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Nanocasting for theRWGSReaction
Belén Bachiller-Baeza,*[a] Jiajie Wu,[a] Mónica García-García,[a] José Antonio Alonso,[b]

and Consuelo Alvarez-Galván*[a]

In this work, the influence of the porous structure of the cat-
alyst, as well as the effect of La doping on the performance
of Ni-ceria-based catalysts for the reverse water-gas shift reac-
tion (rWGS) has been studied. Thus, Ni-ceria and Ni-La doped
ceria catalysts have been prepared using nanocasting or hard-
templating method, also studying the influence of the incor-
poration method of the nickel phase. Samples prepared by
sol-gel were also prepared for comparison. The catalysts were
tested in the rWGS and characterized by different techniques:
X-ray diffraction (XRD), electron microscopy (TEM and STEM-

EDX), adsorption-desorption N2 isotherms (BET), temperature
programmed reduction (TPR-H2), and X-ray photoelectron spec-
troscopy. The results obtained indicate that the mesoporous
catalysts prepared by hard-templating, regardless of the nickel
incorporation method have developed a mesoporous structure
and a relatively large specific surface area that increases CO
formation per catalyst weight, compared to those prepared
by sol-gel. The method of incorporating Ni into mesoporous
catalysts influences the level of catalyst deactivation and the
evolution of CO selectivity with reaction time.

1. Introduction

The conversion of CO2 into CO by catalytic reduction with H2

(reverse water-gas shift reaction, rWGS, CO2 + H2 � CO + H2O)
is considered one of the most promising processes for the val-
orization and utilization of CO2, constituting a first stage for the
production of fuels and chemical products.[1,2] The second stage
would be the use of synthesis gas (syngas) in the production
of hydrocarbons and/or oxygenated hydrocarbons through the
Fischer-Tropsch process or in the synthesis of methanol for the
subsequent production of fuels or synthetic polymers, among
other products.

Typical catalysts for the rWGS reaction consist of well-isolated
and dispersed metal nanoparticles (NPs), usually supported on
a reducible oxide, to maximize the interface between the metal
and the support, since both phases are involved in the rWGS
chemistry.[3,4] This is related to a probable bifunctional mecha-
nism, where the metal particles activate the dissociation of H2
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and the oxygen vacancies existing in the reducible oxide net-
work favour the adsorption and dissociation of CO2, promoting
the formation of CO and H2O due to the proximity between both
phases in the interface. Thus, the reaction of H atoms existing
in the metal particles and oxygen from the support network to
form H2O is favoured when the interface is large. Among the
metals studied in literature, from noble to transition metals,[5–7]

nickel is considered a good candidate for reactions involving
CO2 due to its low price and relative stability. Concerning the
reducible metal oxide, cerium oxide has been revealed as an
excellent choice due to its unique chemical properties, as the
creation of surface oxygen vacancies when reduced.[8]

However, Ni-based catalysts for RWGS reaction tend to form
CH4 as by-product which decreases the efficiency of the sub-
sequent use of the syngas since an additional separation step
would be required. In addition, it has been observed that nickel-
based catalysts suffer some deactivation during the reaction, due
to the relatively large size of the Ni NPs and their possible sin-
tering, which would favour the generation of carbon deposits.[9]

Moreover, this kind of ceria-supported catalysts are characterized
by very low surface area values and an increase in this parameter
is expected to considerably improve the catalytic performance of
these materials. Therefore, the development of a new catalytic
system with excellent activity and stability under working con-
ditions is important for further exploiting RWGS, yet is still a big
challenge.

This deactivation could be suppressed to a certain extent by
depositing the nanoparticles of the active metal on oxide mate-
rials with a large specific surface area and a structure rich in
pores to improve the dispersion of the metal, which together
with a possible “confinement effect” in the pores could effec-
tively control the agglomeration of Ni particles as well as the
metal-support interaction. In this sense, very promising results in
the rWGS reaction have been obtained on catalysts prepared by
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solution combustion synthesis (SCS) with random, but not easily
controllable, macroporosity.[10]

On the other hand, the incorporation of lanthanides as
dopants in CeO2 seems to improve the catalytic performance
and stability, creating oxygen vacancies and modulating the
release of oxygen from the support. Thus, it has been found
that catalysts with low Ni content and with CeO2 type supports
doped with lanthanum show excellent catalytic activity and sta-
bility during the rWGS reaction. In addition, the presence of La
modifies the surface acid-base properties of the support forming
a phase of surface lanthanum oxycarbonate, which has a role in
the gasification of carbonaceous precursors.[11]

Ordered mesoporous metal oxides have gained research-
ing interest due to their high surface areas and larger pore
size distributions.[12,13] In general, the synthesis method of these
materials has a pronounced impact on their properties and con-
sequently on the catalytic activity.[14,15] In the case of ceria, in
addition, a mesoporous nanostructure with a large surface area
to volume ratio would have more catalytic active centres on the
surface and oxygen storage capacity (OSC) than a bulk ceria,
being then more effective for catalytic applications.[16] Among
the methods used for the synthesis of mesoporous metal oxides,
the nanocasting or hard-templating method applying meso-
porous silicas (such as SBA-15, KIT-6, and SBA-16) as templates is
an attractive and promising alternative. SBA-15 has high specific
surface area, thermal stability, and presents uniform cylindrical
mesopores of adjustable size that are interconnected by microp-
ores, allowing mass diffusion within the ordered structure. These
properties have promoted interest in its use as a catalysts sup-
port and as a template to produce mesoporous metal oxides for
different applications.[17–20]

Taking this into account, the main objective of this work has
been to prepare Ni-ceria catalysts with controlled mesoporous
structures using the hard-templating method, trying to optimize
the pore geometry and pore size. The high porosity of these cat-
alysts, apart from increasing the dispersion and modifying the
interaction of the metal nanoparticles with the support, could
reduce the pressure drop, heat and mass transfer, and the forma-
tion of hot spots during the reaction, which would decreasealso
the probability of sintering and carbon formation. Furthermore,
we have synthesized our materials using two preparation meth-
ods for the incorporation of Ni: in situ doping or one-pot, adding
all the cations at the same time, and wet impregnation on the
synthesized ceria-based oxide. Therefore, the purpose of this
research was to evaluate the effect of preparation method on the
structure, surface chemistry and activity in the reverse water-gas
shift reaction for the mesoporous Ni/CeO2 catalysts.

2. Experimental Section

2.1. Preparation of Supports and Catalysts

Mesoporous catalysts were prepared by the hard-templating
method, in which the mesoporous silica that was studied as a
template was SBA-15. The SBA-15 was prepared according to what
is reported in the literature.[21,22] Briefly, the Pluronic P123 polymer
(7.2 g) was dissolved in water (234 g) and concentrated HCl (34 g)

at room temperature and left stirring until the polymer was com-
pletely dissolved. Subsequently, TEOS (15 g) was added and stirred
for 24 h at 308 K. Afterwards, a hydrothermal treatment was carried
out at 373 K for 24 h. The suspension was then filtered and dried at
373 K for 12 h. Finally, the white solid was washed with water and
ethanol and calcined at 823 K for 5 h in static air (heating rate of
1.5 K/min).

For the synthesis of the Ni-based mesoporous oxides, two
strategies were employed: direct preparation of mesoporous binary
NiO-CeO2 (and ternary NiO-CeO2-La2O3) mixed oxides or prepa-
ration of supported mesoporous catalysts by impregnation of Ni
on previously prepared mesoporous ceria (and La doped-ceria)
supports.

Then, for the synthesis of the mesoporous binary (and
ternary) mixed oxides catalysts, NiCe-mix (and NiCeLa-mix), first,
the corresponding stoichiometric amounts of Ni(NO3)2·6H2O
and Ce(NO3)3·6H2O (or Ni(NO3)2·6H2O, Ce(NO3)3·6H2O and
La(NO3)3·6H2O), to achieve 10 mol% Ni (and 10 mol% La) were
mixed together in a single pot in ethanol (25 mL). The mesoporous
silica SBA-15 (Ce/Si atomic ratio = 1.4) was added and the dispersion
was kept under constant stirring until the ethanol evaporated.
Afterwards, the catalyst was dried at 323 K overnight and subse-
quently calcined at 573 K for 2 h (ramp 3 h and 20 min). After this
calcination, in order to achieve a higher loading, the impregnation
step was repeated a second time under the same conditions. After
drying at 323 K, the samples were finally calcined at 773 K for 5 h.
The removal of the silica template was performed by chemical
etching with a 2 M NaOH aqueous solution at 333 K for 12 h,
followed by filtering, washing with water and ethanol several times
and drying at 373 K.

For the second strategy, i.e., impregnation on mesoporous sup-
ports, first pure cerium oxide and cerium oxide doped with La (10%
molar) were synthetized following the same steps as in the pre-
vious protocol but with only Ce(NO3)3·6H2O (and La(NO3)3·6H2O)
precursors. The incorporation of Ni (10% molar) on the obtained
mesoporous oxides was carried out by impregnating the supports
(0.8 g) with a solution of Ni(NO3)2·6H2O in ethanol-water (1:1). It was
left stirring until the solvent was evaporated. The solids were dried
at 323 K for 12 h and finally calcined at 773 K to obtain NiCe-imp and
NiCeLa-imp catalysts.

For comparison, the samples NiCe-sg (Ni0.1/(CeO2)0.9) and
NiCeLa-sg (Ni0.1/(Ce0.9La0.1O1.95)0.9) were also prepared by a sol-gel
method using trisodium citrate dihydrate (Na3C6H5O7·2H2O), as a
metal ion chelating agent.[23] The corresponding stoichiometric
amounts of the metal precursors (Ni(NO3)2·6H2O, Ce(NO3)3·6H2O,
La(NO3)3·6H2O) are mixed with a volume of the citrate solution in
water (0.34 M), but maintaining the sodium citrate/metal cations
ratio = 1.1. The solution obtained is stirred and heated to 473 K on
a hot plate. Once water is nearly totally evaporated, a green gel
forms at the bottom of the glass which is subsequently calcined
at 573 K for 2 h (0.5 K/min). Finally, the powder obtained is ground
and calcined at 1073 K for 4 h (2 K/min).

2.2. Catalyst Characterization

The crystalline structure of the materials was determined by X-
ray diffraction (PANalytical X´Pert Pro) using CuKα radiation (λ =
1.5406 Å). The wide diffraction patterns were measured with a 2θ
scan between 2° and 90°, with a step of 0.02° and accumulation time
of 50 s per point. Low-angle diffraction were collected in the range
2θ = 0.4°–6°, with an accumulation time of 20 s per point.

The morphology was analysed by taking scanning electron
microscopy (SEM) images on a Hitachi TM-1000 equipment. For high
resolution images a NanoSEM 230 (FEI) field emission scanning elec-
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tron microscope (FE-SEM) was used. Analysis by energy dispersive
X-ray spectroscopy (EDX) was performed to check the composition
of the catalysts and the possible presence of residual silica template.
Further characterization of the samples was performed by trans-
mission and scanning transmission electron microscopy (TEM and
STEM) and EDX by using a JEOL 3100 or a field emission gun (FEG)
JEOL 2100F microscope operated at 200 kV. To prepare TEM samples,
the specimens were treated by sonicating in absolute ethanol for
several minutes, and a few drops of the resulting suspension were
deposited onto a holey-carbon film supported on a copper grid,
which was subsequently dried.

The BET surface area of the samples was estimated from the N2

adsorption-desorption isotherms obtained at 77 K, taking a value
of 0.162 nm2 for the cross section of the N2 molecule adsorbed
at this temperature. These measurements were carried out with a
Micromeritics ASAP 2000 apparatus on samples previously degassed
at 393 K for 13 h.

X-ray fluorescence analysis (XRF; Bruker S2 PicoFox) of the pow-
ders was performed to estimate the bulk chemical composition of
the prepared catalysts.

The temperature programmed reduction (TPR) experiments
were carried out on a Micromeritics TPD/TPR 2900 equipment. After
the pretreatment of the catalyst in helium at 383 K for 15 min, the
reduction profile was recorded by heating the sample from room
temperature to 1073 K with a ramp of 10 K/min under a flow of H2/Ar
(10% v/v).

The X-ray photoelectron spectra of the samples were recorded
using a SPECS GmbH spectrometer equipped with a PHOIBOS 150
9MCD analyzer and a non-monochromatic Mg X-ray source with a
pass energy of 50 eV. Each sample was pressed into a small pellet,
placed in the sample holder and degassed in the chamber for 6–8 h
to achieve a dynamic vacuum below 10−8 Pa before analysis. Cata-
lysts were reduced in the pretreatment chamber (HPC) under a 15%
H2 in N2 gas mixture at 873 K for 2 h. The spectral data were anal-
ysed using CASA XPS software.[24] The binding energy is referenced
to the C 1s line at 284.6 eV.

2.3. Catalytic Activity Tests: rWGS

The reaction (rWGS) was carried out in a continuous flow fixed bed
quartz tubular reactor (4 mm, inner diameter) under atmospheric
pressure and a space velocity of 600,000 mLN·h−1·g−1. The molar
composition of the reaction mixture was 60% H2, 30% CO2, and
10% N2. The reaction stream was analyzed online by gas chromatog-
raphy (HP 6890), with a Carboxen 1010 PLOT column (SUPELCO)
and a TCD detector. Nitrogen was used as an internal standard for
quantification. The catalyst (sieve between 100 and 200 μm) was
activated under the reactive feed up to 873 K and tested at the same
temperature for approximately 24 h.

3. Results and Discussion

3.1. XRD Results

Low-angle diffractogram of the SBA-15 sample used as template
(Figure 1) confirms the success of the synthesis and the 2D struc-
tural order with a symmetry corresponding to the hexagonal
crystalline system and the 2D hexagonal P6mm space group.[21,25]

On the other hand, mesoporous materials prepared using the
synthesized SBA-15 as template present a peak close to 2θ =
1°, which correspond to the (211) plane and would confirm the

Figure 1. Low-angle XRD of a) SBA-15 and mesoporous supports, and
catalysts prepared using the SBA-15 as template b) CeO2-m, c) CeLa-m, d)
NiCe-mix, and e) NiCeLa-mix.

Figure 2. XRD patterns for all the prepared Ni catalysts.

ordered mesoporous structure of the materials.[18,26] The low
intensity of the peaks compared to those of the hard template
silica suggests less ordered materials as frequently found for this
type of replicas.[19]

Figure 2 shows the wide-angle diffractograms of all the
synthesized catalysts. The diffractograms of the mesoporous
supports CeO2-m and CeLa-m are displayed in Figure S1. All
of them show well-resolved peaks at 2θ = 28.5°, 33.1°, 47.6°,
56.4°, 59.2°, 69.5°, 76.7°, and 79.2°, characteristic of the fluorite-
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Table 1. Average crystallite sizes and Unit-cell parameters determined by
Rietveld refinement from XRD data. Space group Fm-3m. Discrepancy
factors (χ 2 and RBragg) are also indicated.

Sample Lattice parameter
(Å)

χ 2 RBragg
(%)

Average crystallite
sizes (nm)a)

CeO2 5.4180(8) 2.35 4.76 8.3

CeLa 5.4286(7) 1.91 1.82 8.3

NiCe-imp 5.4116(6) 2.77 1.99 8.7

NiCeLa-imp 5.4308(9) 5.46 2.52 8.0

NiCe-mix 5.405(1) 3.05 3.04 7.0

NiCeLa-mix 5.423(1) 3.77 2.46 6.0

NiCe-sg 5.4108(2) 9.4 5.44 58.6

NiCeLa-sg 5.4402(4) 12.1 3.83 19.9

a) Calculation from CeO2 (111) in the XRD pattern using the Scherrer
equation.

type structure (face-centered cubic, space group Fm-3m) of CeO2

(JCPDS 43–1002). The more intense and narrower peaks obtained
in the samples prepared by sol-gel indicate that these samples
have greater crystallinity and that the crystalline domain has
a larger size. Besides, the peak widths of the catalysts became
broader with the incorporation of La, indicating a decrease of
the average domain size The average domain size of the oxide
crystallites obtained by calculation using the Scherrer formula
(Table 1) corroborate these facts. According to XRD, the lack of
diffraction at 2θ ∼ 22°, typical of silica, and the low base line
in the patterns—related to amorphous phases— indicates the
almost complete removal of the template and a high degree of
crystallinity.

For the samples prepared by impregnation (NiCe-imp and
NiCeLa-imp), small peaks were observed at 37.4, 43.1, and 62.9°,
corresponding to the {111}, {200}, and {220} planes of NiO (JCPDS
04–0835) which would confirm the presence of NiO as a crys-

tallized phase on the surface of the mesoporous supports. The
absence of these peaks for the NiCe-mix, NiCeLa-mix, NiCe-sg
and NiCeLa-sg samples suggest that the Ni is incorporated on
the CeO2 phase or that the NiO average domain is too small to
be observed by this technique. Small shifts in the XRD peaks
for the La-doped samples seem to indicate that La is partially
replacing some positions of Ce4+ within the CeO2 crystal lattice.

Rietveld fits from laboratory XRD data were performed for
the samples. Plots for two characteristic samples are shown
in Figure S1. A single fluorite-type phase was identified in all
cases; no traces of minor impurities or secondary phases were
observed. The goodness of fit demonstrates the quality of the
two samples. The refinement was performed in the Fm-3m space
group, with Ce at positions 4a (0,0,0) and O at 8c (1/4,1/4,1/4).
In the case of the samples with 10% La, this element was sta-
tistically distributed at the Ce positions. The isotropic thermal
factors of all atoms, as well as the O occupancy factor, were
refined. Table 1 shows the unit-cell parameters determined for
all the samples. Notice the great precision with which the unit
cell parameters are determined, up to the fourth significant
figure. Some facts can be highlighted: i) the lattice parame-
ter for pristine mesoporous CeO2 fits well with those reported
in literature, ranging 5.41–5.42 Å; ii) the incorporation of larger
La3+ ions (1.16 Å) into the Ce4+ (0.97 Å in eightfold coordina-
tion) crystallographic sites implies an expansion of the unit cell,
reaching 5.4402(4) Å for the sample NiCeLa-sg and 5.4308(9)
for the sample NiCeLa-imp iii) the unit-cell contraction down
to 5.405(1) Å for NiCe-mix suggests the incorporation of a cer-
tain proportion of Ni2+ ions into the Ce sublattice, the former
being considerable smaller (0.83 Å for Ni2+ in octahedral coordi-
nation) than Ce4+ ions. For the NiCeLa-mix sample, the obtained
value could be explained by a simultaneous incorporation of
Ni2+ and La3+ where two opposite effects, i.e., shrinking (due to
Ni incorporation) and expansion (due to La incorporation) can be
compensated. The possibility that Ni2+ replaces Ce4+ in the fluo-
rite oxide matrix has been demonstrated by DFT calculations, the

Figure 3. SEM images at different magnifications for a,d) NiCe-imp, b,e) NiCe-mix, and c,f ) NiCe-sg samples.
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Table 2. Elemental analysis and textural properties of the samples.

Sample Composition (at %) SBET Pore Volume

Ni/Cea) Ni/Mb) La/Mb) (m2 g−1) (cm3 g−1)

SBA-15 775 0.98

NiCe-imp 11.0 12.7 125 0.38

NiCeLa-imp 12.7 7.8 141 0.39

NiCe-mix 11.5 11.0 143 0.35

NiCeLa-mix 12.2 8.0 161 0.34

NiCe-sg 9.5 10.1 3 0.02

NiCeLa-sg 10.3 7.9 6 0.03

a) Derived. from SEM-EDX.
b) m X-ray fluorescence. M═Ni + Ce or M═Ni + Ce + La.

smaller Ni cation keeping the octahedral coordination, creating
weakly or under-coordinated oxygen atoms that are more easily
removed in reactions involving the partial reduction of CeO2.[27]

3.2. Microscopy Study

Figure 3 shows SEM images at different magnification for some
of the Ni catalysts. For the mesoporous catalysts prepared by the
hard template method, NiCe-imp and NiCe-mix samples, the typ-
ical rod-like morphology resembling that of the SBA-15 template
can be seen (Figures 3d,e). The size of the short rods was rela-
tive uniform, with a mean size in the range 0.8–1.2 μm. However,
sample prepared by impregnation exhibited a higher propor-
tion of aggregates of nanoparticles of smaller size indicating
that the original structure of the template was not completely
maintained. On the other hand, the catalyst prepared by sol-
gel showed the aggregation of particles resulting in porosity
in the macroporous range. The EDX analysis showed that the
Ni/Ce-ratios (Table 2) agree very well with the nominal values,
indicating the succeed preparation of the catalysts. The bulk
compositions were also corroborated by XRF analysis.

The morphology of the samples has been also examined by
TEM. First, the TEM images for the SBA-15 used as template con-
firm the 2D hexagonal structure (p6mm plane group), with the
typical morphology of curved cylinders (Figure 4) that exhibit
a well-ordered hexagonal array of uniform mesopore channels
when the electron beam is parallel to the main axis (see zone
marked with arrow in Figure 4b). The pore channel diameter can
be roughly estimated to about 6 nm.

Figure 5 shows the TEM images obtained for the as-prepared
NiCeLa-mix and NiCeLa-sg samples. The NiCeLa-mix catalyst
mainly consists of large arrays of uniform nanorods having a
certain ordered framework, illustrating that this material is a
negative replica of the mesoporous silica structure matrix. The
diameter of the rods is about 5–8 nm consequence of the con-
fined growth in the channels of the SBA-15 template. In addition,
the mesoporous structure, i.e., the space between the rods,
shows corrugated channels. Besides, some aggregates of parti-
cles are also seen, with sizes in the same range than the rods,
ranges from 3 to 6 nm, which is in good agreement with XRD

values (see Table 1). These results seem to suggest a limited or
insufficient pore channel filling with the precursors that may be
due to weak interactions between the metal precursors and the
parent silica surface. Other possibility is the rupture of the orig-
inal template structure due to pressure effects derived from the
decomposition of the precursors during calcination. However,
the fact that the main structure is maintained would indicate
than the rods are connected by spacers. Then, during the syn-
thesis, the metal precursors seem to have filled the random
channel-interconnecting micropores within the SBA-15 walls that
interconnect the main channels. Similar structures have been
observed for mesoporous materials obtained using SBA-15 as
template.[18,25,28,29] Well-defined lattice planes can be observed in
several nanocrystallites in Figure 5c, with spacings of 0.31 nm and
0.27 nm that are assigned to (111) and (200) planes of CeO2 (JCPDS
PDF # 43–1002) indicating the existence of cubic crystalline ceria.

On the other hand, the aggregates of particles shown in the
TEM images for NiCeLa-sg (Figure 5d,e), clearly reflect the high
crystallinity of the sample and that the particles size is higher
than for the other materials as the XRD also suggested.

Since the identification of nickel and lanthanum could not
be clearly done by TEM, the distribution of the elements in
the catalysts was studied on different regions of the catalysts
by annular dark-field scanning transmission electron microscopy
(ADF-STEM) investigations and the corresponding energy dis-
persive X-ray spectroscopy (EDS) microanalysis. Representative
regions can be found in Figure 6 for NiCeLa-imp and NiCeLa-mix
samples. For NiCeLa-imp sample, it is possible to note that while
lanthanum is well dispersed, nickel seems to be well dispersed in
some areas and concentrated in others, which indicate an aggre-
gation of Ni particles (average sizes around 30–50 nm). Contrarily,
for NiCeLa-mix, cerium, lanthanum and nickel are highly and
uniformly dispersed over the entire area and no segregated
domains of individual oxide phases of Ni or La are present within
the sample. In addition, EDS analyses show that most of the silica
template has been removed, although not completely. On the
other hand, NiCeLa-sg shows (Figure 7) a behavior more simi-
lar to that NiCeLa-imp, with lanthanum well dispersed and areas
where Ni is concentrated.

3.3. N2 Adsorption-Desorption Isotherms

The N2 adsorption-desorption isotherm and the corresponding
pore size distribution of the SBA-15 used as a template are pre-
sented in Figure 8. It can be seen that the isotherm is type
IV with a hysteresis loop H1 attributed to uniform, cylindrical
mesopores of channels in a narrow size range. The BET specific
area and pore volume are between 775 m2·g−1 and 0.9 cm3·g−1,
respectively and the pore distribution indicates an average pore
diameter of 5.7 nm.

The supports and catalysts replicas synthesized using SBA-
15 as a template also show the typical IV shape adsorption
isotherms, Figure 8, although in this case the hysteresis loops are
less well-defined and would be classified as type H3. Therefore,
pore shapes and widths are less uniform, probably slit-like. This
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Figure 4. TEM images of the SBA-15 used as template.

Figure 5. TEM images of nanoparticle arrays for as-prepared a–c) NiCeLa-mix replica of SBA-15 silica template and d,e) NiCeLa-sg catalyst.

confirms the pore shape that is to be expected for mesoporous
replica structures obtained from SBA-15 silica.[20,26]

On the other hand, the isotherms for NiCe-sg and NiCeLa-
sg have characteristics of type II and IV, which are assigned to
materials with both mesopores and macropores.[23] The isotherm
of NiCe-sg shows a minimal hysteresis loop in the larger pores
range at relative pressures of 0.9–1.0; the adsorption and des-

orption curves are nearly vertical, suggesting the presence of
significant mesopores with a variety of pore sizes extending
into the macropore range. In contrast, the NiCeLa-sg sample,
exhibits a broader hysteresis loop at relative pressures of 0.6–0.9,
pointing to a higher proportion of smaller mesopores compared
with NiCe-g. In both cases, the presence of a significant external
surface is confirmed by the isotherms.

ChemCatChem 2025, 0, e00789 (6 of 14) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 6. a) Representative TEM micrograph and b) dark-field STEM image with corresponding EDS elemental maps of the selected area showing the
chemical distribution of Ce (cyan), La (orange) and Ni (yellow) of A) NiCeLa-imp and B) NiCeLa-mix catalysts.

Figure 7. a) Representative TEM micrograph and b) dark-field STEM image
with corresponding EDS elemental maps of the selected area showing the
chemical distribution of Ce (cyan), La (orange) and Ni (yellow) of NiCeLa-sg
catalyst.

The specific areas obtained by applying the BET equation,
average pore sizes and pore volumes are shown in Table 2. Sur-
face areas for mesoporous materials varied in the range 125–161
m2·g−1. The average pore diameters obtained from the des-
orption branch and applying the BJH method are between 8
and 15 nm. The pore size distribution curves suggest a possi-
ble bimodal mesoporous structures with sizes around 3 and in
the range 13–20 nm. The differences in the type of pore and its
size are due to the fact that, during calcination, being above the

decomposition temperature of the precursor, it decomposes and
oxidizes, forming cerium oxide within the pores of the SBA-15. On
the other hand, the samples prepared by sol-gel have very low
surface areas of 3 and 6 m2·g−1 for NiCe-sg and NiCeLa-sg, and a
low degree of porosity.

3.4. Temperature Programmed Reduction

The temperature-programmed hydrogen reduction (H2-TPR) pro-
files for NiCe-imp, NiCeLa-imp, NiCe-mix, NiCeLa-mix, NiCe-sg,
and NiCeLa-sg are shown in Figure 9, clearly revealing that
preparation methods have a great influence in the reducibility
of the samples. For the mesoporous samples, several hydro-
gen consumption peaks are observed in the range 423–823 K,
which points to the existence of different Ni species. In general,
for NiO-CeO2 systems, up to five hydrogen consumption peaks
could be present: α1 and α2 peaks corresponding to reductions
of surface adsorbed oxygen species (in oxygen vacancies) and
interfacial oxygens in Ni-O-Ce sites, β peak derived from bulk
NiO reduction with moderate interaction with CeO2, γ peak of
highly dispersed NiO with strong interactions with ceria and, at
the highest temperature, the δ peak corresponding to bulk ceria
reduction.[30–32]

NiCe-imp sample showed a profile characteristic of a con-
ventional Ni (II) oxide supported catalyst with a main H2 con-
sumption peak with maximum at 673 K (β peak), a shoulder
around 715 K (γ peak), derived from reduction of bulk NiO in
two steps NiO → Niδ+ → Ni0, and a small and wide α peak
around 573 K. The wide peak at temperatures higher that 973 K
can be assigned to ceria reduction (δ peak). On the other hand,
NiCeLa-imp sample displayed a more complex profile where the
surface adsorbed oxygen reduction starts a lower temperature
(473 K) and its contribution has increased. The formation of these

ChemCatChem 2025, 0, e00789 (7 of 14) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 8. N2 adsorption-desorption isotherms for the SBA-15 used as template (left) and catalysts (right).

active oxygen species, easily reducible by H2 at low temperature
is consequence of the generation of oxygen vacancies due to the
incorporation of La3+ ions into the ceria lattice as the XRD has
illustrated. Furthermore, the peak derived from reduction of sur-
face ceria is slightly shifted to lower temperature, around 953 K,
which is also consequence of the doping with La that favors
oxygen lability and mobility in a larger volume cell during the
reduction process.[23]

For samples NiCe-mix and NiCeLa-mix, it is clear the occur-
rence of signals at the temperatures in the range between 473
and 623 K corresponding to α1 and α2 peaks, i.e., reduction of
surface-adsorbed oxygen species. In this case, the formation of
active oxygen species even in the sample without La, can be due
to the charge unbalance and lattice distortion occurring within
the structure of CeO2 after replacement of some Ce4+ by the
incorporated Ni2+ that has a smaller radius. The peak observed at
around 660 K (β peak) can be attributed to the reduction of NiO
crystallites highly dispersed and interacting with the support
or to the reduction of Ni-O-Ce sites. This would be confirmed,
as described above, by the EDX-mapping and the absence of
reflections due to NiO in the XRD analysis.

Compared to NiCe-mix and NiCeLa-mix, in the reduction of
NiCe-sg and NiCeLa-sg, the maximum of the main peak is shifted

to lower temperatures, 604 and 623 K, respectively, pointing to
more easily reducible Ni species. In addition, the main peaks
showed a shoulder at the higher temperature side, 635 and 653 K
respectively, reflecting again the reduction of Ni species in two
steps. The H2 consumption of γ peak is lesser than that of β

peak, suggesting that NiO can be reduced to a great degree dur-
ing the first step. The slightly higher temperatures observed for
NiCeLa-sg sample can be explained by the doping with La that
increases the metal-support interaction.[23,33] Incorporation of La
also modified the reduction of the ceria support as it was shown
for the rest of the doped samples, and the peak is shifted from
1073 K, for NiCe-sg, to 973 K for NiCeLa-sg. Only for NiCe-sg sam-
ple a very small peak at 522 K would indicate the presence of
a low amount of surface oxygen species. Then, these results of
H2-TPR illustrate that in NiCe-sg and NiCeLa-sg catalysts, most
Ni species existed in the form of NiO particles dispersed on the
support.[23]

3.5. XPS Analysis

Figure 10 displays the Ce 3d and O 1s core levels XP spectra for
Ni samples after reduction at 873 K for 2 h. The spectra for the

ChemCatChem 2025, 0, e00789 (8 of 14) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 9. H2-TPR profiles for the prepared catalysts: a) NiCe-imp, b)
NiCeLa-imp, c) NiCe-mix, d) NiCeLa-mix, e) NiCe-sg, and f) NiCeLa-sg.

nonreduced NiCe-imp (NiCe-imp-fresh) sample have been also
included for comparison. The rest of the spectra for the nonre-
duced samples are displayed in Figure S2. Following peak fitting

models and as reported previously,[34,35] the Ce 3d region was
deconvoluted into 10 peaks. Both Ce4+ and Ce3+ species were
present in the catalyst surface, as the characteristic multiplets
of 3d5/2 and 3d3/2 core holes were observed. Peaks at 882.02,
887.79, 897.51, 899.59, 906.78, and 916.6 eV are attributed to Ce4+

species (v, v′′, v′′′, u, u′′, and u′′′) and peaks at 882.02, 887.79,
897.51, 899.59 eV are assigned to Ce3+ (v0, v′, u0, and u′). Assign-
ments are defined in Figure 10A for NiCe-imp-fresh sample as
reference. The calculated values for surface relative amount of
Ce3+, considering the relative area of u0, v0, u′, and v′ peaks to
the area of the Ce 3d region are reported in Table 3 for all the
catalysts, fresh and after reduction. Initially, all samples show
proportions of Ce3+ in the range 14%–23% that are common
for ceria nanoparticles.[36] After the reduction treatment, it is
observed an increase in the proportion of Ce3+ for all the sam-
ples. Notably, mesoporous Ni samples, regardless of the method
of incorporation of Ni, showed a higher proportion of Ce3+ than
those prepared by the sol-gel method.

The XPS spectra of O 1s core level for samples after reduc-
tion at 873 K for 2 h are shown in Figure 10B. A spectrum for
the non-reduced NiCe-imp sample has been included for com-
parison. The rest of the spectra for the nonreduced samples
are displayed in Figure S3. For the nonreduced samples, three
components were observed: a main peak around 529.0 eV,
assigned to surface lattice oxygen (OLatt); a peak at 531.3 eV
attributed to surface adsorbed oxygen ions on surface oxygen
vacancies (Oads); and a peak at higher energy, 533.5 eV, assigned
to molecular water or OH surface groups.[37] It is seen that the
proportion of the peak assigned to Oads related to the vacan-
cies of oxygen follows a tendency, i.e., higher proportion for
mesoporous catalysts, which is consistent with the TPR profiles

Figure 10. A) Ce 3d and B) O 1s core levels XP spectra for samples a) NiCe-imp, b) NiCeLa-imp, c) NiCe-mix, d) NiCeLa-mix, e) NiCe-sg, and f) NiCeLa-sg
samples after reduction at 873 K. Spectra for the non-reduced NiCe-imp sample are shown as reference.

ChemCatChem 2025, 0, e00789 (9 of 14) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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where α peaks (associated to adsorbed oxygen species) were
more intense for the mesoporous materials. After reduction of
the samples, different behaviours were observed depending
on the sample. For samples prepared by the sol-gel method,
only a slight decrease in the peak at 531.3 eV was detected after
reduction. However, for the mesoporous samples, the main peak
was shifted to higher BE, 529.4 eV. In addition, the asymmetry of
the peak seems to suggest a contribution from another compo-
nent at the high energy side, 530.5 eV, more prominent on the
NiCeLa-imp sample. This latter peak can be assigned to oxygen
atoms bound to Ce3+ species. It has been reported that the
O 1s photoemission peaks for oxygen bound to Ce4+ or Ce3+

exhibited different binding energies. So, binding energy shifts
from 0.3 eV up to 1–2 eV for the O 1s photoemission peak have
been reported previously when the transformation from CeO2

to Ce2O3 occurs.[38–40] Besides, the shift observed in Figure 10B
for -imp and -mix samples after reduction would be in line with
the increase in the calculated proportion of Ce3+ after reduction
treatment.

Figure 11A,B depict the Ni 2p3/2 core level spectra of fresh and
reduced catalysts without the La dopant, respectively. Samples
doped with La could not be analysed since the La 3d transi-
tion overlaps in this energy region. This spectral region shows
a main band in the range 851–859 eV together with a satellite
structure at higher BE (859–866 eV).[41] Regarding fresh cata-
lysts, three peaks were observed in the main region centred
at around 853.2, 855.0, and 857.2 eV, which can be assigned to
surface NiO species, Ni2+ species in interaction with ceria sup-
port (Ni-O-Ce species) and Ni cations with high positive charge
density as Ni(OH)2 species, respectively.[42] In addition, the meso-
porous catalyst prepared by impregnation (NiCe-imp) presented
a small shoulder at lower BE, 852.3 eV, that could be assigned
to Ni0 species and therefore, reflects the partial reduction of Ni,

due to the vacuum and incident X-ray during the XPS analy-
ses. The proportion of surface NiO and Ni in interaction with
ceria varies depending on the method of preparation. The cat-
alyst prepared by impregnation (NiCe-imp) presents the highest
proportion of surface NiO and, therefore, the least amount of Ni
in intimate contact with the support. This percentage of surface
NiO decreases if Ni is incorporated during the preparation of the
materials, samples NiCe-sg and NiCe-mix, at the expense of an
increase of the Ni2+ species in intimate contact with the sup-
port (Ni-O-Ce), being the catalyst prepared by mixing (NiCe-mix)
the one that presents the greatest contact between ceria and Ni
phases.

For the reduced catalysts, the main peak developing at
852.5 eV was assigned to metallic Ni. The reduction seems more
severe NiCe-imp sample than for the other two samples where
contributions at higher binding energies were still observed,
revealing the presence of Ni in higher oxidation states. It is
remarkable the high proportion of NiO species on NiCe-sg sam-
ple. It is also interesting that while for NiCe-imp sample the Ni/Ce
ratio (Table 3) increased after reduction, it decreased for NiCe-
mix and NiCe-sg. This is probably due to a segregation of the
Ni to the surface after the reduction treatment for the impreg-
nated sample and to the metal-support effect for NiCe-mix and
NiCe-sg.[43]

3.6. RWGS Reaction

Figure 12 shows the CO2 conversion, CO selectivity and CO yield
values for the synthesized catalysts. It can be seen that the meso-
porous catalysts have initial conversions of 46%–47%, close to
the equilibrium conversion in the rWGS reaction calculated for
a ratio H2/CO = 2 and temperature of 873 K, which is 51.6%. For

Figure 11. Ni 2p3/2 core levels XP spectra for A) fresh samples and B) after reduction at 873 K. a) NiCe-imp, b) NiCe-mix, and c) NiCe-sg.

ChemCatChem 2025, 0, e00789 (10 of 14) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Table 3. XPS results for the fresh and reduced catalysts: surface Ce3+

concentration and surface Ni/Ce atomic ratio.a)

Catalyst Ce3+/(Cetotal) (%) Ni/Ce

NiCe-imp 13.7(42.2) 0.062(0.182)

NiCeLa-imp 20.5(65.5)

NiCe-mix 20.1(51.4) 0.158(0.080)

NiCeLa-mix 20.7(52.9)

NiCe-sg 22.9(32.2) 0.104(0.044)

NiCeLa-sg 16.3(25.4)

a) Values in parenthesis for reduced samples

these catalysts, doping with La slightly increases the conversion
values. Furthermore, within these mesoporous catalysts, those
prepared by impregnation on the mesoporous supports, NiCe-
imp and NiCeLa-imp show greater deactivation with time in
reaction. On the other hand, the catalysts prepared by the sol-gel
method give significantly lower conversion values. This phe-
nomenon could be attributed to its smaller specific area, with
a smaller number of active sites exposed per catalyst weight, as
the Ni/Ce XPS ratios in Table 3 have shown. In addition, these sol-
gel catalysts presented the lowest proportion of Ce3+, which is
related with a lesser surface interface metal-support, since metal
phase promotes ceria reduction.[44]

In order to understand the different performance of the cat-
alysts, the structure of the catalysts after the RWGS reaction
was analysed by TEM-STEM. Representative images obtained for
NiCeLa-imp and NiCeLa-mix are presented in Figure 13. As indi-
cated previously, the catalysts mainly consist of large domains
having a certain ordered framework and uniform nanoparticles,
which were maintained after the reaction.

Additional elemental mapping analyses from the correspond-
ing STEM-EDS data for NiCeLa-imp and NiCeLa-mix (Figure 14)
after reaction, still confirms the homogeneous distribution of La
on the ceria, implying that it is well dispersed on the samples or
embedded in the lattice of ceria. As far as Ni is concerned, dif-
ferences are clear. Some isolated domains or patches of nickel
phases are evident for NiCeLa-imp sample as occurred on the
fresh sample. However, they seemed bigger which could explain
the lower conversion values and higher deactivation with time
in reaction. For the sample NiCeLa-mix some aggregation of
Ni after reaction is also observed but in a much lower extent,
which agrees with the lower degree of deactivation in reaction.
This pointed again to Ni interacting more strongly with the sup-
port and to the existence of Ni─O─Ce species that can limit the
agglomeration of the particles.

Therefore, the reason for the higher stability of the “-mix”
catalysts is the mesoporous structure with channels formed by
stacked particles that seems to facilitate the dispersion of the Ni
particles after reduction which results in the exposure of more
Ni active sites and to prevent carbon deposits formation and the
consequent deactivation of the active sites. On the other hand,
the much greater porosity of these samples favours heat release,
decreasing the formation of hot spots.

Figure 12. Catalytic performance of the prepared samples (CO2 conversion,
CO selectivity and CO yield) versus reaction time. (Reaction conditions:
873 K, H2/CO2 = 2, molar, 600,000 mLN·h−1 ·g−1).

Concerning the selectivity to CO, it seems to be inversely
related to conversion. Thus, the catalysts prepared by sol-gel
gave a CO selectivity of 100%. Meanwhile, mesoporous catalysts
provided lower selectivities, detecting CH4 as a by-product, and
following the global order of CO selectivity of: “-mix” catalysts
< “-imp” catalysts. Furthermore, for the mesoporous samples,
it is observed an induction period where selectivity increases
with time. As previously reported, this increase in CO selectiv-
ity with time in reaction is related to the progressive reduction
of surface Ni species to metallic nickel during the reaction.[23]

For the NiCe-imp sample this induction period takes 6 hours,
being achieved 100% of CO selectivity; for the NiCeLa-imp sam-
ple, this period is ∼20 h being reached around 97% of selectivity
to CO. This different induction period is in accordance with the
greater interaction of Ni species with the support containing lan-
thanum (NiCeLa-imp), as previously observed in the reduction
profiles (Figure 9). In the case of the “-mix” samples, it is note-
worthy that this period takes longer, around 18 and 21 h for

ChemCatChem 2025, 0, e00789 (11 of 14) © 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 13. TEM images of nanoparticle arrays and HRTEM micrographs of
the crystalline framework for a,b) NiCeLa-imp and c,d) NiCeLa-mix samples
after reaction.

NiCeLa-mix and NiCe-mix respectively, being achieved ∼ 90%
CO selectivity after 22 h of reaction, being methane, the only
other product detected. This lower CO selectivity value obtained
with the “-mix” samples is explained by the greater surface pro-
portion of Ce-Voxc-Ni species, that favour methanation, when
surface metallic nickel is also available.[41,45] So, CO2 methanation
is favoured when Ni is supported on a reducible metal oxide that
is capable of developing the basicity associated with medium-
strength basic sites and also with a suitable balance between
metallic sites and metal sites linked to the support.[46,47] The
lower methane production and faster induction period for the

NiCe-imp and NiCeLa-imp catalysts is due to the minor extent
of Ni-support interaction, since the NiO particles incorporated by
impregnation on the mesoporous support are larger, as reflected
by the XRD and the STEM-EDX mapping images for the La-doped
sample.

Comparing the “-mix” samples with those prepared by sol-
gel, where in both cases Ni was incorporated in situ during
the preparation of the samples, the results of H2-TPR (Figure 9)
and XPS (Figure 10) demonstrated that smaller Ni particles and
CeO2 with more oxygen vacancies were obtained on “-mix”
samples. On the other hand, despite the fact that reduction
of Ni is achieved at lower temperatures on the sol-gel sam-
ples (see H2-TPR), XPS has shown a higher proportion of NiO
species dispersed on the surface. While, for “-mix” samples, part
of the nickel was incorporated into the CeO2 lattice as ions to
form a solid solution, and other part existed in the form of
NiO highly dispersed. It can be inferred that the proper bal-
ance between Ni0 active sites for H2-dissociation, and Ni─O─Ce
interface sites for CO2 chemisorption and further dissociation
appears to have not been reached for these samples. How-
ever, the stability in conversion values and the increase of
CO selectivity with time for the “-mix” samples indicate that
the catalytic surface is evolving towards the proper balance of
species.

Ultimately, this work confirms the potential of our Ni-
mesoporous catalysts that present high stability and excellent
catalytic performance as compared to other high-performing
catalysts reported in literature when considering conversion,
selectivity and yield (Table S1).

4. Conclusions

In this work, mesoporous catalysts based on Ni as the metal
phase and CeO2 or Ce0.9La0.1Ox as oxides have been prepared
by nanocasting, using two different approaches: (i) incorporat-
ing Ni by impregnation on the mesoporous support, NiCe-imp

Figure 14. a) TEM image and b) corresponding high-angle annular dark field (HAADF) image and elemental mappings using energy dispersive X-ray
spectroscopy (EDS) for A) NiCeLa-imp and B) NiCeLa-mix after RWGS.
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and NiCeLa-imp, or (ii) through a “one-pot” strategy, introduc-
ing all the cations at the same time (NiCe-mix and NiCeLa-mix).
The obtained materials have been characterized by different
techniques and their catalytic performance has been studied in
the RWGS and compared to samples with similar compositions
prepared by sol-gel.

We have verified that the catalyst preparation method has a
significant effect on the catalytic behavior and on the physic-
ochemical properties of catalysts based on Ni-CeO2 (with and
without La as ceria dopant) as demonstrated by the results of
XRD, TEM and STEM-EDX, N2 adsorption-desorption isotherms,
H2-TPR, and XPS.

Mesoporous catalysts, prepared by hard-templating, both
those prepared by incorporating Ni by impregnation, NiCe-imp
and NiCeLa-imp, and the “one-pot” counterparts, NiCe-mix and
NiCeLa-mix, have developed a mesoporous structure and a large
specific surface area that increase the CO production by catalyst
weight, compared to those prepared by sol-gel, since the larger
porosity notably increases the dispersion of the active phases.

The lower CO selectivity observed in the “mix” catalysts pre-
pared by one-pot hard-templating is related to the excessive
metal-support interface that unbalance the ratio between metal-
lic sites and oxygen vacancies linked to the support. This means
that the largest metal-support interface does not mean, the
greater selectivity to CO. Furthermore, NiCe-mix and NiCeLa-mix
catalysts show great stability over time in reaction, which makes
them promising candidates for this application.
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