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It has been a great challenge to develop an efficient and stable catalyst for drying reforming of methane with carbon dioxide.
A new catalyst was synthesized with the catalytically active component in both the lattice and on the surface of mesoporous

support. A remarkable improvement of catalytic performance of Ni nanocrystals assembled inside pore channels of

mesostructured Ni-doped ceria was observed. Initial activity and long-time stability for the sample substantially surpassed

those samples without the intermixed oxide and/or nonporous architecture, even though the latter were more available. Such

an effect concerning collaborative function stemming from mesostructure and solid solution has been rarely reported

previously in the catalysis involving CeO,. We believe that this finding might be of much generic character and be extended

to lots of similar fields. It is expected that results here can spur experimental and theoretical investigation to promote

fundamental comprehension of host-guest or metal-oxide interplay in CeO,-based composite materials

Introduction

A quite potential solution is highly necessitated to sustainably
convert two abundant warming gases (CHs4 and CO») to value-
added energy source or fuels, for mitigating the effects of
global climate change. To date, some technologies were
reported using carbon capture-storage-sequestration or photo-
electrolysis, while forming solid carbonates by mineralization,
hydrocarbons by hydrogenation, etc.!*® Another appealing
strategy promptly gaining great concern is one-step catalytic
conversion of two warming gases into versatile H> or syngas
(which is viewed as basic building blocks or feedstock for
many industrially important chemicals) applying a heat-
propelled thermo-chemical process, known as CO:z reforming of
methane (CRM).”° This process enables the Ha2-based energy
technology and fuel manufactures.

As CRM depends upon heat to propel the endothermic gas
phase catalytic reaction, it is operatively much straightforward,
and can achieve a higher efficiency than strategies that are built
upon photo-electrolysis or traditional electrolysis. In the
presence of a supported catalyst, such as metal nanoparticles
(NPs) on an oxide, the CRM process proceeds via a complex
mechanism involving multiple reactions, with the metal phases
responsible for C—H bond cleavage, and the oxide carriers
contributing to C-O bond rapture. 7-°
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The stable C-H bonds in CHs (439 kJ.mol'!), and C-O
bonds in CO2 (396 kJ.mol!), along with the highly endothermic
nature of the CRM process require harsh operating conditions
for practical reactant conversion. It is desirable to develop an
efficient catalyst which is catalytically reactive at low
temperatures and stable at elevated temperature.”® Nickel (Ni)
appears one of the most promising catalysts for CRM, though
the reaction mechanism is still under debate.”® Unfortunately,
Ni NPs can deteriorate rapidly due to sintering of NPs and/or
coking. Thus, it is extremely important to develop the stable Ni-
based catalyst. The tuned positioning of the building blocks in
nanoscopic level is able to strikingly enhance the behavior of
catalysts via the electronic and steric interplays.!® Materials
employed for a broad spectrum of industrial, energy-related,
environmental, and medical usages have made full use of the
synergism between a catalyst and its carrier. Some reducible
active metal oxides, e.g., ceria, are able to get involved in
catalytic processes either supplying the reactive
electron/oxygen by means of producing the vacancy-related
defects or altering its oxidation states along with the surface
reconstructing with the metal atoms in reaction conditions.!*!13
Under such circumstance, the catalytically active centers are
necessarily situated in the intimate vicinity of interphase
boundaries between metallic NPs and oxide substrates.!*!5 It
has been well recognized that the dual-center mechanisms
wherein reagents can be catalytically activated around the
metal/carrier boundaries are, really, widely present in lots of
catalytic cycles.!®

Assembling metal NPs into mesostructured materials is a
peculiar example wherein the metal/carrier interplays can be
notably reinforced by nanoconfinement effects.!” The tight
surrounding of metal NPs by the concave internal surfaces of
physically nanosized channels can optimize the metal/carrier

via
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interfaces, resulting in state-of-the art composites for various
usages. In addition to the likelihood of the enhanced activity,
this metal NP-in-pore assembly provides an effective means for,
to maximum extent, restricting deterioration of catalysts due to
clustering of metal NPs.!3-22 Besides, stabilizing active metal
phases by well-structured oxide precursors such as perovskite
and solid solution gives a robust way to tune the catalytic
properties of metal NPs.>*>* Among them, the mixed-metal
oxide system is compelling as promising nanocomposites in
catalytic applications due to some distinct chemical properties
from single metal oxides.?>?’ Inserting the second metal into
the host lattice of the oxide carrier might reinforce the carrier-
metal interplays and consequently influence electronic
characteristics of the metal and carrier to generate superficial
centers, highly reactive for breaking C-H and C-O bonds
existent in reagents. In crystalline microstructural levels, the
second metal can exert strain on the bulk matrix of the oxide,
leading to, in such manner, generation of defective sites which
might impact the immobilization of the loaded active
component over oxide surfaces and change the redox functions
of the whole system resulting in a better oxygen accessibility.
Such effects are especially remarkable for reactions under
severe conditions, as is the very case of CRM.

In this work, a new mesostructured Ni/Ni-doped CeO:2
hetero-nanocatalyst (labelled as Ni/mp-CeixNixO2y) was
synthesized and studied, with the kinetic robustness against
coking and Ni-sintering, thus presenting good CRM behavior.
The Ni-CeO2 material is a kind of composite, widely applied
for various reactions such as CO oxidation/methanation, CHa
decomposition, water-gas shift reaction, hydrogenation reaction,
biomass reforming, and solid oxide fuel cell,®32 but largely
unexploited for CRM. We believe that the Hz energy and
syngas production from two greenhouse gases in the Ni-
supported mesoporous Ce-Ni solid solution shown here is the
example rarely reported prior, wherein reactivity and stability
of Ni-catalyzed gas-phase CRM process benefits substantially
from occurring within a Ni-confined Ce1-xNixO2.y mesostructure.
We prepared Ni/mp-Ce1xNixOz-y hetero-structures using a new
and facile microwave-aided refluxed coprecipitation protocol.
Our strategy was to achieve a redox-active and thermo-stable
heterostructure from a cubic fluorite-typed ceria by simply
doping the Ni?* on the Ce*" sites and introducing mesoporous
frameworks.

Experimental
Catalyst Preparation

For comparison, the pristine Ni/CeO2 sample with the same Ni
loading was derived by common wet incipient impregnation using
the pure CeOs as the support. The new Ni/Ce1xNixOa2.y samples were
derived by a coprecipitation strategy employing Ni(NO3)2.6H20 and
Ce(NOs3)3.6H20 as precursors and NaOH (aq 0.2 M) as precipitate
agent. First, each nitrate was dissolved into pure deionized H>O
separately, and then the solutions were mixed to derive a 0.1 M
nitrate solution with molar ratios of Ce to Ni being 3:1 (designed as
solution A); meanwhile NaOH was dissolved to the pure deionized
H2O to form a 0.2 M solution (labelled as solution B). Then,
coprecipitation was conducted by mixing solutions of A and B under

2| J. Name., 2015, 00, 1-3

strong magnetic stirring, and the pH during coprecipitation was
stabilized at 11. For the purpose of deriving the anticipated
mesostructure, P123 was employed as the template during the
After the
suspension was placed in advanced microwave system to experience

coprecipitation. finishing coprecipitation, resulting
the 1 h aging treatment, and the microwave oven power was set to
450 W. The final slurry was subjected to washing and drying
overnight at 80 °C. To stabilize the mesoporous framework, the as-
prepared powders were thermally annealed at the low temperature of
200 °C for 4 h. Afterwards, the products were refluxed with ethylene
diamine (EN) aqueous solution for 48 h in the temperature range of
90-100 °C, and during reflux the pH value was fixed at roughly 11.33
Subsequently, the derived powders were filtered several times by
pure deionized water, and dried overnight at 80 °C. Finally, the
resultant products were initially thermally treated at 350 °C under N2
for 4 h to stabilize the mesoporous framework and afterwards at 600
°C in air for 2 h to eliminate the organic template and enhance
crystallinity. Another Ni/Ce1-xNixO2-y catalyst with no utilization of
the P123 template in the precursor solution was likewise synthesized.
The catalytic material with and without utilization of P123 was
referred to as Ni/mp-Ce1xNixO2-y and Ni/n-Ce1-xNixOa.y.

Characterization

Chemisorption of H2 was conducted in an auto chemisorption
analyzer. The samples were first dried in helium at 250 °C for 2
h and reduced in situ by Hz at 450 °C for 1 h at a ramp of 10
°C/min. The catalysts were flushed by helium at the reduction
temperature for 2 h, and afterwards cooled down to 30 °C in
vacuum to implement the chemisorption tests. Hz-temperature
programmed reduction (H2-TPR) was carried out with a fixed-
bed reactor. The sample was subjected to a 4.2% Hz/N2> mixed
gas (30 mL/min) from 100 to 800 °C at a heating rate of 5
°C/min. The Hz evolution was detected online by a SC-200 gas
chromatograph with a thermal conductivity detector (TCD). X-
ray diffraction patterns (XRD) were obtained with a Rigaku
diffractometer using Cu K radiation. N2 adsorption-desorption
isotherms at -196 °C were measured on tristar II 3020. Initially,
all samples were degassed at 200 °C 16 hours before tests. The
specific surface areas were computed employing Brunauer-
Emmett-Teller (BET) equations. Raman spectra of catalysts
were recorded using an excitation wavelength of 514 nm
(visible) or 325 nm (UV) on a Renishaw (RM2000)
spectrometer. Element contents were obtained via inductively
coupling plasma atomic emission spectrometry (ICP-AES).
Thermogravimetric analysis (TGA) was performed on a Q500
thermogravimetric analyzer. The catalysts were heated in a
flowing air from 25 °C to 800 °C at a ramp of 10 °C/min.
Scanning electron microscopy (SEM) analysis of the samples
was made using JEOL 7001, 6300 ficld-emission scanning
electron  microscope (FESEM). The UV-Vis DRS
measurements were performed over the wavelength range 200-
800 nm wusing a PERSEE TU-1901 UV-Vis NIR
spectrophotometer with an integration sphere diffuse
reflectance attachment. Samples were diluted in a KBr matrix
by pelletization.

Reactivity Assessment

This journal is © The Royal Society of Chemistry 20xx
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The catalytic performances were measured under atmospheric
pressure utilizing a continuous fixed-bed flow reactor. Typically,
the catalyst sample was diluted with the inert SiO2 and charged
into the reactor using the quartz wool. The reactant feed made
up of a gaseous mixture of CH4/CO2 with GHSV of 12,000
mL/(h/g.cat) was adopted. The catalyst was pre-treated with Ha
at 450 °C for 1 h before tests. The outlet gases from the reactor
were analyzed online by a GC-1690 model gas chromatograph
(fitted with a TDXO01 column) equipped with a thermal
conductivity detector (TCD).

Results and Discussion
Structural and textural properties of as-prepared samples

Ni/CeO,
7 AV
Niin-Ce, Ni O,

A T

Volume Adsorbed

Nifmp-Ce, NIO,

00 02 04 06 08 10
PIP°

Fig.1 Isotherm of all samples.

The textural properties were examined by Nz volumetry. As
shown in Fig.1, a typical type-IV isotherm with the HI1
hysteresis loop, characterized by a well-defined and steep step
of N2 uptake in a wide relative pressure (P/P°) range of 0.55-
0.90, was seen on Ni/mp-Ce1xNixO2y, verifying the
mesoporosity of a mesoporous channel, while this hysteretic
behavior was absent for Ni/n-Ce1xNixO2y and Ni/CeOso,
revealing the nonporous nature. The initial part of the isotherm
was as a result of monolayer—multilayer adsorption, and the
hysteretic loop was related to capillary condensations occurring
inside mesopores.>*3 The isotherm data indicated that
employing P123 as the template was robust for constructing a
mesostructured skeleton in reflux phases. Because as-prepared
samples were thermally annealed at as high a temperature as
600 °C, the results clearly indicted the formed mesostructure
can withstand the demanding thermo-conditions. This is an
important property for the CRM application. The good thermo-
durability of this skeleton was ensured by both the inherently
structural and chemical stability of the CeOz carrier and by the
encircling EN protector that can effectively stabilize the
mesoporous network against collapsing during the thermal
annealing.’® The Barrett-Joyner—Halenda (BJH) pore diameter
for Ni/mp-Ce1-xNixOz-y was averagely 8.5 nm. In sharp contrast
with other two samples, the Brunauer—-Emmett-Teller (BET)
specific surface area and the total pore volume for Ni/mp-Ce:-
xNixO2.y were considerably larger (specific surface area: 20.8,
89.4, 205.1 m?g! for Ni/CeO2, Ni/n-Ce1xNixO2.y, and Ni/mp-
Ce1xNixO2.y, respectively; total pore volume: 0.031, 0.086,
0.426 m?.g! for Ni/CeO2, Ni/n-Cei-xNixO2.y, and Ni/mp-Cei-
xNixO2-y, also unravelling a well-developed
mesopore system.

respectively),
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Fig.2 (a): XRD patterns of fresh CeO, (1), Ni/CeO, (2), Ni/n-Ce;NixO,., (3)
and Ni/mp-Ce;.NiyO,.y (4). (b): the corresponding enlargement of (111)
diffraction lines shown in Fig.2 (a)

The phase structure was analysed by X-ray diffraction
(Fig.2a). All samples showed the major contributions at 28.5°,
33.1°, 47.5°, 56.3°, 59.1°, 69.4°, 76.7°, and 79.1°, which can be
indexed into (111), (200), (220), (311), (222), (400), (331), and
(420) of the face-centred cubic (fcc) fluorite-typed structure of
ceria, respectively.?® The more broadening of these diffraction
peaks for the mesostructure hinted the nanocrystalline nature of
channels of mesoporous materials, meanwhile revealing that the
mesostructure can effectively downsize the ceria grain.
According to prior studies, this effect of stabilizing the ceria
grain size can be due to the EN species that effectively
protected the mesostructured ceria primary grains, and hence
prolonged the improvement in the crystallization for ceria and
retarded the ceria grain aggregation.>®> The peaks linked with
the NiO phases were absent for both coprecipitated samples yet
found for Ni/CeO2, unveiling that Ni species were highly
dispersed (< 4 nm) or incorporated into ceria lattices to form
the solid solution for Ni/mp-Cei1-xNixOz-y and Ni/n-Cei-xNixOz-y
but were present on the ceria surfaces in the form of large-sized
NiO crystallites for Ni/Ce02.37-3® By closely comparing the
(111) diffraction lines for the fluorite structure (Fig.2b), it can
be clearly seen that, in comparison with the pure ceria, its
position shifted leftward for Ni/mp-Ce1xNixOz.y and Ni/n-Cei-
xNixO2.y but remained nearly unchanged for Ni/CeOsz,
evidencing that the Ni?" ions were successfully incorporated
into the ceria lattice to form a solid solution with the typical
cubic fluorite structure for the binary mixed system, whereas,
were practically all present as the crystalline NiO phases on the
ceria surfaces for the impregnated sample.®® Quantitative
analysis by using ICP tool (samples were treated with HNO3
before test to remove the surface Ni species as described in
previously published literatures*®) showed that the accurate
contents of the Ni confined inside the ceria bulk were 13.8 %,
0.3 %, and 10.6 %, for Ni/mp-Ce1xNixOz.y, Ni/CeO2, and Ni/n-
Ce1-xNixOz.y, respectively. As shown in Table S1, the Ni NP
size is only 3.9 — 5.2 nm on two mixed samples and as big as
10-13 nm on Ni/CeOz. The Ni dispersion is 7.9 % on Ni/CeOz,
19.2 % on Ni/n-Ce1xNixOz-y, and 25.1 % on Ni/mp-Ce1-xNixOz-
y» while the Ni surface area is 1.82 m? g'! on Ni/CeOz, 2.53 m?
¢! on Ni/n-Ce1xNixO2.y, and 2.91 m? g"! on Ni/mp-Ce1-xNixOz.y.
This shows that surface Ni species on two mixed samples were
very dispersed and exposed. Altogether, for mixed oxides, most
of Ni atoms were embedded in the ceria lattice to produce the
solid solution, while the rest were highly dispersed on the solid
solution surfaces to form a periodic structure of NiO.

J. Name., 2015, 00, 1-3 | 3



Catalysis ‘Science /& Technology

Ce0, ¥{ ¥ % NiO
XX

l |_< |+
'|"x:_’\x|_’
i ce WO 4Ni

Scheme 1 Crystal structure of CeO, and NiO.

In fact, as illustrated in Scheme 1, the steadiest Ce or Ni
oxide adopts the distinct crystalline configurations and the
formal valance statuses (4+ and 2+, respectively); the
coordinative number is 8 for Ce cations whereas 6 for Ni
cations.*!*#? It can be predicted that, when replacing Ce cations
in ceria lattice with Ni cations, the appreciable electronic and
structural perturbations (such as stress, point and defects, and
oxygen vacancy) in the host lattice and the extrinsic defects
both near the grain boundaries and on the plane surfaces would
occur, causing the shrinkage or expansion of the lattice
parameter of the unit cell. In principle, when the oxidation state
of alien ions is steadily 4+, we can predict the lattice parameter
fluctuation by directly comparing the relative radius of two ions;
43-46 however, with the charge of alien ions unequal to that of
Ce*, the lattice volume change will be governed by some other
factors not only by the ion radius disparity.*’*° In the case of
the intermixed oxide of Ni in CeOa, this situation is very
complex. Some authors observed the lattice contraction after
the Ni*"-substitution for Ce*".?° In contrast, in our case, a cell
expansion, as reflected by the leftward shift of the ceria-
assigned diffraction lines, was found. This expansion
essentially arose from a combined effect by the ion radius
disparity between Ni** (72 A) and Ce*" (92 A) and the
formation of the oxygen vacancy-related defects inside the ceria
lattice. After the isomorphic substitution of Ni?" for Ce**, the
charge induced the charge
imbalance in the ceria lattice. To maintain electroneutrality,

difference between cations

formation of oxygen vacancies and Ce3* centers along with
alterations in local structures emerged. The much greater ion
radius of Ce*' than Ce*" is able to overcome, offset, or
compensate the diameter disparity between Ni** and Ce**,
thereby inducing the lattice expansion. To verify this inference,
next, we closely analysed the structural and electronic
perturbations of all samples.

Bulk and Surface Defects

Raman spectroscopy was used for elucidating bulk and surface
structural defects because it is sensitive to vibrational structures
of both M-O arrangement and lattice defects. The visible
excitation laser line can penetrate into the deep inner layers of
CeOz and thus reflect the bulk information of CeO2. As shown
in Fig.3a, for all samples, the predominant strong peaks centred
at 460 cm! are characteristic of the first-order Raman active
mode of the fluorite-type lattice (F2g), which can be viewed as
an intrinsic symmetric breathing mode of oxygen atoms around
cerium ions (O-Ce-0).5%-35 Compared to ceria and impregnated
sample, the broadening and red shift of this mode on
coprecipitated samples, particularly for Ni/mp-Ce1xNixOz.y,
were observed. This change in F2g was attributed to the

4| J. Name., 2015, 00, 1-3

variation in the M-O vibration frequency when substitution
with the dopant which account for the disparity in the ionic
radius. The ionic radius disparity between cations allows the
lattice parameter variations because of cell shrinkage or
expansion. Hence, vibrations are rapid for shrinked lattice and
slow down for expanded lattice so that the band shifted to the
higher and lower wave numbers, respectively.’*>* These
reflected that symmetry of the cubic fluorite structure was
notably disturbed and lowered due to the changed lattice
spacing and Ce-O bond distance. Besides, on coprecipitated
samples, some well-defined weak second-order Raman bands,
which pertained to the lattice disorder or defects in the ceria
lattice such as oxygen vacancy, phonon confinement, or
inhomogeneous strain, were detected near 260 cm™', 550 cm!,
600 cm!, and 1180 c¢cm™!, further confirming the formation of
Ce1xNixOz.y solid solution with the Ni?" ions replacing the Ce**
ions in the CeOz lattice. The bands around 600 cm! represented
the longitudinal optical (LO) mode of ceria, which stems from
the relaxation of symmetry rules that can be associated with the
intrinsic defects in the ceria lattice. This was attributed to a
localized substitution defect vibration. These intrinsic defects
were reportedly either the Ce?*, trapped in octahedral sites, or
vacancy-interstitial (Frenkel-type) oxygen defects, which were
formed in the way that oxygen anions in ceria relocate
themselves from tetrahedral sites to octahedral sites leaving
vacancies in tetrahedral sites and localizing the excess electrons
on the adjacent Ce cations.’! The bands emerging at 550 ¢m’!
belonged to the defect-induced modes (D band), which were
possibly responsible for Ce-O-Ni bonds or oxygen vacancies
induced inside ceria lattices to keep electroneutrality upon
replacement of Ce*" with Ni?**. The peaks at 260 cm’!
corresponded to the second-order transverse acoustic (2TA)
mode of ceria while the one at 1180 cm™ to the second-order
longitudinal (2LO) mode of ceria. >*-5

+—shift

46j
et \‘550 600

\ Ni/CeO,
\_| | NinCe NiO,

J\-_, Nifmp-Ce, Ni O,

600 900 1200
Raman Shift (cm™")

—
)
~—

CeO, 1180

Intensity (a.u.)

1500

T

Intensity (a.u.)

400

800 1200
Raman shift (cm™)

Fig.3 Visible (Aex = 514 nm) (a) and UV (A = 325 nm) (b) Raman spectra of
all samples.

1600

Due to the resonance Raman Effect, the samples can
strongly adsorb in the UV region, and thus the UV laser line

This journal is © The Royal Society of Chemistry 20xx
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detected the outer surface information of ceria. As shown in
Fig.3b, when employing the UV laser line (325 nm), the bands
at 550 and 600 cm™ conflated as a wide peak and the peaks
near 460 cm’' got substantially attenuated relative to those
applying a visible laser line. The 2LO band was as intense as
the F2g mode while the third overtone band (3LO) likewise
arose near 1760 cm’!. This marked intensification for the LO
overtones in UV excitation originated from the multiphonon
excitation by the resonance Raman Effect. In addition, the LO
mode possessed the similar strength to the F2g mode. As for
Ni/mp-Ce1xNixOz2.y, the LO band exceeded the F2g mode in
intensity, clearly there being the most surface defect sites, in
line with the previous report that the inner concave surfaces of
mesoporous walls can expose more defects or exert strain. So,
the mesostructure showed a preference for increasing the
surface defects. This may be as a result of the crystallographic
surface termination by the different morphostructure or the
area-volume effect by the large specific surface area and small
grain size. The relative intensity ratio of the (Ip+ILo)/Ir2g
mirrored the defect concentration such as oxygen vacancies,
and it followed the sequence: Ni/mp-Ce1xNixO2y > Ni/n-Ce1-
xNixO2.y > Ni/CeO2. Conversely, the NiO-indexed bands near
520 cm! were not discernable, much possibly because of a
shadowing effect by the long tailing of F2g mode.

Surface oxidation state

5 CeO,

o :

> — NilCeO,

% — Nifn-Ce N0,
E Nifmp-Ce, N ixOZ_y

400 500
Wavelength (cm™)

200 300 600 700

Fig.4 UV-vis diffuse reflectance spectra of all samples.

UV-vis DRS was employed to gain insights into the surface
coordination and different oxidation states of samples by
checking the d-d, f-d transitions and oxygen-metal ion charge-
transfer bands. As shown in Fig.4, the pure CeO:2 presented
three adsorption maxima near 255 nm, 285 nm, and 340 nm.
The latter two well-resolved absorption maxima corresponded
to the O>*—Ce*" charge transfer and inter-band transitions,
respectively, and the poorly identified former one was ascribed
to the O* — Ce*' charge transfer transition.’*>® For both
intermixed oxides, in particular Ni/mp-Ce1xNixO2y, the
adsorption enhancement and band shift obviously occurred,
suggesting the increase in the low-coordinated cerium cations.
The red-shift of interband transition can arise from the
existence of Ni?*, which induced a pronounced rise in the Ce?*
concentration over surfaces, thus increasing the charge-transfer
gap between the O2p and Ce4f orbitals. The blue shift of the
charge transfer transitions implicated the occurrence of
abundant oxygen vacancies. Hence, the UV-vis DRS confirmed
that doping the Ni*' at the Ce*' sites of the mesostructured

This journal is © The Royal Society of Chemistry 20xx
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CeO2 indeed facilitated the formation of the undercoordinated
Ce**, increased the oxygen vacancy concentration, and induced
the charge redistribution-compensation mechanism.

Redox Properties

En

‘Nanosized NiO)
i/Pﬂp-Cewr‘i[\“XOH
Nin-Ce, NiO

1t 2y

Intensity (a.u.)

Ce0s

400 600 800
Temperature (°C)
Fig.5 TPR profiles of pure CeO,, Ni/CeO,, Ni/n-Ce; .NiO,.,, Ni/mp-Ce;.

«Ni O,.y, and nanosized NiO.

200

Taken together, it can be clearly seen from above that a Ni NP-
confined mesoporous Ce-Ni solid solution with a noted
structural and electronic perturbations was derived. A crucial
first evaluation on feasibility of this material in the CRM usage
is to identify degree of redox kinetics and ability for oxygen
mobility. Shown in Fig.5 is temperature-programmed reduction
by Hz of all samples. There emerged two envelopes for the pure
CeO2, a very weak one at 655 °C (y1) and a big broad one
ranging from 780 °C to 900 °C (y2), which were relevant to the
reduction of the outermost and innermost shell lattice oxygen of
ceria, respectively.’® The nanosized NiO gave a single
symmetric peak at 320 °C (B). For Ni/CeO-, the peak centred at
380 °C (B2) belonged to large aggregated NiO particles. The
shift of the reduction temperature to the high temperature was
caused by the large granule size (as verified by XRD data)
which retarded the H: diffusion inside the particulate to
complete its reduction.’”> % However, the hydrogen
consumption for the mixed phase oxides was distinct from that
for Ni/CeOz, and divided into the multiple well-characterized
regions. The low temperature peaks below 230 °C (a1 and a2)
was assigned to the surface oxygen species adsorbed on the
surface oxygen vacancies, caused by generation of Ce-Ni solid
solutions.®! As discussed above, the solid solution was formed
by dissolution of Ni?* in the CeOx lattice to replace Ce*', and
thus the charge imbalance and lattice distortion in CeO:2
resulted in oxygen vacancies that adsorbed oxygen molecules
on oxide surfaces. These adsorbed oxygen molecules were very
reactive oxygen species and ready to be reduced by Hz at low
temperatures. Therefore, the intensity of the a1 and o2 region
can be determined by population of oxygen vacancy on oxide
surfaces; consistently with the structural and electronic analysis,
the particular architecture of Ni/mp-Ce1xNixO2-y can adsorb the
affluent oxygen species over the surfaces. This is also a critical
indicator for excellent oxygen mobility to enhance the carbon
removal rate during CRM.

The reductive process of Ni for mixed metal oxides evolved
into two different steps. The peaks near 270 °C (B1) with a low
temperature tail were responsible for the highly dispersed NiO
species on the intermixed metal oxide matrix surfaces because
the very small Ni particles can expose more surfaces to H».6?

J. Name., 2015, 00, 1-3 | 5
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The peaks centred at 515 °C (B3) were due to the complex NiO
species which strongly interacted with CeQ:.9® Integrated with
the structural data, it can be indexed to the Ni species included
inside the CeO: lattice. The considerably higher reduction
temperature than the pure, aggregated, or highly dispersed NiO
species clearly showed that the Ni-O bond in the solid solutions
was stronger than that in the bulk NiO. This strong Ni-O bond
in the solid solution arises from the fact that when occupying
the Ce*" sites the Ni** was forced to possess a very large
number of oxygen neighbours forming the stronger Ni«>O<«>Ce
exchange in the fluorite structure than the Nie—>OeNi
interaction in the rock salt structure. The wide bumps at 550 °C,
as the shoulder peaks of B3, represented the yi, hinting that the
reduction of Ni inside CeO2 was simultaneously accompanied
by the reduction of surface lattice O% anions. The reduction of
the bulk ceria (y2) shifted to as low a temperature as 720 °C,
nearly 100 °C, lower than the pure CeO:. The maxima
reduction temperature of y1 and y2 on Ni/mp-Ce1xNixO2y was
about 40 °C and 50 °C lower than those of Ni/n-Ce1xNixO2.y,
respectively; their peak intensity was larger. Notably, y1 got
merged with 3 to a big wide peak on Ni/mp-Ce1-xNixO2-y but
got separated from 3 on Ni/n-Ce1-xNixOz.y, hinting the smaller
activation barrier for removing O species in fluorite structures
on Ni/mp-Ce1-xNixOz2-y. Given structural data, its good redox
may stem from big surface areas and more stress/defects in bulk.
The large surface exposes more surface Ce ions. Due to distinct
micro-chemical environment between CeO2 surface and bulks,
surface Ce ions are prone to have a low coordination number.
Thus, more surface undercoordinated Ce ions were seen on
Ni/mp-Ce1xNixOz2.y. As surface O atoms are bonded by fewer
nearest neighbours (smaller coordination number than the bulk),
they will get readily mobile/removable. The stress and defects
in the solid solution, caused the CeO: lattice to expand,
destabilizing the fluorite structure and weakening the Ce-O
bond, Thus, O* anions around Ce cations became more easily
removed by H». In addition, the highly dispersed Ni particles
were easily reducible at low temperatures, which can cause the
H species activated on the Ni® surfaces to spillover onto the
fluorite structure further catalysing the reduction of CeOa.
Indeed, H2-TPR data implied a robust synergy between Ni
and Ce species which substantially favoured the redox kinetics
of the Ni/mp-CeixNixO2y. This reduction depth directly
amounted to the larger cycle capability and thus possibly more
efficient generation of Hz energy and syngas supposing that the
re-oxidation of CeOz with CO2 was adequately facilitated. The
much lower onset temperature for removing the oxygen species
of the fluorite structure unequivocally meant that the Ni/mp-
Ce1-xNixO2.y heterostructure potentially had a smaller reduction
enthalpy (or the lower oxygen diffusion/activation energy
barrier) than other samples. Lately, the reduction enthalpy has
been considered as a critical indicator to appraise the feasibility
of the candidate catalysts for application to CRM.” On the
whole, the magnitude of the reduction enthalpy or the oxygen
diffusion/activation energy Dbarrier determined the rate
boundaries at which the support-mediated redox catalytic cycle
could be well established. The typical redox behavior for
Ni/CeOz put this material under the circumstance of the oxygen
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accessibility being much lower. In sharp contrast, it can be
envisaged that the Ni/mp-Ce1-xNixO2-y composite trended in a
better direction since the Hz energy and syngas generation
under typical CRM condition (600-800 °C) will well proceed
with the Ni metal phase being active for C—H bond cleavage to
form the CHx species and Hz, and the oxide carrier providing
the sufficient oxygen species by activating CO2 to oxidize the
CHx into syngas.

Catalytic Performance Improved by Heterostructure
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Fig.6 The effect of temperature on the CH, conversion (a), CO, conversion
(b), H; selectivity (c), and H,/CO ratio (d) over all samples.

The initial catalytic activity as function of temperature was
shown in Fig.6. The initial catalytic reactivity was found to be
strongly dependent upon the reaction temperature. Both CO:z
and CHas conversions for all samples significantly increased
with the increment in the reaction temperatures, revealing the
endothermic nature of CRM. All catalysts presented their
greatest initial reactivity at 800 °C in the temperature range
investigated. In addition, the CO2 conversion was larger than
that of CH4 for all catalysts at the low temperature below 700
°C. This was caused by the concurrent occurrence of the reverse
water-gas shift (RWGS) reaction (CO2 + H2 = H20 + CO).
Nonetheless, the greater CHa conversion than that of CO2 was
seen for all samples between 750 and 800 °C. This can be
contributed to by two factors: the exothermic RWGS was
oppressed when ramping up the reaction temperatures; the
thermodynamically favourable CH4 decomposition occurred
violently at high reaction temperatures. Analogous behaviors
for Ni-based catalysts have also been reported before.®* Most
noticeably, the much higher reactant conversions were
discovered on Ni/mp-Ce1xNixOz-y relative to Ni/n-Ce1-xNixOz-y
at the same temperatures in the whole temperature ranges
studied, while Ni/n-Ce1xNixOz-y exhibited higher activity than
the conventionally impregnated Ni/CeOz. Such disparity can be
the cooperative result of the high dispersion, good redox, and
large specific surface area. The highly dispersed Ni
nanoparticles were well confined or distributed in the pore
channels of the redox-active and large specific surface area
solid solution; therefore, more active sites were provided and
the catalyst can contact and interact with reactants adequately.

This journal is © The Royal Society of Chemistry 20xx
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The H2 selectivity (Fig.6¢c) showed the similar trend to the
reactant conversion, and this was owing to the fact that the
elevated reaction temperature facilitated the H2 production via
different reactions, for example, water-gas shift reaction (WGS),
carbon gasification, and CH4 decomposition. These reactions
more preferentially took place at elevated temperatures and
could have generated Hz. The Ni/mp-Ce1-xNixO2.y yielded the
notably larger H> selectivity than any other two samples. The
Hz selectivity at 700 °C was 83.8 %, 75.4 %, and 59.1 % for
Ni/mp-Ce1xNixOz-y, Ni/n-Ce1xNixO2-y, Ni/CeOz, respectively.

e 804

Percentage (%
N
i

-l CH, Conversion
—-@- CO, Conversion

800 700 800
Temperature (°C)

Fig.7 Initial activity on the Ni-SBA-15 catalyst.

The H2/CO ratio (Fig.6d) was between 0.6 and 1.1 over the
whole temperature range investigated and rose with the
growing temperature. This value was substantially below unity
particularly at the low temperatures because H2 was consumed
at low temperature by the side reactions such as RWGS, or
methanation reaction. Yet, it increasingly approached the unity
at the elevated temperature, due to the fact that the high
temperature favoured the formation of H2 by means of WGS,
carbon oxidization, and CH4 cracking. Among all samples, this
ratio approached the CRM stoichiometric value the most at
each temperature while employing the Ni/mp-CeixNixOzy
material, manifesting that the fewest side reactions occurred
over this material in the course of the reaction. The discrepancy
among three catalysts in terms of initial reactivity and H2/CO
ratio signified an appreciably positive impact imparted by this
particular catalyst configuration of Ni/mp-Cei-xNixO2.y. This
promoting effect was even more encouraging considering that
the diffusion of reactants and products into and out of the pore
channels ought to impede the reaction to some degree in
comparison with that on the freely accessible open surfaces.
Apparently, the remarkably various reactivity of Ni/mp-Ce:-
xNixO2.y, Ni/n-Ce1-xNixO2.y, and Ni/CeO2 cannot be linked with
the number of the particles since the loadings of the active Ni
phase in three samples and the original diameter of the Ni
particulates in both coprecipitated samples were analogous. In
addition, the exclusive contribution from the geometrical
impacts of the pore channels upon the catalytic functions within
the mesoporous Ce-Ni solid solution was excluded using a
comparison test with the mesoporous silica SBA-15 functioning
as the catalyst carrier, which gave an obviously poorer
reactivity than the Ni/mp-Ce1xNixO2y (Fig.7), despite that
SBA-15 also had an analogous cylindrical channel with the
pore diameter of 7-8 nm, and hence can impart an analogous
dimensional or steric confinement for the Ni metal grains. This
showed pore walls actually participated in mechanic process by
boosting metal/carrier synergy. Detailed reasons for selecting
Ni/SBA-15 as control test can be found in ESI.

This journal is © The Royal Society of Chemistry 20xx
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A final appraisal of the catalyst practicability for CRM is
stability. To compromise the catalytic performance and energy
consumption, 700 °C was opted as optimal reaction temperature
to assess long-term durability of materials within this study, and
the results were shown in Fig.8. For Ni/mp-Ce1.xNixO2.y, the
invariable level of the converted reactants plus the formed H:
and CO during the 2400 min test was inspiring and suggested
that the performance remained stable and there was no material
degeneration mechanism in action. The CH4 conversion, nearly
identical to the CO2 conversion when they changed with time
on steam, coincided with the stoichiometric coefficients for
CRM. This excellent behavior must be only relevant to the
particular Ni NP-confined fluorite typed Ce-Ni solid solution
mesostructure. In accordance with the trend for the initial
activity data in Fig.6, the Ni/n-Ce1xNixO2-y gave an activity and
stability, relatively inferior to Ni/mp-Ce1-xNixO2y but much
superior to Ni/CeO2. The CH4 and CO:z conversion somewhat
declined from 67.9 % and 64.7 % to 40.3 % and 52.6 %,
respectively, indicating that a moderate decay occurred for
Ni/n-Ce1xNixO2.y. Nevertheless, for Ni/CeO2, both the CH4 and
COz conversion sharply plummeted from 47.8 % and 41.6 % to
23.6 % and 23.2 % even only after 1200 min of time on stream,
while the CO and H» selectivity as well as the H2/CO ratio
decreased significantly. For both Ni/n-CeixNixO2y and
Ni/CeO2, the CHas conversion was lower than the CO2
conversion, implying a serious imbalance for the formation rate
between the CHx and the COz-derived O species during the
stability test. Combined with the observations that the Ho/CO
ratio was smaller than the ideal values (unity) and a small
quantity of water was detected in cold trap, it can be inferred
that this high CO2 consumption was caused by the occurrence
of reverse water gas shift instead of its direct dissociation
activation by the defect sites on CeOz. The production of H2O
has been shown to be able to accelerate sintering of nickel
metal particles. The poor activity and unexpected product
distribution for Ni/n-Ce1-xNixOz-y and Ni/CeOz revealed lack of
available reactive sites for CRM. Overall, catalytic stability for
all materials increased in the following sequence: Ni/CeOz <
Ni/n-Ce1xNixO2y < Ni/mp-Ce1-xNixO2-y.
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Fig.8 The results of stability test over the samples.

Characteristics of Spent Catalysts
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According to previous study,®-% the catalytic activity decay
during CO2-CHs4 reforming was mainly due to the coking
occurring over active sites. The main pathway for generating
the carbon residuals can proceed as follows:

2CO — C + CO2 (Boundard reaction)

CH4 — C + 2H2 (Cracking)

The carbon deposits formed can be eliminated by the
oxidation (O + C— CO or 2C + 20H™ — CO + H20)

v: graphite
o Ni

used NifCeD,

Intensity (a.u.)

used Ni/n-Ce NiQ,

used Nirrp-Ge, NILO;

20 30 40 50 60 70 80
28 (degree)

Fig.9 XRD patterns of used Ni/CeO, (1200 min), Ni/n-Ce; 4NixO,., (2400
min), and Ni/mp-Ce..Ni,O,., (2400 min).

R e
Fig.10 SEM images of used Ni/CeO, (1200 min), Ni/n-Ce;NixO,., (2400
min), and Ni/mp-Ce;«Ni,O,., (2400 min).

=N

The spent samples were analysed using XRD, SEM, and
TG-DTA to study the reasons behind the catalytic degradation.
In XRD data (Fig.9), the used Ni/mp-Ce1-xNixO2.y nearly
presented the same pattern to the fresh one, save that the CeO2
crystallinities grew slightly. Importantly, indistinguishability of
the Ni phase-assigned diffraction peaks clearly suggested the
highly dispersed small-sized Ni crystals were effectively
stabilized during CRM reaction. However, for other spent
samples, in particular Ni/CeOz, strong signals for Ni species
near 44° and graphitized carbons at 26° emerged, demonstrating
that the severe Ni sintering and carbon deposits occurred during
the reaction. Quantitatively (Table S1), the Ni NP size is still
below 6 nm on Ni/mp-Cei-xNixO2-y but notably grew to 13-17
nm on Ni/n-Cei;xNixO2.y and 22-28 nm on Ni/CeO: after
reaction; Ni surface area and dispersion were kept on Ni/mp-
Ce1-xNixO2.y but fell sharply over others. In SEM micrographs
(Fig.10), filamentous carbons were observed on used Ni/CeO:2
and Ni/n-Ce1xNixO2-y but practically invisible for Ni/mp-Ce:-
xNixO2.y. Amounts of filamentous carbons was the most for
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Ni/CeOz. Thus, graphitic peaks observed in XRD data can
reasonably be ascribed to the filamentous carbon deposits.
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Fig.11 TG/DTA profiles of used Ni/CeO, (1200 min), Ni/n-Ce;Ni,O».y
(2400 min), and Ni/mp-Ce;..Ni,O-., (2400 min).

TG-DTA analysis (Fig.11) was used to quantify the overall
amounts of carbon species and identify their types and thermal
stability. Total weight loss derived from gasification of carbon
species increased in following orders: Ni/CeO2 > Ni/n-Cei-
xNixO2-y >Ni/mp-Ce1-xNixOz.y, and their corresponding coking
rates were Ni/CeOz > Ni/n-Ce1xNixOz-y > Ni/mp-Ce1-xNixOz-y,
respectively. This showed that the scenario of coupling the
mesostructure with the intermixed metal oxide played an
important role in oppressing the carbon depositing. DTA curves
of catalysts indicated that an exothermal process, viz., oxidation
of the deposited carbon, occurred. Three exothermic peaks were
detected in DTA profiles of spent samples, suggesting existence
of three kinds of carbon residuals with the various reactivities
formed on Ni active sites. It has been well documented that
different types of carbon species can be formed on Ni-based
catalytic materials due to CH4 complete decomposition (CHs4 —
C + 2H2) and Boudouard reaction (2CO — CO2 + C).7%° And
oxidizing inactive carbons needed a much higher temperature
relative to reactive carbons. Hence, exothermic peaks at the low
temperatures between 170 and 300 °C represented the burning
of the reactive carbon (C.), which was active intermediate
carbonaceous species for production of syngas. Peaks ranging
from 300 to 420 °C were ascribed to the less-active amorphous
carbons (Cp), which were formed from a-carbon by further
dehydrogenation, polymerization, and rearrangement when
lacking in oxidant species or at lower oxidizing rates. The
exothermic peaks at high temperatures above 600 °C were
linked with oxidation of inert carbons with various extents of
graphitization (Cy), which was hard to remove and can cause
catalytic materials to finally deactivate. The Cy was produced
when Cp dissolved in Ni crystals, then precipitated, nucleated,
and grew into the filament-shaped graphitic carbons. Obviously,
the Cy was mainly detected on Ni/mp-Ce1-xNixO2.y, while the Cg
and Cy were predominant for Ni/CeO2 and Ni/n-Ce1-xNixOz.y.
This implied that modification of the surface configuration or
structure of Ni/mp-CeixNixO2.y effectively prevented the
nucleation and growth of carbon, leading to a good equilibrium
between the carbon deposition and its removal. Overall, Ni/mp-
Ce1xNixO2.y had a good resistance to the carbon deposition
while the main reason for the fast deactivation over Ni/CeO2
and Ni/n-Ce1xNixO2y could be explained as carbon formation
from CHa4 decomposition or Boudouard reaction which could
not be timely eliminated by the COz-derived oxygen species.

This journal is © The Royal Society of Chemistry 20xx
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Structure-Activity Relationship

Scheme 2 Mechanic illustration of CRM over the metal/reducible supports.

In this work, one-step thermochemical conversion of notorious
greenhouse gases into clean Hz energy and versatile syngas was
studied on different Ni-CeO2 catalysts. Tuning morphostructure
of nanocatalysts was found potentially advantageous to CRM.
The exceptional behavior was reflected in high initial activity,
excellent anti-coking/sintering, and good long-time stability.
The effective engineering with these attractive advantages was
fulfilled by integrating the mesoporous framework with the
intermixed metal oxide to directly construct a Ni NP-confined
mesoporous Ce-Ni solid solution heterostructure using simple
procedures. According to prior studies’®, a carrier-mediated
redox bifunctional mechanism for CRM using metal NPs
anchored on reducible carrier materials is strongly suggested.
As shown in Scheme 2, (1) CH4 dissociates on metals to CHx +
H*, (2) H* partially reduces carrier in metal peripheries, (3)
CO2 decomposes on carrier near metal NPs to CO + O*, (4)
various O species on carrier are transported onto metals to clean
it from coke, and (5) O* re-oxidizes the carrier. By steps above,
a dynamic equilibrium is well built to keep sustainable activity.
In light of this mechanism, the good behavior of the Ni/mp-Ce:-
xNixO2-y nanocomposite can be collaboratively dominated by
following unique features.

First, the synergic effect between Ni and CeO2, as shown by
TPR, altered the electronic structure of Ce and Ni and thus
modified the adsorption/desorption behavior of reactant species
over them. Actually, the interplay between Ni and CeO2 was an
electronic interaction in that Ce is rich in the d-electrons and Ni
possesses unfilled d-orbitals which can accept d-electrons from
Ce leading to an increment in the d-electron density of the Ni
atom.”%72 Dissociation of CHa preferentially occurs when the
empty anti-bonding orbital of C—H bond ¢* of CH4 molecules
interplays with the high density of occupied Ni 3d states near
Fermi levels.”> Thus, the donating nature of enhanced Ni 3d
band states reinforced the interplay between the d states and the
o*, activating the adsorbate CH4 molecules bonded to Ni sites.
Besides, as clearly unravelled by structural/electronic data
above, surfaces of mesostructured fluorite typed Ce-Ni solid
solutions were defect-sufficient (such as oxygen vacancies and
Ce?* cations), and these defect sites were positively charged. In
addition to enhancing the dispersion of the reduced Ni over
mixed oxide surfaces, oxophilic defect sites on Ni/mp-Ce-
xNixOz-y can also strongly attract negatively charged O atoms in
CO2 molecules, loosen, and cleave C-O bonds to dissociate
CO2 with concurrent formation of O species adsorbed on
defective sites.>’* More importantly, because of the low
reduction enthalpy or small oxygen activation/diffusion energy
barrier, as shown by TPR, these O species on CeO2 can be

This journal is © The Royal Society of Chemistry 20xx
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rapidly transferred or spillovered to contacted metal-support
interface perimeters via Mars—van Krevelen redox cycle
mechanism so that CHx fragments from CHa-dissociation on
active metal surfaces were timely oxidized by these oxygen
species into H2 and CO prior to their massive buildup and
transition to graphitic carbons, thus effectively refreshing Ni
active sites. The substantial CO and syngas formation shown by
activity even at very low temperatures indicated the efficient
dissociative activation of reactants at active centres. Such
enhanced adsorption of both CO2 on defects sites and CHa4 on
Ni sites expedited the formation rate for oxidant species and
CHx fragments, respectively, and thus promoted the H: and
syngas production activity. The low coking rate and the good O
availability clearly suggested that the O transfer rate was rapid
enough to match or emulate the CH4 dissociation rate, and thus
a dynamic balance between carbon formation and its removal
was well established. Contrastingly, for Ni/CeO2 and Ni/n-Ce:-
xNixOz.y, defect-deficient CeO2 surfaces and the low density of
occupied Ni 3d states declined the affinity to oxidic CO2 donor
electrons and oxophilic CHs acceptor electrons, respectively.

Second, the size effect of highly dispersed Ni NPs also
contributed a lot to the behavior. It has been found that the
coking rate and crystalline structures of carbon deposits are
highly dependent on Ni NPs sizes.”>7® Ni NPs below a certain
critical size range will have a low growth rate and small yield
for filamentous carbons. This is because small sized Ni
crystallinities have a large carbon saturation concentration, and,
thus, induces a small driving force for atomic carbons to
dissolve in Ni clusters, then precipitate, nucleate, and finally
grow into filamentous carbon. Despite the close initial Ni NP
size on two mixed samples, it kept stable on Ni/mp-Ce1xNixOz.y
but much sintered on Ni/n-Ce1-xNixO2y during reaction. The
increased NP size can cause some consequences: (1) lose the
available Ni sites limiting CHa-activation, (2).decrease interface
areas deterring the O transfer from CeO:2 across boundaries, (3)
augment the driving force for the carbon filament growth. Thus,
an acute imbalance of carbon formation rate and its removal
rate occurred over reaction time, yielding abundant filament
cokes. Since filamentous carbons are highly crystalline and
thermal stable, they cannot be removed under CRM conditions
once they are formed. As evidenced, filamentous carbons can
encapsulate active Ni phases, destroy catalyst structures, block
catalyst beds, and eventually deactivate catalysts. And diameter
of filamentous carbons is determined by size of Ni NPs, and
typical diameter of filamentous carbons (15-30 nm) is much
larger than size of Ni NPs of Ni/mp-Ce1.xNixO2y. Thus, as
shown by TG, the lowest coking rate and the least crystalline
and stable carbons were seen for Ni/mp-Ce1-xNixO2.y which had
the smallest and most stable Ni NP size.

Third, the mesoporous framework provided a particular
confinement effect. Via elaborately modulating the synthesis
technology within our current study, comparably nanosized Ni
NPs were highly distributed on nonporous and mesoporous
fluorite-type Ce-Ni solid solution. Yet, Ni NPs presented the
distinct anti-clustering function in CRM conditions, with highly
dispersed Ni NPs well maintained for Ni/mp-Ce1xNixOz2.y but
significantly agglomerated for Ni/n-Ce1xNixOz.y. Given similar
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preparation conditions, their distinct robustness against
clustering was able to exclusively be ascribed to distinct porous
systems. Large surface area mesostructure in Ni/mp-Ce1xNixO2-
y supplied enough inner concave channels to accommodate Ni
NPs and thus led to an additional physical diffusion barrier for
Ni NPs migration. Therefore, the Ni growth and sintering was
greatly impeded for mesostructure. In addition, close contact of
inner concave walls of mesopores with small sized Ni NPs can
maximize metal/support interfaces, which can further enhance
the metal-support interaction and offer more boundary areas for
oxygen/electrons to transport across, thereby greatly facilitating

occurrence of support-mediated redox bifunctional mechanisms.

These advantages were not found in case of the unconfined Ni
NPs even though Ni NPs before reaction were ultrasmall.

Conclusions

In sum, an enormous challenge to promote thermochemical
catalysis of CRM is the identification of feasible catalysts.
Industrial usage are built upon the low-cost and earth abundant
materials that can operate in demanding reaction conditions and
meanwhile maintain the high and stable performance. Here, we
demonstrate that all principal aspects of CRM heterogeneous
nanocatalysts, including the small size of Ni NPs, interplay
between Ni and CeOz, and good redox of support materials, can
be concurrently boosted by simply constructing the hetero-
structure of small sized Ni highly dispersed on mesoporous Ni-
doped ceria. These multiple synergies resulted in exceptional
catalytic behavior. Strategy here provides a desirable solution
to intrinsic issues of loaded metal catalysts for CRM, such as
the active phase sintering and coking. Interestingly, a notable
behavior improvement can be fulfilled by introducing the
randomly oriented mesoporosity and the mixed oxide. It can be
expected that the subsequent amenability of the cubic fluorite-
typed ceria structure to the doping/substitution, optimization of
geometrical configuration, spatial orientation, and periodic
regularity, physical diameter of the mesostructure, should open
a tremendous engineering space, wherein even more efficient
materials can be cogently explored that will expedite industrial
application of economical and sustainable energy source
formation predicated upon thermochemically converting
warming gases and a broad controllability of -catalytic
properties for the customized applications can be achieved.
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A heterostructure of highly dispersed Ni nanoparticles in pore channels of Ni-CeO, solid solution, having the excellent
thermo-stability, redox property, and metal/support synergy, is identified as an efficient nanocatalyst for converting
greenhouse house into H, energy and syngas
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