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Ceria is a reducible oxide that has been extensively employed as supporting carrier in catalysis due to its unique
redox and structural properties in combination with its strong interaction with the active phases. Recently, the
synthesis of ceria nanostructures with uniform size and morphology has become a topic of extensive scientific
interest in catalysis. Therefore, the combination of earth-abundant and cost-effective transition metals with fine-
tuned ceria carriers could provide a platform for multifunctional materials in several energy and environmental
applications. Herein, we originally explore the facile synthesis of ceria particles of triangular-like morphology
with improved textural and structural characteristics and their subsequent application as supporting carrier of
nickel active phase. The as-prepared Ni/CeO catalysts were thoroughly characterized and catalytically assessed
for both oxidation (CO oxidation) and reduction (CO, hydrogenation) processes to demonstrate the effectiveness
of ceria triangular structures as supporting materials in catalysis. The results clearly revealed the pivotal role of
ceria nanostructure on the physicochemical properties and in turn on the catalytic performance of the nickel-
ceria binary system. The improved reducibility and oxygen kinetics of ceria carrier, along with its abundance
in structural defects and Ce3* species, could be considered as the dominant factors towards determining the
catalytic performance, offering highly active and selective ceria-based transition metal catalysts.

1. Introduction substantial spin diffusion length [3,4]. Advances in the synthesis of CeOq

nanomaterials are remarkable, exhibiting various nano-morphologies

Ceria (CeO3) nanoparticles emerge as prominent catalytic supports
or catalysts by themselves in various processes, by exploiting their
exceptional characteristics, including oxygen storage capacity, oxygen
mobility, strong metal-support interactions, and the rapid interchange
between Ce>' and Ce*" oxidation states [1,2]. These distinctive features
contribute significantly to the increased catalytic performance observed
in ceria-based nanomaterials within the field of heterogeneous catalytic
reactions. In recent years, the research interest has focused on
thin-layered nanomaterials due to their size-derived unique properties,
such as high oxygen exchange kinetics, mechanical strength, and

* Corresponding author.

such as nanorods [5,6], nanowires [7], nanotubes [8], nanocubes [8],
nanoplates [8] and other structures [9,10], achieved through both
chemical and physical methods. However, the synthesis of
two-dimensional (2D) CeO structures remains a relatively unexplored
topic. In contrast to the well-established synthesis of spherical particles
and one-dimensional nanorods/nanowires, the dominance of crystal
growth in two dimensions proves challenging, particularly in
solution-phase methods. This can be attributed to the inherent com-
plexities of CeOg, with its cubic crystal structure, and their difficulty for
2D anisotropic growth. Consequently, the synthesis of 2D CeO5 has been
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reported in a few previous publications [11-15]. Therefore, the syn-
thesis of 2D CeO; structures with uniform size and morphology and
further elucidation of their formation mechanism are currently topics of
intense interest.

Ceria-based transition metal catalysts have shown exceptional cata-
lytic performance due to the synergistic metal-support interactions
induced through the fine-tuning of the metal-support interface [1,
16-19]. Ni-based catalysts distinguish themselves with unique advan-
tages. This is attributed to the presence of mobile d-orbital valence
electrons in Ni atoms, which for the CO, hydrogenation reaction could
lead to notable CO; conversions at low temperatures, accompanied by
exceptional selectivity towards methane production [20-23]. Despite
numerous studies into Ni/CeO, composites that emphasize on the
morphology of the CeOs support [5,21,24-31], there is a notable
absence of reports on catalysts involving nickel supported on
thin-layered CeO, nanoparticles.

On the basis of the catalytic processes, CO, methanation, also known
as the "Sabatier" reaction [25,32], offers a promising approach to utilize
captured CO, emissions by their combination with green electrolytic
hydrogen towards synthetic natural gas production. This exothermic
process efficiently converts carbon dioxide (CO3) into methane (CH4) by
utilizing hydrogen (Hy) as a reactant under relatively mild conditions
[23,33]. This approach not only addresses the critical issue of mitigating
CO emissions but also provides a clean and storable energy carrier, like
methane. By incorporating the power-to-gas (PtG) concept, excess
renewable energy can be harnessed to produce methane, facilitating the
large scale deployment of renewables through methane storage and
distribution in the existing natural gas pipeline networks [34]. Conse-
quently, methane can serve as a versatile clean fuel for a wide range of
applications, from heating and power generation to transportation [35].
Moreover, it can be used as a recyclable chemical feedstock in industrial
processes [35]. Beyond its energy applications, CO, methanation is
invaluable in managing CO levels within closed systems, including
submarines, spacecrafts, and space stations [36].

The selection of an appropriate catalyst is a crucial prerequisite for
overcoming the inherent kinetic barriers in a chemical reaction.
Considerable research efforts have been dedicated to exploring a
plethora of catalysts for the Sabatier reaction, with numerous catalytic
systems extensively reviewed in various works [37-40].

In a similar manner, the abatement of CO through its oxidation over
cost-effective catalysts of high activity is of great industrial and envi-
ronmental interest. The increasing cost of noble metals has steered the
scientific community into the development of low cost, highly active and
stable catalysts through the fine-tuning of metal oxides via various
synthetic and promotional routes [41,42]. Furthermore, CO oxidation
can be employed as a probe reaction in order to gain insight into the
structure-performance relationships, as shown in previous studies [6,
43].

In this work, we prepared and thoroughly evaluated catalyst com-
posites consisting of nickel supported on CeO, triangles (CeO5 TR) for
both reduction and oxidation reactions, namely CO, methanation and
CO oxidation. These particular processes are selected as probe reactions
to explore the effectiveness of the employed synthesis approach on the
performance of heterogeneous catalytic systems. Notably, the Ni/CeO
TR catalyst exhibited 75 % conversion of CO; at 380 °C during its hy-
drogenation to methane, while in CO oxidation exhibited full conversion
at ca. 280 °C. To highlight the superiority of Ni/CeO2 TR, a comparison
with amorphous CeO, and Ni/CeO, samples was carried out. The results
further confirm the improved performance of Ni/CeO; TR, showcasing
its potential as a catalyst for both reduction and oxidation reactions.

2. Materials and methods
2.1. Materials synthesis

Cerium oxide triangles (CeO, TR) were synthesized by the

Sustainable Chemistry for the Environment 10 (2025) 100243

solvothermal method, as thoroughly described in our previous work
[44]. In a typical procedure, 3.17 g of cerium acetate and 3 g of urea
were dissolved in 30 mL of ethylene glycol (EG) under vigorous stirring
for 1 h. Then, the solution was transferred into a Teflon-lined stain-
less-steel autoclave and heated at 220 °C for 24 h. Afterwards, the
autoclave was cooled to room temperature and the solution was
centrifuged for 15—20 min. The precipitate was collected and washed
twice with ethanol at 6000 rpm for 15 min each. The resulting precip-
itate was dried at room temperature and calcined at 400 °C for 2 h under
air flow (heating ramp of 5 °C/min) in order to obtain the final product.
The Ni incorporation into CeO, TR sample was accomplished through
the wet impregnation method using an aqueous solution of Ni
(NO3)2-6H0 so as to obtain a Ni/Ce atomic ratio of 0.25, corresponding
to a Ni loading of 8 wt% [30,45,46]. Relevant literature studies over
ceria-based mixed oxides have revealed that the optimum redox/surface
properties can be obtained in a similar metal content [47-51]. The
resulting suspensions were heated under stirring until water evapora-
tion, dried at 90 °C for 12 h, and finally calcined at 500 °C for 2 h
(heating ramp of 5 °C/min). For comparison purposes, a commercial
ceria sample, CeOz-comm (Aldrich, 99.9 %, <5 microns), was employed
as a carrier for a Ni catalyst of 8 wt% Ni loading (Ni/CeOz-comm),
following the aforementioned synthesis procedure. The actual Ni
loading was determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) and found to be 8.0 + 0.1 wt%, in agreement
with the nominal composition.

2.2. Materials characterization

N, adsorption-desorption experiments were performed at -196 °C
using a Physisorption Analyzer (NOVA 800, Anton Paar). Prior to the
measurements, the samples were degassed at 150 °C for 1 h and 250 °C
for 5 h under vacuum. Total surface area was determined via multipoint
BET method and the total pore volume was determined at p/po = 0.99.
The mesopores size distribution was determined via the Barrett-Joyner-
Halenda (BJH), using the desorption branch data. Structural charac-
terization was performed by X-ray diffraction (XRD) in a Rigaku
diffractometer (model RINT 2000, Tokyo, Japan). Morphological char-
acteristics were investigated via Field Emission Scanning Electron Mi-
croscopy (FE-SEM, JEOL 7000, JEOL Ltd., Akishima, Tokyo, Japan)
operating at 15 keV, equipped with an energy dispersive X-ray spec-
trometry (EDS) system and Transmission Electron Microscopy (TEM) on
a JEM-2100 instrument (JEOL, Tokyo, Japan). Raman measurements
were performed at room temperature using a Nicolet Almega XR Raman
spectrometer with a 473 nm blue laser as an excitation source. The laser
power was 15 mW and the beam was focused on the sample through a
confocal microscope equipped with a 50x. X-ray photoelectron (XPS)
analysis was conducted on the as-prepared samples using a SPECS
FlexMod XPS with 1D-DLD upgraded Detector, and XR-50 Dual Anode X-
ray source. All XPS spectra were corrected using the Cls peak at a
binding energy of 284.6 eV. Temperature-programmed reduction (Ha-
TPR) experiments were carried out in an Automated Chemisorption
Flow Analyzer (ChemBET Pulsar TPR/TPD) under H; atmosphere, to
acquire information on the reducibility of the samples. In a typical TPR
experiment, 60 or 80 mg of sample (60 mg for the mixed oxides Ni/CeO,
kot 80 mg for the ceria supports) was placed in a U-shaped quartz cell,
located inside an electrical furnace, and heated up to 1100 °C at 10 °C/
min under 5 % Hj in Ny flow.

2.3. Catalytic evaluation studies

2.3.1. CO3 methanation

The catalytic studies for the CO, methanation reaction were carried
out in a quartz fixed-bed U-shaped reactor (i.d. = 1 cm), loaded with
200 mg of catalyst diluted with 200 mg of inert SiOs. The sample’s pre-
treatment protocol included in situ reduction at 400 °C for 1 h under
pure Hy flow (40 cm® min’l), followed by flushing with He (10 cm®
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min~!) until room temperature. The experiments were conducted at
1 bar and in the temperature range of 200 — 500 °C at intervals of 15-20
°C and a heating rate of 1 °C/min. The total volumetric feed flow was
100 cm® min™!, corresponding to a weight hourly space velocity (WHSV)
of 30 L g h!. The gas feed constituted a pure H,/CO, stoichiometric
mixture at a molar ratio of 80/20. Calculations for the thermodynamic
equilibrium were derived using the mathematical model RGibbs in
Aspen Plus software. The analysis of the reactor outlet mixture was
performed in a gas chromatograph with He as the carrier gas, equipped
with a thermal conductivity detector (TCD) for the detection of CO and
CO,, separation columns (Molecular Sieve 13X and Porapack QS).

The reactor effluent was passed through a cold trap submerged in an
ice bath in order to condense the H;O produced by the reactions. The
only carbonaceous products detected in the reactor outlet stream were
CH,4 and CO. The conversion of carbon dioxide (Xco2, %) and product
selectivities (Sco and Scu4, %) were calculated as follows (Egs. (1)-(3)):

([Cozhn ® Fiﬂ) — ([Coz]ou\ ® FOU\)

Xco, = COsl. s Fnm ¢ 100 (€}
(o)
Sco=—F—"—""—— 100 (2
< [Co]out + [CH4]out .
Sci, = [CHt o 100 ©)

[CO] out T [CH‘J out

The macroscopic reaction rate was defined in terms of the rate of
moles of CO, consumed per mass of the catalyst, rp,:

[COzl;, ® Fin eXco,

100 e 60 e mg, oV, )

I (moICO 0 g ' os!) =

where mcy; is the mass of the catalyst in grams and Vy, is the gas molar
volume at 25 °C and 1 bar (24,436 c¢m?/mol).

2.3.2. CO oxidation

Catalytic tests for CO oxidation were carried out in a quartz fixed-bed
reactor (8 mm i.d.), loaded with 100 mg of catalyst (bed volume of
0.25 cm®). The total flow rate of the feed gas (2000 ppm CO and 1.0 vol
% O, in He) was 250 cm3/min, corresponding to a Gas Hour Space
Velocity (GHSV) of 60,000 h™!. Catalytic evaluation measurements
were carried out by increasing the temperature by 20 degrees steps up to
500 °C. The reactant CO was analyzed by using a CO analyzer (ABB
A02000). The conversion of CO (Xco, %) was calculated by the
following equation:

_[cO},, — [cO]

Xco(%) [CO] out o 100 (5)

in
where [COlj, and [CO]oyt are the CO concentration (ppm) in the inlet
and outlet gas streams, respectively.

The reaction rate was defined in terms of the rate of moles of CO

consumed per both mass (r,), surface area (rg) and exposed Ni surface
area, (rn;) of the catalyst (Eqs. (6)-(8)) [46]:
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where mc,; is the mass of the catalyst in grams, Sggr is the surface area of
the catalyst in m%/g, Vy, is the gas molar volume at 25 °C and 1 bar
(24,436 cm3/mol), Ani (mz/g) is the exposed surface area of Ni per gram
of catalyst, AMy; = 58.69 g/mol is the atomic mass of Ni, ayj
=6.510102° m? is the atomic cross-sectional area of Ni, Dy; is the
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nickel dispersion calculated by TEM and N = 6.023¢10%3 molecules/
mol is the Avogadro number.

Moreover, the site time yield (STY) based on the surface Ni content of
the samples was calculated (Eq. (9)) in order to assess the intrinsic
catalytic activity of the materials [46].

I'm e AMNi
Wy eDy;

STY(s™!) 9

where wy; is the Ni mass fraction in the sample.
3. Results
3.1. Materials characterization

The main textural characteristics of the bare CeO5 TR and Ni/CeO,
TR are presented in Table 1. Bare CeO, TR demonstrates a very high BET
surface area of 115.4 m?/g while Ni incorporation into the ceria support
results in a decrease of the BET surface area (85.0 mz/g). The pore
diameter of CeO, TR and Ni/CeO; TR is 2.3 and 3.4 nm, respectively.
For the commercial samples CeOz-comm and Ni/CeOz-comm, the BET
surface areas are very low while presenting higher values of average
pore diameters, namely 16.8 and 27.5 nm, respectively.

Fig. 1a shows the adsorption-desorption isotherms of bare CeO, TR
and Ni/CeO3 TR samples which demonstrate type IV isotherms of IUPAC
classification with a hysteresis loop at a relative pressure > 0.5, indi-
cating their mesoporosity. For comparison purposes, the adsorption-
desorption isotherms of the commercial samples are also depicted
(Fig. 1b). In Fig. 1c and d, the Barrett-Joyner-Halenda (BJH) desorption
pore size distributions (PSD) of the samples are shown, with their
maxima located at pore diameters higher than 3 nm, corroborating the
presence of mesopores. It is noteworthy that the CeOy TR and Ni/CeO»
TR samples show no significant modifications on the basis of pore vol-
ume and average pore diameter (Table 1). However, taking into
consideration the pore size distribution of the samples (Fig. 1c), the Ni/
CeO2 TR catalyst has a greater amount of larger-sized pores than the
bare CeO, TR sample, thus exhibiting a lower surface area [44].

The crystal structure analysis of the bare CeO2 TR and Ni/CeO2 TR
samples, as well as the commercial samples was carried out using X-ray
diffraction (XRD), and the corresponding XRD patterns are shown in
Fig. 2 and b, respectively. For the bare CeO5 TR and CeOs-comm sam-
ples, the XRD patterns revealed distinct peaks at 20 = 28.5°, 33.1°,
47.5°, and 56.3°, which can be attributed to the (111), (200), (220), and
(311) crystal planes, respectively [6]. These peaks are indicative of the
face-centered cubic fluorite structure of ceria (Fm3m symmetry, no.
225, Reference code: 00-043-1002). Upon the addition of nickel to the
CeO; TR and CeO,-comm samples, the XRD patterns for the Ni/CeO5 TR
and Ni/CeOz-comm samples exhibited additional diffraction peaks.
Specifically, at 20 = 37.3° and 43.4°, the observed peaks can be asso-
ciated with the (111) and (200) crystal planes, respectively [35,52].
These peaks can be attributed to the typical cubic structure of NiO
(Reference code: 01-075-0197). Therefore, the XRD analysis confirms
that the Ni/CeO, TR sample exhibits a combination of the face-centered
cubic fluorite structure of ceria and the cubic structure of NiO.

In addition to the XRD analysis, the average crystallite size (Dxgrp) of
the as-obtained samples was determined using the Scherrer equation.
The results are summarized in Table 2. The bare CeO, TR sample
exhibited an average crystallite size of 9.1 nm. Upon the addition of NiO

Table 1

Textural characteristics of bare CeO, TR and Ni/CeO, TR.
Sample Sper (M%/g) Vpore (cm®/g) dpore (nm)
CeO, TR 115.4 0.066 2.3
Ni/CeO, TR 85.0 0.072 3.4
CeO,-comm 1.48 0.0062 16.8

Ni/CeO,-comm 3.23 0.022 27.5
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Fig. 1. Adsorption-desorption isotherms of (a) CeO, TR, Ni/CeO; TR and (b) CeO,-comm, Ni/CeO2-comm samples; BJH desorption pore size distributions (PSD) of

(c) CeOz TR, Ni/CeO; TR and (d) CeOy-comm, Ni/CeOy-comm samples.

into the CeOy TR sample (Ni/CeO2 TR), a small increase in the ceria
crystallite size was observed, with a value of 9.9 nm, while the crys-
tallite size of NiO was estimated to be ca. 28.0 nm. These values, in
conjunction with the morphological characteristics of ceria particles
(Figs. 3 and 4), indicate that the ceria triangular particles are poly-
crystalline in nature, consisting of nanoscale crystallites that form larger
aggregates. On the other hand, the crystallite size of NiO is much higher
compared to that of ceria, despite its lower content (8 wt%), implying an
aggregation of NiO phase over ceria particles. Similar results have been
previously obtained for several ceria-based catalysts (e.g. Cu, Co, Fe) of
similar metal loading [6,43,53].

Furthermore, the d-spacing, lattice parameter, and unit cell volume
were calculated based on the most intense planar reflection of CeOy
(111) for the Ni/CeO;, TR sample. It was found that these parameters
were lower in the Ni/CeO2 TR sample compared to the bare CeO, TR
sample. This change in lattice parameters is also evident in the shift of
the diffraction angle, as depicted in Fig. 2b. The contraction of the ceria
lattice in the Ni/CeO; TR sample can be attributed to the incorporation
of nickel oxide, which has smaller ionic radii compared to cerium ions
[54-56]. The presence of these smaller ions in the ceria lattice causes a
reduction in the interatomic distances and leads to a contraction of the
lattice. This phenomenon is consistent with the observed changes in

lattice parameters and the shift in the diffraction peaks. In this point, it
should be mentioned that the commercial samples exhibit much larger
values of the average ceria crystallite sizes, namely 57.5 and 60.1 nm for
the CeOy-comm and Ni/CeOz-comm samples, respectively (Table 2).
These findings in conjunction to the previously shown BET analysis,
clearly reflect the pronounced structural and textural properties of CeOy
particles of triangular-like morphology as compared to commercial
ones.

The morphology of bare CeO2 TR and Ni/CeO TR was determined
by SEM and TEM analyses. More specifically, from SEM analysis, the
CeO; TR sample exhibits a triangle-like morphology, which is retained
upon the addition of nickel, as illustrated in Fig. 3a and b. In contrast,
the CeO2-comm sample displays an irregular morphology (Fig. 3c),
while Ni/CeOg-comm consists of an irregular agglomeration of CeO3 and
nano-sized NiO particles (Fig. 3d).

To further investigate the elemental distribution, field-emission
scanning electron microscopy (FE-SEM) equipped with energy-
dispersive X-ray spectroscopy (EDS) was performed on the Ni/CeO
TR and Ni/CeOz-comm samples (Fig. 3e and f). The FE-SEM/EDS anal-
ysis confirms the uniform distribution of Ce and Ni in both samples.
Additionally, EDS quantification of Ni/CeOz TR determined an atomic
Ni/Ce ratio of 0.26 and a Ni loading of 8.1 wt%, values that closely
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Fig. 2. XRD patterns of (a) CeO, TR, Ni/CeO, TR, (b) the (111) diffraction peak of CeO5 and (c) CeO2-comm, Ni/CeOz-comm samples.

Table 2

Structural and morphological characteristics of bare CeO; TR, Ni/CeO, TR, CeO3-comm and Ni/CeOs-comm.

Sample XRD Analysis TEM Analysis Raman Analysis

CeO, (111) Dxgrp (nm) Ni particle size Dni (%) Ip/Ip2g

d@11) spacing (nm) Lattice Parameter (nm) Unit Cell Volume (nm)?® CeO, (111) NiO (200) (nm)

a=b=c

CeO, TR 0.313 0.5422 0.1594 9.1 — — — 0.024
Ni/CeO, TR 0.312 0.5406 0.1580 9.9 28.0 28.1 £ 6.0 3.6 0.63
CeOy-comm 0.313 0.5416 0.1589 57.5 — — — —
Ni/CeO,-comm 0.313 0.5416 0.1589 60.1 26.3 24.2 + 3.9 4.2 —

match the nominal composition (Ni/Ce = 0.25, 8 wt% Ni) and are
consistent with the surface elemental composition obtained by XPS
analysis (see below). Similarly, the Ni/Ce atomic ratio and Ni loading for
Ni/CeO,-comm were calculated as 0.25 and 7.8 wt%, respectively.
Additionally, the TEM images of CeO TR, Ni/CeO5 TR, CeOz-comm,
and Ni/CeOy-comm are depicted in Fig. 4. The triangle-like morphology
of the CeO, TR is also confirmed through TEM analysis (Fig. 4a), while it

remains unchanged with the incorporation of NiO (Fig. 4b). Moreover,
separated NiO particles of sphere-like morphology are detected, as
shown in Fig. 4b and c. The high-resolution TEM (HRTEM) analysis of
Ni/CeO; TR (Fig. 4f) reveals a lattice spacing of 0.21 nm, corresponding
to the NiO (200) planes in contact with CeO5 TR, in agreement with the
XRD results (Fig. 2). The mean particle size of NiO was estimated by
TEM analysis and the results are presented in Fig. 4b and Table 2. From
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Fig. 3. SEM images of the samples: (a) CeO,-TR, (b) Ni/CeO; TR, (c) CeOy-comm, (d) Ni/CeO2-comm; SEM-EDS elemental mapping images: (e) Ni/CeO, TR, (f) Ni/
CeO5-comm.

Fig. 4. TEM images of the samples: (a) CeO; TR, (b) Ni/CeO; TR, (d) CeOy-comm, (e) Ni/CeOy-comm; HRTEM images: (c) Ni/CeO; TR, (f) Ni/CeOz-comm.

the particle size distribution (PSD) analysis, the NiO particle size was CeOo-comm, as shown in Fig. 4d and e. The CeO2-comm sample exhibits
estimated at 28.1 nm, which is in full agreement with the XRD analysis an irregular morphology with relatively large particles (Fig. 4d).
(Table 2). Following NiO incorporation, the Ni/CeOz-comm sample appears as a

Furthermore, TEM analysis was performed for CeOz-comm and Ni/ mixture of large CeOs particles and smaller NiO particles (Fig. 4e). The
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HRTEM image of Ni/CeOo-comm (Fig. 4f) confirms the presence of NiO
and CeO; phases, with lattice spacings of 0.21 nm and 0.3 nm, respec-
tively. This indicates that NiO (200) planes are in contact with CeOy
(111) planes, further corroborating the XRD results. From the PSD
analysis of Ni/CeO»-comm, the average NiO particle size was found to be
24.2 nm, which is in good agreement with the XRD results (Table 2).
Based on the TEM particle sizes, Ni dispersion was found to be 3.6 % for
Ni/CeO; TR and 4.2 % for the commercial Ni/CeO, sample (Table 2).
Fig. 5 depicts the Raman spectra of bare CeO5 TR and Ni/CeOy TR
samples. For bare CeO; TR support, the characteristic Fog mode at
457 cm™! is observed which is attributed to the Fm3m fluorite cubic
ceria structure, and a weak band at ~250 cm™* which is ascribed to
second-order transverse acoustic mode [57]. Moreover, a wide band in
the 530 and 700 cm™! region, which is commonly called the
defect-induced band (denoted as the "D" band), can be attributed to
structural perturbations of the ceria cubic lattice [57-59]. With the
addition of NiO into ceria, a small red shift of the Fog peak is observed, as
well as a decrease in intensity. In addition, in the case of Ni/CeO TR, the
wide D band significantly exhibits increased intensity, which is related
to punctual defects and oxygen vacancies due to the incorporation of
NiO. Therefore, the Ip/Ipzg ratio is associated with the abundance of
structural defects [60]. The Ip/Ipzq values for both CeO2 TR and Ni/CeO,
TR were calculated and presented in Table 2. Particularly, the Ip/Ipzg
ratio for bare CeO5 TR is very low (0.024) while a significant increase in
this ratio is observed for Ni/CeO2 TR (0.63), revealing the remarkable
impact of nickel-ceria synergistic interactions towards the increased
population of structural defects and oxygen vacancies of Ni/CeO, TR.
The XPS analysis was performed to determine the oxidation states
and surface composition in the CeO, TR and Ni/CeO3 TR samples. The
deconvolution of the Ce 3d and Ni 2p spectra was conducted using a
combination of Gaussian-Lorentzian peak fitting after applying a Shirley
background correction. Fig. 6a shows the Ce 3d XPS spectra of bare CeO
TR and Ni/CeO; TR samples. The Ce3d curves were deconvoluted into
eight peaks. More specifically, the "u" peaks refer to the spin-orbit
coupling 3ds,» while the "v" peaks correspond to the spin-orbit
coupling 3d3,, [5,23,61,62]. The v’>’, v’’, v, ', u”’, and u peaks are
attributed to Ce** and the v’ and u’ are ascribed to Ce®* [5,23,61].
Additionally, Table 3 summarizes the results obtained from XPS
analysis for both bare CeO, TR and Ni/CeOy TR. The ratio of Ge>* ions to
the whole peak area in the Ce 3d region is calculated from the area ratio
of the sum of the Ce3* species to that of the total cerium species. Bare
CeO; exhibits an amount of cedt species of 25.6 % while Ni/CeOy TR
shows a much higher population of Ce>* ions (44.8 %). The presence of
oxygen vacancies is directly correlated with the increase in Ce3*
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Fig. 5. Raman spectra for bare CeO, TR and Ni/CeO; TR.
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concentration, as the vacancies facilitate the reduction of Ce*" ions.
More specifically, the stoichiometric CeO2 can be transformed into non-
stoichiometric CeO,_y by releasing oxygen and reduction of Ce*" to
Ce>* with the simultaneous formation of the oxygen vacancies into the
lattice structure [63]. It is worth mentioning that the Ce®" species are
associated with the abundance of oxygen vacancies and the extent of
metal-support interactions [33,64]. Therefore, these findings indicate
the presence of more oxygen vacancies, in the case of Ni/CeO; TR
compared to that of bare support material which is in full agreement
with the Raman analysis. Notably, the larger increase in the Raman D
band area (Fig. 5) compared to the increase of XPS-measured ce3t
concentration upon the Ni incorporation into CeOy TR suggests a com-
plex defect structure. The Raman technique is more sensitive to the
overall defect concentration and distribution, while XPS provides in-
formation about the average Ce3* oxidation state on the surface [65,66].
This combined information offers a more comprehensive understanding
of the structural and electronic modifications induced by Ni incorpora-
tion into CeO5 TR.

The high-resolution spectrum of Ni 2ps/» is presented in Fig. 6b,
implying the formation of Ni?* species on the surface of the Ni/GeOy TR
catalyst. Moreover, the Ni/Ce XPS atomic ratio is found to be 0.23
(Table 3), in perfect agreement with EDS analysis (see above) and the
nominal composition of Ni (8 wt% corresponding to a Ni/Ce ratio of
0.25). To further clarify, the nominal atomic ratios, based on the nom-
inal catalyst composition, are Ni/Ce = 0.25, O/Ce = 2 and O/Ni = 8.
The XPS analysis reveals slightly lower Ni/Ce (~0.23) and higher O/Ce
(~2.43) and O/Ni (~10.54) ratios, which could be attributed to surface
enrichment in oxygen species. These findings demonstrate, once again,
the pronounced structural characteristics of ceria triangles, which
facilitate the formation of oxygen vacancies and in turn Ge>* sites via
metal-support interactions.

TPR experiments were also conducted to investigate the redox
properties of the as-prepared samples. Fig. 7 presents the reduction
profiles of bare CeO5 TR and Ni/CeO5 TR, as well as of the commercial
samples. Bare CeOy TR consists of two broad peaks centered at ca.
500 °C and 860 °C that can be ascribed to ceria surface oxygen (Og) and
bulk oxygen (Op) reduction, respectively [67]. Also, the Og peak is
accompanied by a shoulder peak at 345 °C which could be related to the
peculiar pyramid-like morphology of ceria, as previously evidenced in
ceria nanoparticles of distinct morphology [67]. Interestingly, the
commercial ceria sample (CeOy-comm) exhibits only the Oy peak at
890 °C. The addition of nickel has a significant positive impact on its
overall reducibility, as evidenced by the larger reduction peaks and the
shifts towards lower temperatures as compared to the corresponding
bare ceria supports. Specifically, Ni/CeOz TR exhibits four distinct
reduction peaks at 182, 267, 368, and 850 °C; the first two peaks,
starting at 182 °C while reaching a maximum at 267 °C, are ascribed to
the reduction of adsorbed oxygen species caused by the formation of
Ni-O-Ce structures [60,68], the peak at 368 °C is associated with the
well-dispersed NiO phase interacting strongly with ceria (the so-called
boundary Ni-O-Ce) whereas the shoulder peak above 480 °C can be
attributed to the reduction of the phase-separated surface NiO clusters
over the ceria support [60,69,70]. It should also be mentioned that
Pantaleo et al. [71] have attributed the low-temperature TPR peaks to
the reduction of NiO particles of different sizes. In contrast to the
triangular-shaped nickel-ceria catalyst, the commercial sample exhibits
only one wide peak at 394 °C. The high-temperature peaks at 850 and
862 °C in the Ni/CeO; TR and Ni/CeO,-comm samples, respectively, are
related to ceria bulk oxygen reduction. Comparing the TPR profiles
(Fig. 6) between the triangular-shaped samples and the commercial
ones, the pivotal role of support morphology in the low-temperature
reducibility is evident.

Table 4 presents the hydrogen consumption of bare CeO» TR and Ni/
CeO2 TR, as well as of the commercial samples. Bare CeO3 TR shows a
surface-to-bulk oxygen ratio of 0.92 while exhibiting a total Hy con-
sumption of 1.25 mmol Hy/g. The incorporation of Ni into the ceria
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Fig. 6. (a) XPS spectra of Ce 3d for bare CeO5 TR and Ni/CeO, TR; (b) XPS spectrum of Ni 2p3,» for Ni/CeO5 TR.

Table 3
Surface atomic compositions, Ni/Ce ratio and content of Ce>* determined from
XPS analysis for bare CeO; TR and Ni/CeO, TR samples.

Sample Ce (at%) Ni (at%) O (at%) Ni/Ce ce®t (%)
CeO, TR 33.8 66.2 - 25.6
Ni/CeO, TR 27.3 6.3 66.4 0.23 44.8
surface oxygen bulk oxygen
reduction (O,) reduction (O,)
394
5: 862
&
2 368 Ni/CeO,-comm
- 267
c
= 182 850
Ni/CeO, TR 4/89_"\
CeO,-comm 500 860
CeO, TR

LA L E S I L R R L I B B
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Fig. 7. Ho-TPR profiles of the triangular-shaped and commercial samples.

Table 4

Redox properties of the triangular and commercial samples.
Sample H, consumption (mmol Hy/gca)” 0O4/Op

O, Oy Total

CeO, TR 0.60 0.65 1.25 0.92
Ni/CeO, TR 1.50 0.50 2.00 3.0
CeO,-comm — 0.56 0.56 —
Ni/CeO,-comm 1.08 0.57 1.65 1.89

@ Estimated by the area of the corresponding TPR peaks at temperatures
T < 600 °C (Og) and T > 600 °C (Op), calibrated against a known amount of CuO
standard sample.

carrier results in a notable increase of Hy uptake in the low-temperature
range, resulting in a surface-to-bulk oxygen ratio of 3.0 (Table 4). The
latter implies the abundance of surface oxygen species upon nickel

incorporation, which could play a dominant role in catalysis, as further
discussed below. Regarding the commercial samples, CeOz-comm,
exhibiting only the bulk oxygen reduction peak, shows a hydrogen
consumption of 0.56 mmol Hy/g while the Ni/CeO,-comm catalyst ex-
hibits much lower values of total Hy consumption (1.65 mmol Hy/g) and
surface-to-bulk oxygen ratio (1.89) than the triangular-shaped catalyst
(Table 4), revealing once again the key role of ceria morphology in the
redox behavior of the materials.

3.2. Catalytic evaluation studies

3.2.1. CO5 methanation

The CO, hydrogenation performance of bare CeO, TR and Ni/CeO,
TR catalysts was explored within a temperature range of 200—400 °C.
Fig. 8a presents the CO, conversion profiles of both catalysts, comparing
them to the thermodynamic equilibrium conversion profiles for
methanation and reverse water-gas shift (rWGS) reactions. The results
clearly demonstrate the superior methanation performance of the Ni/
CeO2 TR catalyst, indicating the advantageous effect of combining Ni
metal with the ceria-triangles support. Importantly, the Ni/CeOy TR
catalyst exhibited an onset methanation temperature of approximately
245 °C, while the bare CeOy TR showed negligible reactivity in the
whole temperature range. Furthermore, it is noteworthy that the as-
synthesized Ni/CeO, TR catalyst displayed complete selectivity to-
wards methane at all investigated temperatures, in contrast to bare CeOy
TR (Fig. 8b).

To further highlight the enhanced catalytic performance of Ni/CeO,
TR, a comparison was elaborated with the corresponding commercial
samples, CeOz-comm and Ni/CeOs-comm, as shown in Fig. 8. The
comparison clearly demonstrates that Ni/CeO; TR is significantly more
active and selective towards CH4 formation as compared to Ni/CeOs-
comm, underscoring the crucial role of the ceria triangular support,
while the CeO,-comm sample shows also negligible activity as is the case
for CeO4 TR. Regarding methane selectivity, at 300 °C, CeOz-comm and
Ni/CeOz-comm exhibit CH4 selectivity values of 22 % and 63 %,
respectively. In contrast, CeO2 TR and Ni/CeO2 TR display methane
selectivity values of 3 % and 98.1 %, respectively. These results provide
clear evidence that the presence of the nickel active phase is indis-
pensable to activate CO3 and generate methane. Although bare CeO; TR
exhibits negligible catalytic performance, when combined with Ni, the
catalytic activity is significantly promoted, leading to conversion and
methane selectivity values close to 75 % and 100 %, respectively, at
380 °C. In contrast, the corresponding modifications on the commercial
Ni/CeOy-comm sample are noticeably less prominent. Furthermore,
short-term (24 h) stability tests (not shown for brevity) were performed
over the optimum triangular-shaped catalyst (Ni/CeO, TR), revealing its
stable performance with no deterioration of activity or selectivity.
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Fig. 8. (a) CO, conversion and (b) CHy selectivity versus temperature for CeO,-comm, Ni/CeO,-comm, CeO, TR and Ni/CeO, TR catalysts. Reaction conditions:

WHSV = 30 Leg eh ™!, Hy:CO; = 4, P = 1 atm.

The superior performance of Ni/CeO» TR for the methanation of CO,
could be attributed to the enhanced redox properties and oxygen
mobility of ceria’s triangular-like structure. Moreover, Ni/CeOz TR ex-
hibits abundance in structural defects and oxygen vacancies, as
corroborated by both Raman and XPS analyses (see above). More spe-
cifically, nickel facilitates the dissociation of Hy into hydrogen ad-atoms
on the catalyst surface [72], which eventually lead to the formation of
methane through the hydrogenation of the species formed by the
adsorption of COy [73]. The Ni/CeO, TR sample exhibits high CO,
methanation performance, in terms of both conversion and selectivity,
due to the synergistic interactions between nickel and the triangular-like
ceria structure, resulting in improved reducibility and abundance in
structural defects and oxygen vacancies.

In this point, it should be noted that although the attained catalytic
performance is not superior as compared to the state-of-the-art Ni/CeO,
nanocomposites (e.g. Ycus = 92 % at T < 300 °C [18,46]), the unique
textural, structural and mechanical characteristics of triangular-like
CeO;, structures could render them as promising candidates for large
scale production and commercial applications [74,75]. In Table 5, the
CO, methanation performance in terms of CO2 conversion (Xco,) and
CH4 selectivity (Scu,) over ceria-based Ni catalysts of various mor-
phologies (triangles, nanorods, nanopolyhedra, etc.) and of similar

porous and structural characteristics are summarized. It is evident that
the combination of nickel with ceria of specific morphology gives rise to
extremely active catalytic systems for the methanation of CO,. It is also
worth mentioning that the triangular-shaped ceria can be considered as
a promising support for the incorporation of the active metal phase.

In general, CO; methanation follows two main reaction paths,
namely the CO and the formate routes. In the CO pathway, gaseous CO»
is directly dissociated to *CO (intermediate carbonyl) and *O species,
followed by their hydrogenation to *CH,4 and the subsequent desorption
of gas-phase CH4 [19,77,81,82]. In the latter pathway, the main in-
termediates are the formate species (*HCOO) instead of the carbonyls.
During this route, the formate species react with the chemisorbed
hydrogen adatoms [81-83]. Taking into account the hydrogen activa-
tion mechanism over metal-ceria catalysts, gas-phase hydrogen is acti-
vated via dissociation on the metal particles. Then, the migration of the
adsorbed hydrogen adatoms on the CeO, support takes place via spill-
over. Consequently, they react with carbon-containing intermediates
towards the formation of gas-phase CH,4 [84].

On the basis of the above mechanistic discussion, Ni/CeO triangles
exhibit superior CO2 methanation performance in comparison to the
commercial sample (Ni/CeOs-comm), arising mainly from the syner-
gistic metal-support interactions which enable hydrogen activation and

Table 5
Summary of Ni-ceria catalysts of different morphology for CO, methanation at H»:CO, = 4 and P = 1 bar.
Sample Ni loading (wt%) SBET (mz/g) Dxrp WHSV T (°C) Xco, (%) Scu, (%) Ref.
CeO, (111) Lgth™

Ni/CeO, TR 8 85.0 9.9 30 380 75 100 This work
(triangles)

Ni/CeO,-comm 8 3.23 60.1 30 380 56 84 This work
(amorphous)

Ni/CeOy-NR 7.9 72 14 30 300 92.1 99.8 [30]
(nanorods)

Ni/CeO,-NR 13.38 32 18.1 300 400 53.1 46.1 [69]
(nanorods)

Ni/CeO,-NR 8.92 89.8 10.3 20 250 90.4 90 [76]
(nanorods)

Ni/CeO,-NP 10 56 9.5 21 250 41 929 [21]
(polyhedra)

Ni/CeO,-NPs 5 89.8 10.3 12 350 84.3 100 [771
(nanoparticles)

Ni/CeOy-NR 34.6 6.7 80.8 320 74.1 929 [78]
(nanorods)

Ni/CeOx-NW 10 62.3 — 60 325 91.5 94.4 [79]
(nanowires)

Ni/CeO,-NB 9.68 112.1 — 36 240 67.5 99.6 [80]
(broom-like)

* molar ratio Ni:Ce = 3:7.
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dissociation, thus resulting in enhanced methane formation.

3.2.2. CO oxidation

Bare CeOy TR and Ni/CeOy TR catalysts along with the corre-
sponding commercial samples CeOz-comm and Ni/CeOz-comm were
also catalytically evaluated in the oxidation of CO (Fig. 9). In terms of
half-conversion temperature (Tsg), the following oxidation performance
was obtained: Ni/CeO3 TR (135 °C) > Ni/CeOz-comm (235 °C) > CeO
TR (246 °C) > CeOy-comm (452 °C). The addition of nickel into the
ceria supports considerably enhances the catalytic activity. The
triangular-like Ni/CeO, TR sample exhibits the best CO oxidation per-
formance, offering 99 % CO conversion at 275 °C. Also, it should be
mentioned that the optimum Ni/CeO; TR catalyst exhibited a stable
conversion performance in short-term (24 h) stability experiments (not
shown for brevity).

Table 6 summarizes the CO oxidation performance in terms of half-
conversion temperature (Tsg) over ceria-based Ni catalysts of various
morphologies (e.g., triangles, nanorods, nanopolyhedra) and of similar
porous and structural characteristics. For comparison purposes the
corresponding performance of commercial ceria samples is included in
the Table. The superior performance of ceria-based samples of distinct
morphology in comparison to the amorphous commercial ceria is
obvious, highlighting the pivotal role of support structure and
morphology. Among the differently shaped catalysts, Ni-ceria nanorods
exhibit the best CO oxidation performance (T5¢ = 121 °C) [58] followed
by the triangular-shaped catalyst (Ni/CeO3 TR, T5¢ = 135 °C) developed
in the present work. It can be therefore deduced that the fine-tuning of
ceria shape and its combination with a suitable metal as the active phase
can lead to binary catalytic systems of superior oxidation performance,
as thoroughly elaborated in our previous studies [16,17].

Table 7 shows the specific activity, normalized per unit of catalyst
mass (nmol g’1 s’l), surface area (nmol m~2 s’l) and exposed Ni surface
area (nmol my? s~ 1), as well as the site time yield (STY, s~ at differ-
ential conditions (Xco < 20 %, T = 100 °C, GHSV = 60,000 h™!), which
can reflect more accurately the intrinsic reactivity of the as-prepared
catalysts. It is evident that Ni/CeO, TR exhibits by far the best cata-
lytic performance, in terms of both conversion and specific activity.
Moreover, it presents a site time yield value greater by two orders of
magnitude than the equivalent commercial sample, indicating its su-
perior intrinsic reactivity. On the basis of the present findings, the su-
perior catalytic behaviour of the Ni/CeOy TR sample can be mainly
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Fig. 9. CO conversion as a function of temperature for CeOz-comm, Ni/CeO,-
comm, CeO,, TR, and Ni/CeO,, TR catalysts. Reaction conditions: 2000 ppm CO,
1 vol% O,, GHSV = 60,000 h™1.
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Table 6
Summary of Ni-ceria catalysts of different morphology for CO oxidation.
Sample Ni SBET Dxrp GHSV Tso Ref.
loading (m?%/ CeO, (h™h [§9)]
(Wt%) ) (111

CeO, TR — 115.4 9.1 60,000 246 This
(triangles) work

CeO,-comm — 1.48 57.5 60,000 452 This
(amorphous) work

Ni/CeO, TR 8 85.0 9.9 60,000 135 This
(triangles) work

Ni/CeO,-comm 8 3.23 60.1 60,000 235 This
(amorphous) work

CeO»-NR — 91.8 13.2 39,000 320 [6]
(nanorods)

CeO,-NP — 109.4 9.5 39,000 350 [6]
(nanopolyhedra)

CeO2-NC — 39.5 19.2 39,000 385 [6]
(nanocubes)

CeO5-NR — 66 — 40,000" 202 [58]
(nanorods)

CeO2-NR — 108 8.4 28,800 312 [85]
(nanorods)

CeO,-HS — 36.3 — 18,000" 334 [86]
(hollow spheres)

Ni/CeO,-NR 10 37.6 — 140,000" 176 [87]1
(nanorods)

Ni/CeO,-NR - 64 — 40,000" 121 [58]
(nanorods)

Ni/CeO,-NR 9.87 139 7.13 28,800 286 [85]
(nanorods)

2 WHSVinmLg 'h™%

Table 7

CO conversion and specific activity values of CeOp-comm, Ni/CeO,-comm, CeO»
TR, and Ni/CeO, TR samples at 100 °C. Reaction conditions: 2000 ppm CO,
1 vol% O,, GHSV = 60,000 h™*.

Sample co Specific activity
Conversion
%) I'm Is . TsNi . STj
(nmol (nmol m (nmol my; s
gt s s
sh
CeO,-comm — — — — —
Ni/CeO,- 0.52 18 5.49 0.65 3.16
comm 107*
CeO, TR 0.67 23 0.20 — —
Ni/CeO, TR 152 518 6.10 21.59 1.06 -
1072

ascribed to its enhanced reducibility and oxygen kinetics, originated
from the strong interaction between ceria triangles and nickel species,
along with the abundance of the support in oxygen vacancies, as pre-
viously evidenced through Raman and XPS analyses.

In more detail, CO oxidation over ceria-based materials follows a
Mars-van Krevelen, redox-type mechanism, involving alternating
reduction/oxidation steps towards the formation of surface oxygen va-
cancies, their subsequent refill by gas phase oxygen, and the regenera-
tion of metal active species in consecutive catalytic cycles [42,88,89]. In
view of this fact, the pivotal role of the support’s redox properties and its
interaction with the nickel species is revealed. In particular, the
enhanced oxygen exchange kinetics and reducibility of ceria facilitates
the formation of active oxygen species, whereas the nickel-ceria syner-
gistic interactions could be accounted for the facilitation of ceria
capping oxygen reduction.

In light of the above discussion, Fig. 10 depicts the straightforward
relationships revealed among the relative abundance of oxygen va-
cancies and the concentration of partially reduced cerium species (Ce>")
with the CO specific consumption rate at 100 °C for the CO oxidation
reaction and CO5 consumption rate at 300 °C for the CO5 hydrogenation
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Fig. 10. Relationship among the CO consumption rate at 100 °C (CO oxidation
reaction) and the CO, consumption rate at 300 °C (CO, hydrogenation reac-
tion), with the relative abundance of oxygen vacancies and Ce>" concentration
for the CeO, TR and Ni/CeO, TR samples.

reaction, for bare CeO, TR and Ni/CeO, TR. The present results clearly
demonstrate the fundamental role of ceria structure towards the deter-
mination of the relative abundance of structural defects/oxygen va-
cancies and Ce®' species, which are crucial for both oxidation and
reduction reactions.

In view of the above aspects, there is plenty of room towards the fine-
tuning of 2D-based catalytic materials via the use of advanced synthesis
and promotional routes, which could lead to highly-active and cost-
efficient composites for various energy and environmental applica-
tions [90,91].

4. Conclusions

In the present work, thin-layered ceria nanoparticles of triangular-
like morphology (TR) was synthesized through a simple solvothermal
method and used as support for the nickel oxide phase. The as-prepared
ceria and nickel-ceria samples, as well as the equivalent commercial
oxides, were catalytically assessed in both hydrogenation and oxidation
reactions, i.e., COy methanation and CO oxidation. According to the
characterization results, the Ni/CeOy TR catalyst exhibits enhanced
reducibility with abundant structural defects and oxygen vacancies
originating from the improved structural characteristics of ceria tri-
angles. Ni/CeOy TR exhibits a CO, conversion value of 75 % and full
methane selectivity at 380 °C while it also shows excellent CO oxidation
performance, achieving full conversion at 280 °C. On the contrary, the
corresponding commercial Ni/CeOy-comm sample offers a much lower
catalytic performance, revealing the significance of the ceria
morphology in the overall catalytic behavior. The present findings
clearly demonstrate that the employment of simple synthetic proced-
ures, such as the solvothermal method, can lead to the development of
innovative ceria structures with abundance on structural defects and
oxygen vacancies, that can act as supporting carriers for transition metal
active phases, leading to cost efficient and highly active materials for
energy and environmental applications.
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