2019). Fig. 3d corresponds to CZN10,
which still present zones with some spherical shape and other
complex structures. Fig. 3e presents element mapping distri-
bution from EDX, showcasing the homogenous distribution of
our active phases.

2.2.  Catalytic behaviour

The reduced catalysts were tested under the above DRM re-
action conditions. The effect of the temperature in DRM was
studied at a temperature range from 500 to 800°C and at-
mospheric pressure, using a reactant gases molar ratio of
CO,:CH4 = 1:1. As can be observed in Fig. 4, CO, conversion
is greater than CHy conversion for all the catalytic systems
at all temperatures. This may be due to the higher activation
energy of CHy than CO, (i.e., the energy barrier to active C-H
cleave bond is higher than that of CO, dissociation), requiring
higher temperatures in agreement with DFT results reported

elsewhere (Niu et al., 2020; Zhu et al., 2009). Besides, the pos-
sible occurrence of the reverse water-gas shift (RWGS, Eq. (9))
reaction, which competes with DRM, may contribute to the
higher CO, conversion due this parallel route consuming CO,
simultaneously.

CO, +H, — CO+H,0 )

Due to the endothermic nature of the reaction, both CO,
and CH, conversion increase with temperature. At low tem-
peratures, CHy conversion is low and far from the equilib-
rium values but, as the temperature rises, it gets better, reach-
ing a conversion of 45% at 800°C for CZN10. As mentioned
before, CH4 needs higher temperatures to overcome the en-
ergy barrier necessary for its activation. Like CHg, CO, con-
version is lower at low temperature range, but it becomes
higher as the temperature increases. At 800°C, the conversion
reached a value of 60% for CZN10, which is closer to equi-
librium conditions. These commendable catalytic results are
achieved despite of the low specific surface area reported. Fo-
cusing on the two best results, CZN5 and CZN10, the conver-
sion gap between them become closer as the temperature is
increased for both CH4 and CO,, even surpassing CO, con-
version offered by CZN10 catalysts if compared to CZN5 at
800°C.

The un-doped CZ catalyst does not show activity in DRM, as
can be predicted due to the lack of active metallic Ni phase in
the solid. As the metal loading is increased to 10 wt.%, the con-
version of both CHy and CO, rises due to the higher Ni concen-
tration presented in the sample. Interestingly, CZN5S presents
conversion values close but lower to CZN10 despite having
half of Ni metal content. This can be related to the accessibility
of Ni active sites to the reactant gases due to the interaction
with the phases presented in the catalyst. The presence mixed
phases in CZNS5 leads to remarkable activity results which are
close to the those exhibited by the CZN10, which contains
twice the Ni content. Particularly, this might be related to the
presence of Cey5Zrys0, phase, which interacts more closely
with Ni active centres, offering a more active catalyst accord-
ing to TPR results. In any case, CZN10 shows the highest cat-
alytic performance among the studied series. When the metal
loading is further increased to 15 wt.% of Ni, a decrement of
the conversion can be observed despite having more Ni in the
samples. This can be related again to the accessibility of Ni ac-
tive centres. The lower presence of CeysZrysO, phase as the
Ni content is increased might be responsible for the decrease
of conversion when compared to CZN5 and CZN10. Indeed, it
appears to be an optimum amount of Ni which maximise the
conversion in DRM, being close to 10 wt.%. Despite the more
insertion of Ni in the structure on B-site, substituting Zr, the
activity did not improve.

In terms of H,/CO molar ratio, the tendency is to increase
the ratio as the temperature increases, as observed in Fig. 5.
This increment might be related to a higher CH4 conversion,
leading to better H, production and thus higher ratio. The
tendency for all the doped samples is similar, which may in-
dicate the presence of parallel competing reactions. RWGS
leads to the opposite effect in the ratio since it consumes Hp,
whereas methane decomposition generates H,. In fact,among
the parallel reactions affecting DRM, RWGS and CH4 decom-
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Fig. 5 - Effect of the temperature on H,/CO molar ratio, for
all the catalysts from 500-800°C. Reaction conditions: P = 1
atm, N2:CH4:CO, = 2:1:1, WHSV = 30 L/(g-hr).

position have a remarkable influence in the reactant conver-
sion and H,/CO molar ratio, as previously reported in litera-
ture (Bradford and Vannice, 1999; Le Saché et al., 2018a, 2018b).
These results may suggest that the contribution of CH, de-
composition side reaction is favoured at higher temperature,
thus yielding a higher H,/CO ratio.

In order to further explore the catalytic performance, sta-
bility tests were performed to study how efficient the catalyst
is over long-term reaction run. CZN10 was chosen to conduct
the stability tests to check its behaviour over a period of 100
hr at 600°C and 800°C. The results at 600°C can be observed in
Fig. 6a. This catalyst displays good stability over time. It is ob-
served a first period of stabilisation to reach the steady state
and, after that, it shows signs of small deactivation starting
with conversions of CO, and CH, of 24% and 18% and achiev-
ing conversions of 18% and 12% after 100 hr on-stream, respec-
tively. Again, the conversion of CO, is slightly larger than that
of CHy. Besides, a decrease in the molar H,/CO ratio from 0.6 to
0.45 is noted. It is estimated a declination rate of 0.0758% and
0.0701% hr~! for CHy and CO,, respectively. CHy is acknowl-
edged to be activated by Ni active centres whereas CO, by the
support. Therefore, it is reasonable that, if deactivation is oc-
curring due to coke deposition or sintering of the active sites,
CHy, is reported to be slightly more sensitive to deactivation
than CO,.

At 800°C (Fig. 6b), results are slightly different and very
promising. The conversion displays stable conversion levels
over time. CO, conversions sets around 49%-51% whereas CHy
conversion is slightly lower. CH, conversion is again reported
to be more sensitive to a small deactivation than CO, conver-
sion. The molar H,/CO ratio is, in this case, quite stable and
over 0.66 which be a useful syngas for some industrial ap-
plications such as hydroformylation reactions (Le Saché and
Reina, 2022).

For a broad picture to place our catalysts within the DRM
scenario, Table 3 offers a comparison of our results with rele-
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Fig. 6 - Stability test on CZN10 over 100 hr at (a) 600°C and
(b) 800°C. Reaction conditions: P = 1 atm, N,:CH4:CO, =
2:1:1, WHSV = 30 L/(g-hr).

vant studies available in literature. Herein, we must empha-
sise the low surface area of the catalysts presented in this
work when compared reference catalysts. Very interestingly
our work demonstrates that the DRM reaction does not nec-
essarily require high-surface area catalysts to reach high per-
formances. In other words, the DRM reaction is not a surface-
area sensitive process. In addition, we shall remark that reac-
tion time herein reported for our stability tests is considerably
higher than standard experimental data from literature, pro-
viding stronger evidence of the stability and resistance of the
materials. Actually, most of the reports included in the table
test the catalysts for very short time to be considered realistic
stability tests and we want to draw the readers attentions to
this matter since long-term stability test of 100 hr and beyond
are needed as solid proof-of-concept for the catalysts resis-
tance towards deactivation in a process like DRM.

Overall, our CZN10 is deemed as a fairly stable catalyst
when tested at 800°C delivering noticeable levels of conver-
sion and a commendable H,/CO molar ratio in continuous op-
eration during 100 hr. As a result, our best formulation leads
to a valuable syngas composition with potential interest for
the chemical industry. Furthermore, it is interesting to remark
that operational troubles with catalyst$ stability observed at
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Table 3 - Comparison table of some Ni-based catalysts in literature for DRM.

Catalyst Sper (g/m?) Temp. (°C) WHSV (L/(ghr)) t(hr) Xcoz Xcms Hy/COratio Refs.

8%Ni-La/SiO, 138 750 48 10 66% 58% 0.8 Li et al. (2021b)

8%Ni-Ce/SiO, 177 750 48 10 67% 60% 0.8

8%Ni/SiO, 178 750 48 10 60% 52% 0.8

5%Ni/HAP-80 25 750 24 12 56% 47% 0.7 Li et al. (2020)

5%Ni/HAP-120 24 750 24 12 55% 46% 0.7

4%Ni-MWW 500 700 30 12 76%  65% 0.9 Kweon et al. (2022)

7%Ni-BEA 481 700 30 12 78% 76% 0.9

5Ni-2Ce/Si0O, 59 750 24 24 80% 76% 1.0 Li et al. (2021a)

5Ni-3Ce/Si0O, 49 750 24 24 81% 78% 0.9

8Ni8Mo/MgO-Al,03 106 800 0.98! 24 93% 92% 0.9 Abdel Karim Aramouni et al. (2021)

Ni,P/Al,03 161 700 30 10 81% 75% 1.0 Gonzalez-Castafio et al. (2021)

12Ni10Nd/MgAlO 46 750 48 14 63% 52% 0.8 Yuan et al. (2022)

CeyNiZrO; (CZN10) 2 800 30 100 50% 38% 0.7 This work

1 W/F (kgcat-sec/mol).
600°C can easily be overcome by rising the reaction tempera- — -
L. . . . + Ce,Zr,0; e Ni/NiO CZN10: Ce,NiZrO, ;

ture to 800°C. This is still a low temperature regime when it Ac = CeNiO, (a) Calcined
comes to industrial reformers which typically run on the 900- R — (b) Reduced .

. .. . (c) 600 °C 100 h reaction
1000°C range, opening further opportunities for our catalytic -~ (d) 800 °C 100 h reaction
formulation. Additionally, we shall highlight that the excellent 3 o :
catalytic performance displayed by our samples is achieved at S 1 A a . .o
high space velocities (i.e., 30 L/(g-hr)). Again, industrial reform- [
ers are operated at significantly lower space velocities which g
means that the implementation of our catalysts in a poten- - A A
tial realistic application could lead to considerable reduction .
of the reforming reactor volume; or in other words, significant g
CAPEX savings. S /\ N

4
2.3. Post-reaction characterisation
Deactivation of the catalyst is mainly caused by carbon de- it L e L e L
position and/or sintering of the active phase. In order to elu- 20 30 40 5029 (0)60 70 80 90

cidate this, the best performing catalyst was analysed after
reaction by XRD in order to detect any structural changes af-
ter the different treatments it underwent. In Fig. 7, the XRD
pattern of CZN10 calcined, after the reduction treatment, af-
ter DRM reaction conditions at 600°C and 800°C for 100 hr are
shown. As it can be observed, the inorganic crystalline struc-
ture of the sample remains intact since there are no differ-
ences in the diffraction characteristics between the calcined
and the post-reaction catalysts. This demonstrates the high
thermal stability of the catalyst despite the reaction condi-
tions. In addition, it can be observed a slight displacement of
the characteristic peaks 44.4 and 51.7° 26, corresponding to
the characteristic planes of (111) and (200) of metallic Ni° to
lower angles after 100 hr at 600°C, indicating that part of the
surface Ni° is oxidising again to form NiO; species. On the
other hand, the XRD pattern after 100 hr at 800°C shows that
NiO is appearing very likely due surface oxidation when trans-
ferring the sample from the reactor to the XRD chamber.
Small growth of Ni particles is observed after reaction con-
ditions. It was estimated a growth of the particle size from
33.7 to 39.8 and 37.3 nm at 600°C and 800°C, respectively. This
small change occurred after 100 hr of reaction, which affirmed
the stability and robustness of the catalyst after the substitu-
tion of Ni on the complex oxide structure, preventing partially

Fig. 7 - Normalised XRD pattern of CZN10. (a) calcined, (b)
reduced, (c) after 100 hr reaction at 600°C, and (d) after 100
hr reaction at 800°C.

the sintering of the particles. It is thus estimated that a small
proportion of the Ni inserted within the inorganic structure is
exsolved, producing this increase in the particle size. Exsolu-
tion is actually considered a smart strategy to design efficient
catalysts for energy applications when the metal has a good
capacity to exsolve under reaction environments (Carrillo and
Serra, 2021; Kousi et al., 2021; Kwon et al., 2017; Zhang et al.,
2020).

Carbon deposition is also studied as deactivation cause.
The formation of carbon is observed in XRD pattern after
100 hr at 600°C, where a peak attributed to graphitic car-
bon is detected. This peak corresponds to the graphite lattice
plane (002) of carbon nanotubes at 26° 26. At 800°C, no car-
bon structures are observed. Carbon formation is hard to avoid
due to the intricate reaction, since C-H activation of CHy in-
volves the formation of carbon species, widely studied else-
where (Guharoy et al., 2019). Besides, the reaction tempera-
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Fig. 8 - TEM images of CZN10. (a) Reduced, (b) after 48 hr
reaction and (c) after 100 hr reaction at 600°C.

ture has an important influence on carbon deposition. It must
be emphasised that carbon deposition is thermodynamically
more favoured at lower temperatures, between 600 and 750°C
(Nikoo and Amin, 2011). Besides, carbon deposition is closely
related to Ni particle size, since the larger the clusters the
more favoured the carbon deposition is. This may be another
reason of carbon deposition due to the increment of Ni crys-
tallite size.

TEM images of CZN10 of (a) reduced, (b) after 48 hr reac-
tion and (c) after 100 hr at 600°C reaction are shown in Fig. 8.
Fig. 8a shows a particle of the reduced catalyst. After 48 hr at
600°C, some carbon nanotubes (CNT) are formed, as observed
in Fig. 8b. Nevertheless, the amount is negligible. After 100 hr
at 600°C, significant amount of CNTs appear. These CNTSs start
growing from the interface of the active metal phase and the
support structure, “pulling out” part of the Ni particle from
the surface. Nevertheless, despite the formation of carbon de-
posits, the catalyst remains acceptable since this carbon is
partially covering the active sites of Ni, being the rest of the Ni
atoms accessible for the reaction. A similar behaviour was re-
ported for a Ni-substitute La pyrochlore (Le Saché et al., 2018a).
The main causes of catalyst deactivation at 600°C are the car-
bon deposits around Ni particles and the increase of Ni clus-
ters. This situation is overcome when the reaction is run at
800°C where our post-stability XRD pattern shows a carbon-
free sample which is explain the excellent conversion levels
at this reaction conditions for a continuous 100 hr test.

analysis revealed the presence of different inorganic mixed
oxide structures depending on the amount of nickel incorpo-
rated. Nickel is believed to be incorporated within the lattice
structure, remaining part of the nickel in the surface interact-
ing with the support structure resulting in a complex structure
with different types of Ni active species as evidenced by XRD
and TPR experiments.

CZN10 showed the best catalytic performance for DRM.
Nevertheless, CZN5, having half of the nickel content, pre-
sented commendable conversion values, indicating that the
crystalline Cep 25219250, phase, which is only presented in
CZNS, is a relevant specie that makes Ni more accessible en-
hancing the DRM behaviour. Stability test of CZN10 over 100
hr demonstrated the long-term thermal stability of the cat-
alysts, showing small deactivation in the low-temperature
range (600°C) and excellent stability at 800°C. Such deactiva-
tion at 600°C is ascribed to graphitic carbon deposition as evi-
denced by TEM. XRD analysis after 100 hr hours revealed that
the crystalline structure of the catalyst remained intact and
part of the nickel was exsolved, slightly increasing the parti-
cle size of the Ni clusters, which are responsible for the activity
of the catalyst. Potential regeneration of spent catalyst in the
low-temperature operation range (600°C) should be further in-
vestigated as smart strategy to reuse the catalysts in realistic
applications.

All in all, this work showcases a strategy to design ther-
mally stable catalysts based on nickel promoted cerium-
zirconium mixed oxides where nickel is incorporated within
the structure, being able to withstand DRM conditions and de-
liver high quality syngas for long-term operations. Very im-
portantly, the remarkable performance herein demonstrated
by this Ni-engineered catalysts is achieved at relatively high
space velocities when compared to industrial reformers which
means that they can be instrumental for CAPEX savings in re-
alistic applications while also paving the way to design com-
pact DRM units that might fit very well in the biogas process-
ing industry.
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3. Conclusions and perspectives

This work addresses the preparation, characterisation and
testing of a series of Ni-promoted cerium zirconate oxide
structures for gas-phase CO, valorisation via DRM. Structural
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