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O2 methanation and capture
ability of NiO@metal oxides†

Huldah Suharika Chitturi,‡a Yalagandula Lavanya,‡a Yaddanapudi Varun,a

Anurag Ramesh,a Sri Himaja Pamu, a I. Sreedhar a and Satyapaul A. Singh *ab

The present study reports the development of different core–shell nanoparticles using Ni/NiO as the core

and other activemetal oxides such as SiO2, Co3O4, CeO2 and ZrO2 as shells for CO2methanation. Among all

the studied core–shell materials, NiO@SiO2 and NiO@CeO2 showed the highest catalytic activity of >62%

for CO2 conversion and >99% selectivity towards CH4 with a high GHSV of 47 760 h−1 at 325 °C. The

catalysts were thoroughly tested under lean and realistic feed conditions. XRD revealed the presence of

NiO as the dominant core. All these catalysts were further subjected to characterization techniques such

as SEM, TEM, XPS, N2 adsorption–desorption, H2-TPR, H2 pulse, and CO2-TPD-MS to understand their

morphology, ionic nature, physical properties, reduction nature, active site dispersion, adsorption of CO2

and desorption of surface intermediates. Investigation into the formation and consumption of various

intermediates via DFT studies revealed that the CO2 methanation reaction proceeds via a combination of

the CO and formate pathways. These findings correlate with in situ FTIR studies, unveiling structure–

property relations and methanation mechanisms. At 25 °C, NiO@SiO2 exhibited a superior CO2 capture

performance of 301.96 mg of CO2 per g at 50 bar, while NiO@Co3O4 adsorbed 90.40 mg of CO2 per g

at 1 bar. Interestingly, H2 adsorption was nearly uniform across all these materials even at 50 bar and 25 °

C. The core–shell materials show CO2 capture and hydrogenation abilities towards methane formation.
1. Introduction

The global consumption of fossil fuels has steadily increased
over time and is projected to continue rising in the coming
decades.1 Industries, power plants, plastic and chemical
sectors, and households are among the primary consumers of
fossil fuels.2 This growing demand for energy has led to
substantial growth in carbon dioxide emissions.3 To mitigate
CO2 emissions, various strategies such as absorption,4,5 strip-
ping,6,7 adsorption,8–10 and CO2 utilization are commercially
proven technologies.11–14 The utilization of CO2 emission
involves CO2 conversion into value-added products via hydro-
genation.15 The Sabatier reaction (or CO2 methanation reaction)
is a hydrogenation reaction that can produce methane at lower
temperatures, below 300 °C.16 It is possible to maintain
a sustainable level of carbon energy circulation if hydrogen is
produced using the surplus of electrical energy generated by
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renewable sources.17 Photosynthesis and photocatalysis are
distinct competing approaches to transform carbon dioxide
into value-added products.18–20 Electrochemical CO2 reduc-
tion,21 biological CO2 conversion,22 and thermo-catalytic CO2

methanation23 are all latent pathways for reducing greenhouse
gas emissions. The conceivable power-to-gas (PtG) processing
technologies (thermo-catalytic CO2 methanation) for use in
forthcoming energy systems have been reviewed.24,25 These
technologies permit the conversion of renewable energy into
methane through catalytic methanation.26 The produced
methane can be stored or transported via the existing natural
gas infrastructure, offering exibility and supporting power grid
stabilization with high renewable energy integration. This
approach plays a crucial role in enabling long-term economic
decarbonization.

The hydrogenation of carbon dioxide to yield renewable
methane (CH4) is thus a promising and sustainable solution.27

The Sabatier reaction can make use of the abundant CO2 to
produce CH4, which has high energy density as a fuel and partly
fulls the energy demand.28,29 Additionally, CH4 as a fuel leaves
a lower carbon footprint than that le by the combustion of
other traditional fossil fuel liquids. The Sabatier reaction is
shown in eqn (1) below:

CO2 þ 4H2%CH4 þ 2H2O DH
�
298K ¼ �165 kJ mol�1 (1)
This journal is © The Royal Society of Chemistry 2025
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Fig. 1 XRD patterns of the as-prepared core–shell nanoparticles.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
0/

20
/2

02
5 

3:
49

:4
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Ni is an abundantly available transition metal, having a good
catalytic property towardsmethanation reaction. Several studies
have focused on the development of Ni-based catalysts for
better yields at low temperature by substitution with other
groups of materials, like alkaline earth metals,30–32 lantha-
nides33,34 and noble metals.35 Zeolites and MOF-based materials
are also helpful in developing suitable catalysts towards CO2

methanation by doping a suitable metal oxide.36–39 A catalyst
must possess crucial properties of strong metal support inter-
action (SMSI), oxygen storage capacity (OSC) and affinity
towards hydrogenation. Furthermore, morphologically tuned
materials, particularly core–shell nanoparticles, are effective in
achieving these properties, enabling catalytic activity at lower
temperatures (below 300 °C) to prevent undesirable reverse
water–gas shi reaction (RWGS). Core–shell nanoparticles,
made from single or multiple metal oxides or nanocomposites,
offer numerous active sites through their core or shell.40 Addi-
tionally, the shell coating improves the core's reactivity, thermal
stability, and overall dispersion, making them highly stable and
efficient catalysts.41,42

Core–shell nanoparticles may be produced using a variety of
processes, and the Stöber approach is one of the strategies.43

These materials possess good thermal stability, high disper-
sion, and contributes to the connement of active sites inside
the catalytic system matrix.44 A recent study on Ni–Al@Al2O3

showed a very high CO2 conversion of almost 96% at 310 °C.45

Apart from Ni-based core–shell nanoparticles, the cobalt-based
core shell nanoparticles were also synthesized and showed 56%
CO2 conversion at 400 °C.46 The MOF-based core–shells with Fe
as the dopant enhanced the catalytic ability. In these studies,
the catalyst showed 73.2% CO2 conversion at 350 °C due to Fe–
Ni alloy formation.47 Another study showed signicant
improvement in the catalytic activity of carbide core–shells with
ruthenium as the active metal.48

In most studies, the relationship between a material's CO2

capture ability and its catalytic hydrogenation performance
remains underexplored. In this work, core–shell nanoparticles
were developed using the modied Stöber method, by choosing
NiO as the core and four different materials as shells. NiO
nanoparticles were synthesized using the precipitation method.
The choice of shells is based on the reduction nature of the
materials. Two shell materials, Co3O4 and CeO2, were used as an
active metal oxide for providing more OSC, and the other two
shells are SiO2 and ZrO2 to facilitate SMSI. All materials were
well characterized by XRD, XPS, electron microscopy, TPR and
N2 adsorption–desorption techniques to assess the crystallinity,
chemical shi, morphology, reducibility, and nature of the
isotherms. CO2 methanation studies were conducted under
both lean and realistic feed conditions. DFT calculations were
used to examine the reaction pathway. CO2-TPD coupled with
mass spectrometry (MS) provided insights into possible inter-
mediates, and correlated with the DFT ndings. Finally, in situ
FTIR studies with reaction gases and pure CO2 probing were
performed to obtain insight into the reaction mechanisms and
CO2 capture ability. High-pressure CO2 and H2 capture studies
were performed as a proof-of-concept and further showed the
applicability of the core–shell materials at the industrial scale
This journal is © The Royal Society of Chemistry 2025
under inevitable high-pressure conditions. To the best of our
knowledge, very few studies have been reported on both capture
and utilization fronts.49–55 The present study aims to showcase
the possible correlation among capture and utilization.
2. Results and discussion
2.1. X-ray diffraction (XRD) studies

Fig. 1 shows the XRD patterns of the core–shell nanoparticles.
The presence of NiO was observed in all catalysts. The peaks at
2q values of 29.1° and 48.1° represent the CeO2 phase (JCPDS
le number: 00-034-0394)56 with lattice planes of (111) and
(220), respectively. The monoclinic ZrO2 peaks were identied
at 2q values of 31.5°, 36.3°, 51.8°, 61.4° with lattice planes of
(111), (2�01), (1�22) and (331) (JCPDS le number: 00-037-1484),
respectively.57 The 2q values at 18.9°, 31.3°, 36.2°, 44.5°, 59.3°
and 65.2° with the lattice planes of (111), (220), (311), (400),
(511), (440) (JCPDS le number: 00-043-1003), respectively,
represent Co3O4 in the cubic phase.58

A pure phase of metal oxide NiO formation was observed.
Any other impurities, like metal oxide in different crystalline
phases, nitrates or metal content, were not found in the XRD
patterns. It was observed that there is a slight change in the XRD
pattern at 44–46° having a Bragg angle difference. This indi-
cates the formation of defects in the crystalline system during
the creation of core–shells. When the NiO@Co3O4 XRD pattern
were compared with that of the Ni–Co alloy, it was observed that
there was no JCPDS le available for the Ni–Co alloy.59
J. Mater. Chem. A, 2025, 13, 7422–7444 | 7423
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In order to know the defect formation, Williamson–Hall
studies were performed for all catalysts considering eqn (2).

b cos q ¼ Kl

D
þ 43 sin q (2)

where, b is the full-width-half-maxima of the instrumental
corrected broadening, q is the Bragg angle, K is a constant
(0.94), l is the wavelength of incident X-ray (1.5406 Å), D is the
crystallite size, and 3 is the microstrain, which is obtained from
the slope of eqn (2) [b cos q vs. 4 sin q]. The Williamson hall
study is used to study the broadening of the peaks in the XRD
pattern by calculating the microstrain (3) and crystallite size
(D).60–64 The Williamson–Hall relation is shown in Fig. S1,†
wherein there is a linear t with a coefficient of determination
value of R2 as 0.969, 0.910, 0.970, and 0.953 for NiO@SiO2,
NiO@CeO2, NiO@Co3O4, and NiO@ZrO2, respectively. The
microstrains of all catalysts are listed in Table S2.†
2.2. Surface area and pore volume analysis

Fig. S2(a, b and d)† shows the type-III isotherms due to the weak
interactions, facilitating multi-layer adsorption without the
formation of a monolayer. Conversely, Fig. S2(c)† follows
a distinctive type IV isotherm, which exhibits the formation of
a monolayer at lower pressure regions, succeeded by the
formation of multilayers. In this case, it is more likely that the
Zr atoms might have occupied the NiO mesopores, which
resulted in the decrease in the average pore volume.65 This
observation suggests that the material primarily possesses
mesopores with a cylindrical morphology and uniform cross-
sectional area. The presence of an H2 type hysteresis loop in
the NiO@ZrO2 system indicates the existence of mesopores
characterized by spherical geometry, open terminations, and
multiple narrowing's or constrictions. The physical properties
of all materials are shown in Table 1.
2.3. Scanning electron microscopy images (SEM)

Fig. 2 depicts micrographs displaying the core–shell nano-
particles. Among the catalysts investigated, NiO@SiO2 exhibited
the most favorable morphology, resulting in the formation of
spherical silica particles surrounding the NiO nanoparticles. In
all the catalysts, the coverage of the shells was good, except with
ZrO2. The other catalysts, except for NiO@ZrO2, displayed
enhanced morphology attributed to the absence of bulk
Table 1 Physical and structural properties as well as elemental compos

Catalyst
Surface areaa,
m2 g−1

Total pore
volumeb, cm3 g−1

Mean pore
diameterb, nm

Cryst
nm

NiO@Co3O4 15 0.23 16 60
NiO@CeO2 28 0.14 21 29
NiO@ZrO2 21 0.12 8.0 30
NiO@SiO2 58 0.18 35 59

a Calculated using BET. b Calculated using BJH. c Estimated using Debye–S
pulse titration method. f Calculated based on H2 uptake.

7424 | J. Mater. Chem. A, 2025, 13, 7422–7444
aggregation. These images effectively demonstrate the intricate
nature of the spherical core–shell nanoparticles. In Fig. S3,†
EDX analysis conrmed the presence of oxygen in the synthe-
sized catalysts, verifying that the sole type of material generated
was metal oxide.

2.4. High-resolution transmission electron microscopy
images (HRTEM)

Fig. 3 shows the TEM, HRTEM and SAED pattern analysis of the
NiO@metal oxide nanoparticles. The shape of the NiO@SiO2

nanocomposite is consistent with the formation of core–shell
nanoparticles, and the particle size distribution is unique in the
form of spheres. The agglomeration is only noticeable where
other shell doping is performed in conjunction with surface
modication. However, it is still possible to see the essential
core–shell structures. This suggests that there is a possibility of
a precursor impact being present. Co3O4 was discovered at
plane (311), and ZrO2 was discovered at planes (111) and (220),
respectively, as shown in Fig. 3(e), (f), (h) and (i), respectively.
The NiO planes of (200), (220), and (311) were detected in
Fig. 3(e) and (f). The interplanar spacing values obtained from
the micrographs show the presence of all shell materials except
SiO2, due to its amorphous nature. The interplanar spacing
values of the NiO core found from Fig. 3(b), (e), (h) and (k) were
2.43 Å, 2.39 Å, 2.42 Å and 1.45 Å, respectively, at planes of NiO
(111) and NiO (220). For the shell materials from Fig. 3(b), (e),
(h) and (k), the d-spacing values for CeO2 (111) is 3.24 Å, ZrO2

(200) is 2.58 Å, Co3O4 (422) is 2.62 Å. SiO2 is not detected in any
plane. However, its presence is visible around NiO. A TEM EDS
mapping was performed to identify the presence of Ni, Co, Ce,
Zr, and Si, and is shown in Fig. S4.†

2.5. H2-temperature programming reduction studies

The investigations were conducted using temperature
programming, and the results are shown in Fig. 4. At 348 °C,
NiO@SiO2 was signicantly reduced, revealing the NiO reduc-
tion peak. A shoulder between 300 and 400 °C is likely due to
SMSI effects between NiO and SiO2. This interaction could lead
to encapsulation effects, where the NiO interacts with SiO2 in
a manner that alters the reduction prole of NiO.66 The H2-TPR
study on SiO2 alone is presented in Fig. S5,† and proves that the
shoulder does not correspond to SiO2 reduction. A similar
interaction was observed with the cobalt oxide encapsulation.
ition and active site analysis

allite sizec, Theoreticald,
atom%

%Ni
dispersiond,e

Ni surface
areae, m2 g−1

Number of
active sitesf,
mmol g−1

20.20 0.19 0.04 661.29
21.87 0.42 0.21 1579.8
13.98 0.52 0.25 1249.4
14.00 0.69 0.34 1651.3

cherrer equation. d Determined using ICP-OES. e Estimated from the H2

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 SEM images of (a) NiO@CeO2, (b) NiO@Co3O4, (c) NiO@ZrO2 and (d) NiO@SiO2.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
0/

20
/2

02
5 

3:
49

:4
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The NiO reduction was seen at 332 °C, indicating that NiO and
Co3O4 were reduced at the same temperature and formed a bulk
nanocomposite, leading to the greater NiO and Co3O4 interac-
tion. All catalysts showed reduction peaks to NiO between 250
and 500 °C. Multiple reduction peaks at various temperatures in
the NiO@CeO2 catalyst demonstrate the presence of various
oxidation states. The NiO@ZrO2 system showed a second peak
at around 445 °C, indicating a nanocomposite emergence. This
peak likely corresponds to the reduction of NiO facilitated by
the ZrO2 support, which can promote reducibility through
oxygen mobility and the creation of active sites at the interface.
The emergence of nanocomposites during this process further
supports the idea that the peak is linked to structural and
electronic changes, rather than the direct reduction of the ZrO2

support. For NiO@ZrO2, the attribution of the reduction peak to
nanocomposite formation is reasonable, and aligns with the
known properties of ZrO2.

NiO@ZrO2 and NiO@CeO2 show reduction peaks at 362 °C
and 305 °C, respectively. This suggests that the interactions
between NiO and ZrO2 are low by forming Zr4+ ions and those
with CeO2 are strong by forming Ce4+ ions, indicating the low
area in the peak. One of the reasons that ZrO2 interacts less
effectively with other nanoparticles is its lack of a porous
structure, which is commonly found in other core–shell nano-
particles. This might cause very low catalytic activity when ZrO2

is used as the shell. Consumption of H2 for core–shell nano-
particles was calculated and presented in Table 2.

H2-TPR analysis also assesses the Oxygen Storage Capacity
(OSC) of materials, which is an ability of materials to store and
release oxygen. The OSC of the material depends on the
This journal is © The Royal Society of Chemistry 2025
reducibility of the catalyst. As the reaction progresses, lattice
vacancies are created due to the consumption of lattice oxygen
atoms. These vacancies subsequently capture oxygen-centric
molecules from the reactants, thereby enhancing the OSC of
catalyst and contributing to the reaction pathway. Notably, both
CeO2 and Co3O4 materials exhibit a robust oxygen storage
capacity (shown in Table 2).
2.6. CO2-temperature programming desorption studies

The basicity of the synthesized core–shell nanoparticles was
investigated using CO2-TPD, and is shown in Fig. 5(a). These
proles demonstrated the presence of weak, medium, and
strong basic sites. The maxima temperatures for weak basic
sites were observed in the temperature range of 84 °C to 189 °C
for all catalysts. The reduction of the catalysts has enhanced the
surface basicity of the catalysts. Except for NiO@Co3O4, all
catalysts showed CO2 desorption from room temperature to
800 °C, indicating the distribution of basic sites across all
temperatures. Both the weak and strong basic sites are found to
bemore prominent than themedium basic sites. NiO@SiO2 has
a large number of weak (283.5 mmol g−1) and medium basic
sites (45.08 mmol g−1) among all catalysts, hinting its ability for
CO2 methanation activity. NiO@CeO2 also offered a good
number of weak basic sites (229.0 mmol g−1), which contributes
to 84.7% of the total basic sites. However, a total of only 4.85%
of the medium and a notable 10.4% of the strong basic nature
was witnessed.

Both NiO@Co3O4 and NiO@ZrO2 had very low weak basic
sites of 26.59 and 38.62 mmol g−1, respectively. The medium
J. Mater. Chem. A, 2025, 13, 7422–7444 | 7425
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Fig. 3 TEM, HRTEM and SAED patterns of (a–c) NiO@CeO2, (d–f) NiO@Co3O4, (g–i) NiO@ ZrO2 and (j–l) NiO@SiO2 (insets of (b), (e), (h) and (k)
show fast Fourier transform (FFT) images).
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basicity was not observed among these two catalysts. This hints
that both catalysts may not be highly active for CO2 methana-
tion. A peculiar outcome has been observed for the NiO@ZrO2

catalyst. It showed the presence of a large number of strong
basic sites at the temperature range of 650 °C to 860 °C. A
signicant value of 638.9 mmol g−1, contributing to 94.3% of the
total basicity, was measured as the strong basic sites. This
7426 | J. Mater. Chem. A, 2025, 13, 7422–7444
indicates that NiO@ZrO2 may offer good catalytic activity for
high-temperature reactions, such as dry reforming of methane
rather than CO2 methanation.

A mass spectrometer connected to the CO2-TPD instrument
enables qualitative analysis of CO2, CO, and other gases during
temperature ramping, as shown in Fig. 5(b–f). This technique
identies functional groups based on their thermal
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 H2-TPR studies on core–shell nanoparticles NiO@S, where S =

CeO2, SiO2, Co3O4 and ZrO2.
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decomposition with temperature being a crucial parameter. The
desorbed CO2 gas is detected by the mass spectrometer in the
form of CO2 (m/z = 44), CO (m/z = 28), and CH4 (m/z = 16) (as
shown in Fig. 5(f), (e) and (c)). The presence of hydrogen is
possible due to the H2 reduction step in the catalyst pretreat-
ment, which is further conrmed from the detection of both
atomic and molecular hydrogen (m/z = 1 and 2, as shown in
Fig. 5(b)). Furthermore, as the reduction step also weakens the
metal–oxygen bond and simultaneously dissociates CO2 by
utilizing created oxygen vacancies, the atomic and molecular
oxygen (m/z = 16 and 32) will thus be released during the TPD
study (as shown in Fig. 5(c)).67 Although both CH4 and atomic
oxygen are identied at the same m/z = 16, the detected m/z =
32 for molecular oxygen and the formation of water (with m/z =
18 shown in Fig. 5(d)) proves the release of oxygen. These crucial
details from CO2-TPD-MS experimentally support the mecha-
nism developed by DFT studies.
2.7. H2 pulse chemisorption

Utilizing the H2 pulse chemisorption technique, the active Ni
dispersion and its surface area in all four catalysts were esti-
mated. The metal dispersion was calculated from eqn (3).

% dispersion ¼ N �MNi

NNi � SF
� 100 (3)

where, N is the number of active sites, MNi is the molecular
weight of Ni, NNi is the % metal loading (obtained from ICP-
OES), and SF is the stoichiometric factor. Table 1 summarizes
Table 2 H2 consumption and surface basicity of the catalysts

Catalyst Total H2 consumption, mmol g−1

Surface

Weak

NiO@Co3O4 17 632 26.59 (1
NiO@SiO2 10 003 283.5 (5
NiO@ZrO2 15 099 38.62 (5
NiO@CeO2 10 949 229.0 (8

This journal is © The Royal Society of Chemistry 2025
the results, highlighting a substantial metal dispersion of
0.69% and 0.52% for NiO@SiO2 and NiO@ZrO2, whereas
NiO@CeO2, NiO@Co3O4 showed the dispersion values as
0.42%, 0.19%, respectively. Notably, the active metal surface
areas of NiO@SiO2, NiO@CeO2, NiO@Co3O4, and NiO@ZrO2

were estimated as 0.34, 0.21, 0.04, and 0.25 m2 g−1 through H2

chemisorption, respectively. This analysis supports the asser-
tion that NiO@SiO2 boasts a higher metal dispersion of the
active metal, coupled with increased surface area, potentially
contributing to enhanced catalytic activity compared to the
other catalysts. Even though NiO@ZrO2 has demonstrated
a high metal dispersion, the activity was very low when
compared with the other catalysts due to its insignicant weak
and medium basic sites. The H2 pulse graphs of all catalysts are
presented in Fig. S6.† The H2 pulse chemisorption was also
performed without a reduction step. A clear improvement in the
active metal surface area was observed upon the reduction step,
and it is reported in Table S3.†
3. Catalytic activity studies

The catalytic activity of each core–shell catalyst is shown in
Fig. 6(a and b) for the low feed concentrations and Fig. 6(c) for
the high feed concentrations. The temperature range of 150 °C
to 400 °C was used to investigate the catalytic activity. The NiO
catalyst without reduction has shown 38% CO2 conversion at
375 °C, and 51% of CO2 conversion was attained by the NiO
catalyst with reduction at 400 °C. In terms of the methane
selectivity, >90% was achieved by both the reduced and the non-
reduced NiO catalyst, and the graphs are presented in Fig. S7.†
Apart from the ZrO2-based shell material, the catalytic activity of
the synthesized core–shell nanoparticles was found to be
excellent. At a temperature of 250 °C, all materials exhibited
decent CO2 conversion. The initial temperature also has
a signicant impact on the rate of CO2 conversion. The light-off
curve began at 225 °C for NiO@ZrO2 and it is almost inert,
which can be proved from the low pore volume of 0.12 cm3 g−1,
and low weak andmedium basicity, as shown in Tables 1, 2, and
in Fig. 5. Thus, it is possible that zirconia covered most of the
active sites accessible in the catalyst system, which might be the
reason for such poor catalytic activity. The other three shells
exhibited good catalytic activity toward methanation. However,
NiO@SiO2 has better performance compared to the other
materials. The selectivity toward methane is excellent (100% of
methane selectivity) up to 325 °C for all catalysts. In Fig. 6(c), it
was observed that the light-off curves started aer 200 °C for the
basicity based on CO2 desorption, mmol g−1

Medium High Total

00%) — — 26.59
9.3%) 45.08 (9.43%) 149.5 (31.3%) 478.1
.70%) — 638.9 (94.3%) 677.5
4.7%) 13.11 (4.85%) 28.18 (10.4%) 270.3
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Fig. 5 (a) CO2-TPD, CO2-TPD MS profiles of core–shell nanoparticles at an m/z of (b) 1 and 2, (c) 16 and 32, (d) 18, (e) 28 and (f) 44.
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best catalysts due to high concentrations in the feed. At the
temperature of 325 °C, NiO@CeO2 and NiO@SiO2 showed 62%
and 67% of CO2 conversion, respectively. Aer that, the
7428 | J. Mater. Chem. A, 2025, 13, 7422–7444
NiO@CeO2 conversion was increased to 72% at 400 °C. For
NiO@SiO2, there was a decline in conversion. However, in terms
of %CH4 selectivity, NiO@SiO2 had 100% selectivity. For
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Catalytic activity studies plot of the (a) %CO2 conversion and (b) %CH4 selectivity for the core–shell catalysts NiO@S (where S = CeO2,
SiO2, Co3O4 and ZrO2; CO2 : H2 : N2 = 2 : 8 : 90 vol%; catalyst loading = 200 mg; and GHSV = 47 760 h−1), (c) %CO2 conversion and %CH4

selectivity for NiO@SiO2 and NiO@CeO2 with flowrates of (CO2 : H2 : N2 = 10 : 40 : 50 vol%, catalyst loading = 200 mg, GHSV = 47 760 h−1), and
(d) TOF of all catalysts at 350 °C.
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NiO@CeO2, there was a decrease in the selectivity, as there was
the formation of CO as a byproduct. The oxide–NiO interaction
could enhance the catalyst's ability to adsorb and activate CO2,
while inuencing the hydrogenation steps to improve the
overall efficiency and selectivity of the methanation reaction.68

Turnover frequencies (TOF) of the catalysts were evaluated to
normalize the catalytic activity of all catalysts containing
different active site compositions, and is expressed as follows:

TOF ¼ FCO2
� XCO2

Wcat �NNi

(4)

where, Wcat is the mass of the catalyst in g, FCO2
is the molar

owrate of CO2 and NNi is the molar amount of Ni atoms
present per g of catalyst. From Fig. 6(d), NiO@CeO2 and
NiO@SiO2 have shown the highest turnover frequency
compared to the other catalysts. These two catalysts are iden-
tied as the highly active catalysts among all.

In Fig. 6(b), the selectivity of methane steadily decreased
with the reaction temperature, showing a weaker inclination
towards the methane selectivity aer 325 °C for all core–shell
catalysts. This is because of CO formation as a byproduct due to
the reverse water gas shi reaction at higher temperatures.69

The NiO@SiO2 catalyst exhibited excellent methane selectivity
and the strongest catalytic activity, even at higher temperatures.
This journal is © The Royal Society of Chemistry 2025
Furthermore, SiO2 has a unique capacity to adsorb CO2 and
provide H2 with time to react with it. This ability is benecial to
induce the dual role of CO2 capture and utilization.

The ndings of the XRD analysis indicated that all materials
were formed in the pure form of metal oxide, and the results of
the EDX examination and elemental mapping supported these
ndings. The presence of metal oxides in its purest form confers
several benets, one of which is the enhancement of the effi-
ciency for producing strong interactions between the metal and
the active material.70–74 The crystallite size of the NiO@SiO2

material was 59 nm, and it has a high surface area that is
observable among all materials. This suggests that SiO2 shells
can effectively distribute over NiO. Furthermore, even better
exposure of active sites is possible due to its porous nature.75

This will promote the best methane selectivity and conversion
of CO2 at lower temperatures. Other than SiO2, both CeO2 and
Co3O4 materials also show better catalytic activity. This may be
due to the high OSC, which allows the catalyst to offer more
active vacant oxygen sites for the reaction. The presence of Ni2+

and Ni3+ ions in NiO, as shown in Fig. S7(a),† plays a critical role
in activating the reactants, making the catalyst highly active
even at low temperatures. The pure NiO was also evaluated for
CO2 methanation, and it was found to be fairly active in its pure
phase. However, reduced Ni is found to be more active. In core–
J. Mater. Chem. A, 2025, 13, 7422–7444 | 7429
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shell catalyst systems, the possible reoxidation of reduced NiO
cannot be ignored due to the dissociation of the CO2 molecule
and OSC of the supporting metal oxides. The constructive
interaction with other metal oxides offers the CO2 methanation
ability. In general, the ratio of lattice oxygen to vacant oxygen is
another factor that contributes to the activation of a catalyst. In
conclusion, the oxygen vacancies result in (i) considerable
hydrogen coverage augmentation on the support71,76 and (ii)
acts as adsorption sites for CO2 and its further activation,
resulting in the better catalytic activity of the core–shell cata-
lysts.58,72,77 Table 3 presents a comparative analysis of various
catalysts used for CO2 methanation based on the literature.
3.1. Apparent activation energy studies

Apparent activation energy studies were performed on the
catalysts by changing the loading of the catalyst from 0 mg to
200 mg in the interval of 50 mg. The activation energies were
calculated by assuming the packed reactor as a differential ow
reactor with negligible resistance towards mass transfer and
heat transfer. The experimental conversions were plotted as
a function of catalytic loading to validate the operation of the
kinetic regime. The experimental ndings were consistent with
the Weisz–Prater correlation for the chosen operating condi-
tions, and therefore validates the differential ow reactor
assumption.89 Considering this, the reaction rates were deter-
mined by eqn (5),

�rCO2
¼ XCO2�

Wcat

FCO2

� (5)

−rCO2
= observed reaction rate, mmol g−1 s−1, XCO2

= fractional
conversion of CO2, Wcat = catalyst loading, g, FCO2

= molar
owrate, mmol s−1.

From Fig. S8(a), (c) and (e),† the fractional CO2 conversion
varies linearly with the catalyst loading in the reactor. The
reaction rates for each catalyst were determined from the slope

of XCO2
vs.

�
Wcat

FCO2

�
, which was carried out at several tempera-

tures. From the Arrhenius plots (Fig. S8(b), (d) and (f)†), the
apparent activation energies of each catalyst were determined
for CO2methanation. The catalysts apparent activation energies
are NiO@S (S = Co3O4, CeO2, and SiO2) are 89.0 ± 2, 104 ± 1
and 82.0 ± 2 kJ mol−1, respectively. NiO@ZrO2 was not
considered due to its poor catalytic activity.
3.2. Stability studies

The inuence of the time-on-stream condition over the core–
shell nanoparticles is shown in Fig. 7. Based on the light-off
curve plot (shown in Fig. 6), the temperature effect was inves-
tigated for the best catalysts, NiO@SiO2 and NiO@CeO2. The
catalysts were subjected to 300 °C, at which the side reactions
are prominent. Compared to NiO@CeO2, the conversion and
selectivity of NiO@SiO2 are good, maintaining the same
conversions for up to 20 h. A decreasing trend was observed in
conversion and selectivity from 35% to 28% and 100% to 87%,
respectively. The CO2 conversion of the NiO@SiO2 catalyst
7430 | J. Mater. Chem. A, 2025, 13, 7422–7444
decreased at rst from 51% to 41% and methane selectivity
from 98% to 91%, which is minimal. The NiO@SiO2 core–shell
nanoparticles are more stable than NiO@CeO2 core–shell
nanoparticles. Fig. 7(c) presents the %CO2 conversion for cyclic
study, in which each cycle was carried out for 10 h with the gap
of 6 h for the NiO@SiO2 and NiO@CeO2 catalysts. This makes
an effective 50 h time-of-stream to compare with the stability
study using lean feed concentrations. The NiO@SiO2 catalyst
has shown fair stability with a maximum drop of 8% in CO2

conversion for each cycle. Conversely, the drop in conversion is
more than 10% using NiO@CeO2, making it less stable than
NiO@SiO2. However, methane selectivities were found to be
>98% for both catalysts throughout the cyclic stability study.
Most oen, the CO presence was not observed at different times
of the cyclic stability study. The aggregation of the active species
and the deposition of carbon oen leads to the deactivation of
this kind of catalyst when it is subjected to high temperatures.90

This unfavorable occurrence is found to be less prominent
when conducted at lower reaction temperatures and is a result
of the porous structure, allowing for additional interactions
between the core and shell. Aer the stability studies, the
catalysts were subjected to XPS analysis, where it was found that
there is no change in the binding energies positions. However,
a signicant transition from Ni2+ to Ni3+ was observed with
a maximum change in the binding energy of 0.1 eV.
3.3. X-ray photoelectron spectroscopy studies

The core level spectra of the core–shell nanoparticles are shown
in Fig. 8. Examination with XPS makes it feasible to establish
whether the catalyst has an ionic structure. From the XPS
ndings, it is possible to accurately forecast information on the
electronic structure and composition of Ni, Co and Zr. In this
analysis, the fresh and reduced samples are denoted as NiO@S-
F and NiO@S-R, where S = CeO2, SiO2, Co3O4 and ZrO2. Fig. 8(a
and b) depicts the presence of the 2p3/2 and 2p1/2 split orbitals of
Ni, corresponding to NiO@Co3O4-F and NiO@ZrO2-F, respec-
tively. The Ni3+ ions are observed via the 2p3/2 orbital at 856.3 eV
and the 2p1/2 orbital at 871.5 eV. Conversely, the Ni2+ ions are
observed at 854.0 eV and 871.5 eV at 2p3/2 and 2p1/2 orbitals
respectively, and the satellite shakeup peaks were detected at
861.3 eV and 879.6 eV, respectively.91–96 Meanwhile, the
NiO@Co3O4-R and NiO@ZrO2-R catalysts resulted in no change
in the binding energies aer reduction. The O 1s spectra, shown
in Fig. S9,† reveal the presence of Ni2+ and Ni3+ ions at the 2p3/2
orbital. These ions share the same energy level as all catalysts
and the lattice oxygen is at 529.7 eV, vacant oxygen at 531.5 eV
and hydroxyl group at 532.6 eV for the NiO@Co3O4 fresh cata-
lyst and for the reduction catalyst. It was observed that the peak
intensity was increased when compared to the fresh catalyst,
and a satellite peak was identied at 534.3 eV for NiO@Co3O4-
R.97 Two characteristic peaks were observed at 182.3 eV and
184.5 eV, indicating the 3d5/2 and 3d3/2 orbitals, respectively. At
186.1 eV, a satellite peak was observed.98,99 The O 1s spectra for
NiO@ZrO2 is presented in Fig. S9(b),† in which the lattice
oxygen was at 529.8 eV, vacant oxygen was at 531.7 eV and the
hydroxyl peaks were at 532.6 eV for the fresh catalyst. For the
This journal is © The Royal Society of Chemistry 2025
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re-
 duced catalyst, there was a decrease in peak intensity for lattice
oxygen with an increase in the vacant oxygen, as there was an
oxygen vacancy due to the reduction step. In the NiO@Co3O4

sample (for both F and R), distinct peaks are observed at
779.8 eV and 794.8 eV, corresponding to the 2p3/2 and 2p1/2
orbitals of Co3+ ions, respectively. Additionally, Co2+ ions are
identied by the presence of peaks at 781.7 eV and 796.9 eV,
corresponding to the 2p3/2 and 2p1/2 orbitals, respectively. The
other two satellite peaks are shown in Fig. S10(a).†77,100,101 The
surface of NiO can capture electrons from the conduction band
of other materials, giving it the ability to possess ultra-low
nanoparticle size. The high electron affinity of NiO captures
shell electrons, forming a type-I heterojunction, with the band
alignment estimated via Tauc plots and Mulliken's theory, as
presented in Table S4.† A larger conduction band offset
strengthens the core–shell interactions, increasing the surface
area and activity in NiO@SiO2 and NiO@CeO2. However, in
NiO@ZrO2, the high offset creates an energy barrier that limits
electron transfer and reduces the surface area. Similarly, in
NiO@Co3O4, the weaker electron pull also lowers the surface
area.76,102,103

The characteristic peaks for both Ni2+ and Ni3+ ions are
observed in the 2p3/2 and 2p1/2 orbitals. These ndings
conclusively conrm the formation of NiO.74,104 With respect to
NiO@CeO2, the possibility of nding Ni 2p1/2 orbitals is unclear
due to the overlapping of binding energies in the range of 845 to
870 eV. Fig. S9(c)† presents the oxygen spectra for NiO@CeO2,
in which the peak at 530.9 eV represents the lattice oxygen and
532.7 eV represents the vacant oxygen. The peaks at 532.6 eV
show the hydroxyl group, and the satellite peak is observed at
534.6 eV for the fresh catalyst. Meanwhile, the reduced catalyst
does not show the hydroxyl group, and the other peaks were
matched with the fresh catalyst oxygen peaks. The oxygen
spectra for NiO@SiO2 are depicted in Fig. S9(d),† in which the
peak at 530.4 eV corresponds to lattice oxygen. Meanwhile, the
peak at 532.9 eV represents vacant oxygen for both fresh and
reduced catalysts, but there was no hydroxyl group peak in the
reduced sample. From Fig. S10(c),† the binding energies of
882.0 eV, 889.7 eV, and 897.8 eV were assigned to Ce4+ 3d5/2,
while 884.6 eV and 881.3 eV corresponds to the 3d5/2 orbital of
Ce3+. The binding energies of the Ce3+ 3d3/2 orbitals were
observed at 889.9 eV and 903.2 eV, and the Ce4+ 3d3/2 orbitals
were observed at 900.6 eV, 906.6 eV and 916.4 eV.105–107
3.4. Density functional theory (DFT) studies for mechanism
investigation

To identify the role of active sites, catalytic activity studies were
performed on reduced and non-reduced NiO@S catalysts
(where S = SiO2, CeO2, Co3O4, and ZrO2), as shown in Fig. 6(a–
c). It clearly identies reduced NiO (probably Ni) as the active
site. However, as the reaction further proceeds, the possible re-
oxidation of Ni due to atomic oxygen cannot be ignored. This
aspect has been highlighted in the CO-mediated pathway, as
shown later in the in situ FTIR study. Thus, the synergy between
both Ni and NiO must be considered to fully understand the
reaction pathways.
This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Time-on-stream studies for (a) %CO2 conversion, (b) %CH4 selectivity of the NiO@SiO2 and NiO@CeO2 catalysts (CO2 : H2 : N2 = 2 : 8 :
90 vol%, catalyst loading = 200 mg, GHSV = 47 760 h−1, temperature = 300 °C), (c) %CO2 conversion of NiO@SiO2 and NiO@CeO2 catalysts
(CO2 : H2 : N2 = 10 : 40 : 50 vol%, catalyst loading = 200 mg, GHSV = 47 760 h−1, temperature = 300 °C).
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The role of the Ni active sites has been thoroughly elucidated
previously. Ren et al. investigated the reaction mechanism of
the CO2 methanation on the Ni (111) surface using DFT calcu-
lations. The formation of HCOO* has a relatively low energy
barrier, making it a kinetically favorable step. However, the
RWGS pathway starts with the conversion of CO2 to CO, which
requires overcoming a higher energy barrier, making it less
favorable. The subsequent hydrogenation of CO by intermedi-
ates, such as COH*, CHO*, and CH*, to form CH4 involves
a higher activation energy compared to the corresponding steps
in the formate pathway. The activation energy of the rate-
determining step in the formate pathway is 0.85 eV, compared
to 1 eV for the RWGS pathway. This lower energy value associ-
ated with the intermediates of the formate pathway indicates its
relatively higher stability, making it the preferred pathway for
CO2 methanation on Ni(111) surfaces.108 Similarly, Jin Huang
et al. investigated the mechanisms of carbon dioxide metha-
nation in Ni/MgO catalysts with both CO and formate pathways.
In the formate pathway, CO2 is adsorbed on the MgO support,
forming carbonate species that are hydrogenated to formate
(HCOO*). This formate is then hydrogenated to HCO*, H2CO*,
H3CO*, and nally CH4. In the CO pathway, CO2 is rst reduced
to CO, which is adsorbed on the Ni surface and hydrogenated by
intermediates, such as COH*, CHO*, and CH*, to form
methane. The activation energy of the rate-determining step of
the formate pathway in Ni/MgO is about 0.78 eV, which is
smaller than the corresponding step with Ni alone. Although
the Ni/MgO catalyst has an improved CO pathway, the activa-
tion energy of its intermediates is still higher, making it less
This journal is © The Royal Society of Chemistry 2025
efficient overall.109 Xu et al. also showcased the formate pathway
on Ni. In the formate pathway, CO2 initially adsorbs on the ZrO2

surface to form carbonate species that are hydrogenated to
formate (HCOO*). This intermediate is further hydrogenated
with HCO*, H2CO*, H3CO*, and nally methane (CH4). The
ZrO2 support, likeMgO in the work by Jin Huang et al., improves
the stabilization of these intermediates by lowering the energy
barriers of each step. In the CO pathway, CO2 is initially con-
verted to CO, which is then adsorbed on the Ni surface.
Hydrogenation of CO occurs before methane formation through
intermediates, such as COH*, CHO*, and CH*. Although ZrO2

initially aids in the activation and reduction of CO2 to CO,
subsequent steps occur mostly on the Ni surface. The study
nds that the formate pathway of the Ni/ZrO2 catalyst has lower
activation barriers than the CO pathway. The formation of
formate on ZrO2 is particularly favorable due to the energy
barrier of approximately 0.65 eV. Subsequent hydrogenation
steps on the Ni surface are also energetically feasible, main-
taining a reasonable activation energy throughout the route.
However, despite the initial facilitation of the ZrO2 support, the
CO pathway involves higher energy barriers for the intermedi-
ates COH*, CHO*, and CH*, making it less efficient. The acti-
vation energy of the rate-determining step of the formate
pathway of the Ni/ZrO2 catalyst is around 0.65 eV, which is lower
than the activation energy of the unsupported Ni or Ni sup-
ported by other materials.110

A few control experiments were studied to assess the role of
NiO at 300 °C under a mixture of CO2 and H2. As the stability
studies were conducted at 300 °C, the same temperature was
J. Mater. Chem. A, 2025, 13, 7422–7444 | 7433
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Fig. 8 Core level spectra of (a) Ni 2p NiO@Co3O4, (b) Ni 2p NiO@ZrO2, (c) Ni 2p NiO@CeO2, and (d) Ni 2p NiO@SiO2 for both fresh (F) and
reduced (R) materials.
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chosen for the CO2 and CO2–H2 mixture treatment in the
control experiment on the reduced catalyst. The results are
shown in Fig. S11.†

3.4.1. Control study 1. The catalyst was reduced at 400 °C in
H2, and CO2 alone was passed at 300 °C for 1 h to oxidize the
reduced Ni. Later, the material was cooled and degassed with
Ar. Subsequently, the TPR step was conducted to remove lattice
7434 | J. Mater. Chem. A, 2025, 13, 7422–7444
oxygen from the recreated NiO phase. All the control experi-
ments were conducted in situ without ambient air exposure.
Aer reoxidation of NiO@SiO2 with CO2, the reduction peaks
were found at 165 °C and 260 °C. A similar experiment was
performed on NiO, which was used as a core material in the
synthesis. The reduction peak of the reoxidized NiO from the
core material was observed at 207 °C. This proves the recreation
This journal is © The Royal Society of Chemistry 2025
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of NiO and its reduction. Interestingly, the lattice oxygen release
was spread across wide temperatures aer the reduction peak,
indicating the possible NiO phase within the proximity of the
operating temperatures of the reaction. The same trend was
observed with NiO as well, and conrms the NiO formation due
to CO2.

3.4.2. Control study 2. The second control experiment was
performed to evaluate the catalyst ability to recreate the NiO
phase in the presence of the CO2 and H2 mixture. Although
signicant reduction peaks were not obtained, the reduction
ability from the oxidized surface can be observed at tempera-
tures up to 538 °C. This again conrms the formation of NiO
due to CO2 in the feed.

Considering the outcomes of the control experiments,
simulations on NiO were performed to determine the role of the
oxidized Ni. A geometric optimization was performed on the
pristine NiO lattice to fully relax the system, as shown in
Fig. S12.† DFT simulations were conducted to gain mechanistic
insights for these reaction pathways aer determining the
stable locations of each species involved across the various
Fig. 9 Formation of (a) HCOO*, (b) HCOOH*, (c) H2COOH*, (d) H2CO* a
and (i) CH*

4 on the NiO (200) surface.

This journal is © The Royal Society of Chemistry 2025
reaction intermediate routes. Two different pathways were
investigated for converting CO2 into CH4 on NiO. These can be
categorized as pathway 1 and pathway 2, which involve the
formation of HCOOH* and CO* as intermediate species.108,111

The two pathways start with the adsorption of one molecule of
CO2 onto the O-Top site, followed by the simultaneous disso-
ciation of one H2 molecule and the adsorption of 2H atoms on
the O-Top site, as shown in Fig. S13.† At this point, the surface
has two adsorbed species on it, and the total energy of this
system is taken as the reference point for the relative energy
calculations (refer to Table S1†).

3.4.3. Pathway 1 (formate pathway). A complete reaction
mechanism for pathway 1 is presented in Section S.2.1.† Aer
successful adsorption of CO*

2 and H*, they react to form an
intermediate species, HCOO*, in the bridge site on the surface
(Fig. 9(a)). The energy difference for the formation of HCOO* is
calculated to be 2.17 eV. The HCOO* further reacts with the
remaining H* atom to form HCOOH* (Fig. 9(b)).

Another molecule of H2 introduced to the system dissociates
to form 2H atoms, which are then adsorbed onto the O-Top site
nd H2O*, (e) CH*
2 and OH*, (f) CH*

2 and H2O*, (g) CH*
2 and 2H*, (h) CH*

3,

J. Mater. Chem. A, 2025, 13, 7422–7444 | 7435
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Fig. 10 Formation of (a) CO* and O*; (b) CO* and 2H*; (c) CO* and
H2O*; (d) CO*; (e) C* and H2O*; (f) CH* and H*; (g) CH*

2; (h) CH
*
2 and

2H2O*; (i) CH*
3 and H*; (j) CH*

4 on the NiO (200) surface.
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of the surface. H* reacts with HCOOH* to form H2COOH* and
H* with an energy difference of −0.482 eV. It should be noted
that H2COOH* is now adsorbed through its oxygen atom on the
Ni-Top site (Fig. 9(c)). Interestingly, a dehydration reaction
occurs, and H2COOH* dissociates into H2O* and H2CO*
(Fig. 9(d)). H2O* and H2CO* are adsorbed onto the Ni-Top and
bridge sites. H2O can desorb, and a new H2 molecule is intro-
duced to the system. The process repeats as H2 is dissociated,
and 2H atoms are adsorbed onto the O-Top sites. H2CO* reacts
with H* to form H2COH*, and the energy released to achieve
this is 1.28 eV. H2COH* now dissociates into CH*

2 and OH*. CH*
2

is adsorbed onto the O-Top site and OH* onto the Ni-Top site
(Fig. 9(e)). The energy required to achieve this is 0.156 eV. OH*

reacts with the already existing H* to form H2O*, which is later
allowed to desorb (Fig. 9(f)). Following this, another H2 mole-
cule is introduced to the system, which subsequently gets
dissociated into two H atoms that are adsorbed onto the O-Top
sites of the surface (Fig. 9(g)). CH*

2 and H* now react to produce
CH*

3 (Fig. 9(h)). The energy required to achieve this conversion
is 1.11 eV. In the end, CH*

3 and the remaining H* atom react to
produce CH*

4, and the energy required to achieve this is 2.72 eV
(Fig. 9(i)). Aer performing the DFT calculation for each inter-
mediate step of pathway 1, an energetics diagram (Fig. S14†)
was plotted to understand how the energies of each step vary
with the initial step.

3.4.4. Pathway 2 (The CO pathway). The reaction mecha-
nism of pathway 2 is presented in detail. Just like in pathway 1,
pathway 2 transitions through the formation of carbon
monoxide as an intermediate species.

Aer the initial adsorption of CO2 onto the O-Top site, CO*
2

dissociates into CO* and O* (Fig. 10(a)). O* is adsorbed onto the
Ni-Top site, while CO* resides at the same site. An H2 molecule
is introduced to the system, which dissociates into two H atoms,
and these are then adsorbed onto the O-Top site (Fig. 10(b)). O*
and the two H* atoms combine from H2O*, which is later
allowed to be desorbed from the surface (Fig. 10(c)). The only
species remaining on the surface now is CO* (Fig. 10(d)), which
dissociates into C* on the O-Top site and O* on the Ni-Top site.
The energy required to achieve this was calculated to be 0.55 eV.
This is followed by the adsorption of two H atoms on the O-Top
site from the dissociation of an H2 molecule. O* combines with
one of the H* atoms to form OH*, which later combines with
the remaining H* atom to form H2O* (Fig. 10(e)). Yet again,
H2O* can desorb away from the catalyst's surface.

An H2 molecule dissociates, and the two H atoms are
adsorbed onto the O-Top site. The surface now consists of a C*
atom and two H* atoms. The C* reacts with an H* atom to form
CH* (Fig. 10(f)) with the release of 2.07 eV of energy. CH* reacts
with the remaining H* atom to form CH*

2 (Fig. 10(g)). Finally,
another molecule of H2 dissociates into two H atoms that are
adsorbed onto the O-Top site (Fig. 10(h)). CH*

2 reacts with the
remaining H* atoms to form CH*

3 (Fig. 10(i)), and nally CH*
4

(Fig. 10(j)).
A similar approach to construct a reaction energetics plot

was applied for pathway 2 to better understand the energetics of
the reaction (Fig. S15†).
7436 | J. Mater. Chem. A, 2025, 13, 7422–7444
3.5. In situ FTIR study

Fig. 11 and 12 show the FTIR spectra of all core shell catalysts,
where peaks ranging from 3725 cm−1 to 3591 cm−1 are identi-
ed and correlated as CO2 overtones. This correlation demon-
strates an understanding of the CO2 molecular vibrational
modes. In the composition of CO2 : N2 (30 : 70 mL min−1), the
NiO@SiO2 catalyst converts CO2 into monodentate, and
bidentate carbonates can be observed in Fig. 11(a). These
intermediates are further reacted in the presence of H2, and the
formed distinct species can be seen in Fig. 12(a). The peak
observed at 1560 cm−1 signies the presence of the formate
species. As the temperature was increased to 300 °C, the
formate peak was diminished. Meanwhile, a subsequent
increase occurred in the peak intensity at 1622 cm−1, repre-
senting the bicarbonate species. This transition indicates the
decomposition of formate, releasing hydrogen and generating
bicarbonate. Further hydrogenation leads to the formation of
the n-CH stretching vibration, corresponding to the methane
peak, which was observed at 3013 cm−1 and 1302 cm−1. The
peak intensity was found to increase as the temperature
increases; this nature is implied in the formation of methane.
The peak at 1872 cm−1 represents the bridged CO (n-br-CO) on
the Ni species.112,113 The carbonate peaks observed at
1132.5 cm−1 and 1008 cm−1 correspond to the presence of both
bidentate carbonate and bicarbonate species.113 Fig. 11(b)
depicts the FTIR spectra with CO2 adsorption for the NiO@CeO2
This journal is © The Royal Society of Chemistry 2025
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Fig. 11 In situ FTIR analysis of (a) NiO@SiO2, (b) NiO@CeO2, (c) NiO@Co3O4, and (d) NiO@ZrO2 without H2 flow (flow conditions: CO2 : N2= 30 :
70 mL min−1. The reduction conditions are maintained at 400 °C with an H2 flowrate of 50 mL min−1 for 1 h).
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catalyst without H2 ow, with peaks at 1679 cm−1, 1275 cm−1,
and 1440 cm−1 representing bidentate carbonate and bicar-
bonate species. In Fig. 12(b), when CO2 and H2 were reacted, the
formation of formate at 1490 cm−1 was observed as an inter-
mediate species. Subsequent hydrogenation resulted in the
appearance of n-CH stretching signals, identied as methane, at
3015 cm−1 and 1308 cm−1. Peaks at 1655 cm−1 and 1490 cm−1

signify the asymmetric stretching vibration associated with CO
adsorption (bidentate carbonate), along with the formate
species, while the carbonate species were observed at
1183 cm−1.114,115 In Fig. 12(a) and (b), minor disturbances in the
spectra were observed from 300 °C, which were attributed to
moisture content, as water is a signicant byproduct in the
methanation reaction. In Fig. 11(c), the FTIR spectra of
NiO@Co3O4 without H2 ow reveals distinctive peaks at
1636 cm−1 and 1214 cm−1, signifying the presence of bicar-
bonate species, while peaks at 1392 cm−1 and 1094 cm−1 indi-
cate the presence of the carbonate species. Fig. 12(c) represents
the FTIR spectra of NiO@Co3O4, which follows pathway 2 (CO
pathway). CO2 dissociated into CO* and O*, followed by
hydrogenation, resulting in the emergence of n-CH stretching
vibration peaks at 3014 cm−1 and 1307 cm−1, indicative of
methane formation. Linear CO species were identied at
This journal is © The Royal Society of Chemistry 2025
2182 cm−1 and 2214 cm−1. Additionally, peaks at 1390 cm−1

and 1102 cm−1 signify the symmetric vibration characteristic of
bicarbonate and carbonate species, respectively.110,116 The FTIR
spectra of NiO@ZrO2, presented in Fig. 12(d), exhibited distinct
features. Peaks at 3015 cm−1 and 2854 cm−1 were attributed to
the n-CH stretching characteristic of methane.117,118 A notable
observation was the emergence of a new peak at 1762 cm−1,
identied as the antisymmetric C]O stretching vibration. This
was indicative of CO2 adsorption in a COO− state at the Ni site,
denoted as the CO*

2 � Ni species. This phenomenon was
observed from 150 °C onwards, further facilitating the genera-
tion of CO on the NiO@ZrO2 catalyst, as evidenced by peaks at
2187 cm−1 and 2106 cm−1.118 Additionally, a peak at 1566 cm−1

indicated the formation of the formate species. The spectrum
also revealed peaks at 1566/1306 cm−1, 1444 cm−1, and
1068 cm−1, corresponding to the asymmetric/symmetric
stretching vibrations of carbonate, representing bidentate
carbonate species, symmetric stretching vibration of mono-
dentate carbonate, and bicarbonate species, respectively.
Fig. 11(d) demonstrates a slight deviation in the carbonate
species for the FTIR spectra of NiO@ZrO2 without H2 ow.
Table S5† summarizes the infrared frequencies of the species
J. Mater. Chem. A, 2025, 13, 7422–7444 | 7437
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Fig. 12 In situ FTIR analysis of (a) NiO@SiO2, (b) NiO@CeO2, (c) NiO@Co3O4, and (d) NiO@ZrO2 (flow conditions: CO2 : H2 : N2 = 10 : 40 : 50
mL min−1, and the reduction conditions are at 400 °C with an H2 flowrate of 50 mL min−1 for 1 h).
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observed for all catalysts from the in situ FTIR studies for CO2

methanation.
In situ FTIR studies were conducted with and without H2

reduction for understanding the pivotal role of oxygen vacan-
cies. Detailed spectra of CO2 adsorption over NiO@SiO2 and
NiO@CeO2 are provided in Fig. S16,† with representative
spectra at 350 °C and 400 °C. Bicarbonate (*CO3H, 1008 and
1622 cm−1) and bidentate carbonate (*CO3, 1132 cm−1) species,
recognized as critical intermediates in methane formation,
were observed. Samples not subjected to H2 reduction exhibited
lower signal intensities for the *CO3H and *CO3 species, indi-
cating less effective intermediate formation. The formation of
the *HCO3 and *CO3 intermediates across all samples demon-
strates that the oxygen vacancies, created through thermal and
reduction treatments, signicantly enhance CO2 adsorption.24

Notably, a greater production of *CO, resulting from the
conversion of *CO3 and *HCO3, was observed over reduced
NiO@SiO2, highlighting *CO as a key intermediate for methane
production.78,81 During the reduction process, CO2 rst adsorbs
onto the surface and interacts with oxygen vacancies and *OH
groups to form *CO3 and *HCO3. The *CO3 species, adsorbed
on oxygen vacancies, are then hydrogenated to form *CO, which
subsequently migrates to the active Ni,110 as conrmed by in situ
FTIR experiments. These intermediates, particularly *HCO3 on
7438 | J. Mater. Chem. A, 2025, 13, 7422–7444
basic sites and *CO on Ni, undergo continuous hydrogenation,
leading to methane formation on the catalyst surface. The
literature predominantly discusses two mechanisms for CO2

methanation: the dissociative pathway (via *CO formation) and
the associative pathway (via the formation of bicarbonates,
formates, and carboxyl species). Our ndings suggest a novel
oxygen-assisted mechanism that follows the dissociative
pathway for CO2 methanation. This study conrms that oxygen
vacancies signicantly inuence the catalytic performance of
Ni-based catalysts during CO2 methanation.

From both DFT simulations and in situ FTIR ndings, it was
observed that NiO@S (where S = SiO2, CeO2, ZrO2) follows both
pathway 1 (formate pathway) and pathway 2, while NiO@Co3O4

only follows pathway 2 (CO pathway).
3.6. Characterization of spent catalyst

3.6.1. XRD analysis of spent catalyst. Fig. S17† shows the
XRD pattern of the spent catalysts. When compared with the
XRD analysis of the fresh catalysts, NiO has been transformed
into metallic Ni (JCPDS le no.: 04-0850) with 2q values of 45.0°,
52.4° and 76.8° that correspond to the (111), (200), and (220)
lattice planes, respectively.119 There was no change in the CeO2

phase, as the 2q values were 29.1°, 33.6°, 48.0°, 56.9°, corre-
sponding to the (111), (220), (220), and (311) planes,
This journal is © The Royal Society of Chemistry 2025
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Fig. 13 XPS spectra of (a) Ni 2p NiO@SiO2-50 h and (b) Ni 2p NiO@CeO2-50 h for spent catalysts under lean feed (LS) and realistic feed (RS)
conditions.
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respectively. The XRD analysis (shown in Fig. S17†) for the spent
catalysts (tested at high feed concentration) shows no alloy
formation. This proves that the structural stability was retained
even aer the cyclic stability study.

3.6.2. XPS analysis of the spent catalyst. The XPS spectra of
the spent catalyst aer the stability study and cyclic study are
depicted in Fig. 13. In Fig. 13(a), the XPS spectra of NiO@SiO2

reveal a peak at 852.9 eV, indicative of metallic Ni, alongside
peaks at 2p3/2 of Ni

2+ at 855.3 eV, and Ni3+ at 856.7 eV. At 2p1/2,
the Ni2+ peak was at 872.8 eV and the Ni3+ peak was at 874.3 eV,
and the satellite peaks were at 858.8 eV, 862.3 eV, 876.1 eV and
880.3 eV for the lean stability (LS) condition. For the realistic
stability (RS) condition, the Ni2+ and Ni3+ peaks were detected at
854.9 eV and 857.3 eV for the 2p3/2 orbital. For the 2p1/2 orbital,
the peaks at 872.8 eV ad 875.2 eV correspond to Ni2+ and Ni3+

ions, respectively. In Fig. 13(b), the XPS spectra of the Ni peaks
in NiO@CeO2 exhibit peaks at 853.2 eV and 856.1 eV that
represent the Ni2+ and Ni3+ ions, respectively. The satellite peak
was observed at 861.4 eV for lean stability. Meanwhile, the peak
at 855.1 eV represents the Ni3+ states, and satellite peaks at
857.1 and 860.9 eV were observed for the realistic stability
condition. For NiO@SiO2, aer the stability study and cyclic
study of 50 h, Si was observed in the 2p orbital at 103.2 eV, and
is presented in Fig. S18(a).†77,101 Fig. S18(b)† showcases the XPS
spectra of NiO@CeO2, where the peaks at 881.8, 885.6, and
898.1 eV correspond to Ce4+ of the 3d5/2 orbital. The peaks at
900.0, 904.0, and 917.0 eV correspond to Ce4+ of 3d3/2. The Ce

3+

states were observed at 883.8 and 888.6 eV for 3d5/2. For 3d3/2,
the peaks were observed at 902.1 and 907.2 eV for the lean
stability condition. The binding energies corresponding to the
This journal is © The Royal Society of Chemistry 2025
realistic stability conditions were matched with the lean
stability condition, indicating the robust stability of the cata-
lysts. Furthermore, Fig. S19(a)† illustrates the O 1s spectra for
NiO@SiO2 with a peak at 531.4 eV attributed to lattice oxygen,
another at 533.1 eV associated with Si–O–Si, and surface
adsorbed oxygen for both lean and realistic conditions.106

Conversely, Fig. S19(b)† displays slightly shied O 1s spectra for
NiO@CeO2 at 530.8, 532.8, and 534.5 eV, corresponding to
lattice oxygen, vacant oxygen, and satellite peaks, respectively. A
decrement in the peak intensity for vacant oxygen was observed
for realistic stability when compared to lean stability study. This
indicates the catalyst deactivation under realistic feed
conditions.

3.6.3. Insights into the structure–activity relationship.
Analysis of the spent catalyst through SEM imaging revealed
a noticeable reduction in the particle size compared to the fresh
catalyst (shown in Fig. 14). This reduction can be attributed to
particle sintering during the 50 hours stability study under high
concentrated feed mixture. Additionally, agglomeration is
evident, leading to the formation of larger particles. N2

adsorption–desorption analysis corroborated these ndings,
indicating a slight decrease in the surface area (46 and 27 m2

g−1 for spent NiO@SiO2 and NiO@CeO2, respectively)
compared to the fresh catalyst (58 and 28 m2 g−1 for fresh
NiO@SiO2 and NiO@CeO2, respectively). This is likely due to
the pore size reduction during the extended reaction period.
Despite these minor changes, the catalysts continued to exhibit
robust catalytic activity. The N2 adsorption–desorption analysis
of the spent catalyst is presented in Table S6.† The elemental
mapping shown in Fig. S20† depicts the separation of Ni or NiO
J. Mater. Chem. A, 2025, 13, 7422–7444 | 7439
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Fig. 14 SEM images of the (a) NiO@SiO2 and (b) NiO@CeO2 spent catalysts.

Table 4 CO2 and H2 adsorption and desorption of the catalysts at 25 °
C

Catalyst

CO2 adsorption
capacity at 298 K
(mg of CO2 per g)

H2 adsorption
capacity at 298 K
(mg of H2 per g)

At 1 bar At 50 bar At 1 bar At 50 bar

(a) NiO@SiO2 30.33 301.96 0.06 0.74
(b) NiO@CeO2 25.05 279.75 0.14 0.67
(c) NiO@ZrO2 57.01 259.65 0.05 0.77
(d) NiO@Co3O4 90.40 227.66 0.15 1.01

Fig. 15 CO2 and H2 adsorption and desorption at 298 K of (a) NiO@SiO

7440 | J. Mater. Chem. A, 2025, 13, 7422–7444
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from the shell metal oxide. XRD studies (Fig. S17†) for the spent
catalyst showed the presence of CeO2 in NiO@CeO2. Consid-
ering the amorphous nature of silica, the SiO2 was not observed
in the diffraction patterns corresponding to NiO@SiO2. In
general, the phase separation leading to alloy formation deac-
tivates the catalyst in the long run. The phase separation is
clearly visible in the NiO@CeO2 catalyst as separate Ni/NiO and
CeO2. However, NiO@SiO2 retained its strong structural
stability without any agglomeration or phase separation. Thus,
catalysts with strong metal support interaction must be devel-
oped to retain the catalyst stability for long time-on-stream and
large number of cycles.
2, (b) NiO@CeO2, (c) NiO@ZrO2, and (d) NiO@Co3O4.

This journal is © The Royal Society of Chemistry 2025
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3.7. CO2 and H2 capture studies

Among the four catalysts analyzed through the BET surface
area, NiO@SiO2 exhibited the highest surface area. As corrob-
orated by CO2 TPD studies, NiO@SiO2 has abundant weak basic
sites, revealing its superior CO2 capture performance at
301.96 mg of CO2 per g at 25 °C and 50 bar.120–122 From Table 4, it
is clear that NiO@CeO2 exhibits a signicant CO2 capture ability
up to 279.75 mg of CO2 per g. NiO@ZrO2 demonstratedmedium
and strong basic sites at high temperatures, while NiO@Co3O4

exhibited medium basic sites, contributing to their respective
levels of CO2 adsorption of 259.65 and 227.66 mg of CO2 per g.
However, desorption does not occur as readily as adsorption of
CO2, as shown in Fig. 15. Desorption at 1 bar suggests that CO2

is still retained within the catalyst, indicating its capacity to
chemisorb or capture CO2 at atmospheric pressure for CO2

capture. Interestingly, this behaviour deviates from the
adsorption trend during desorption at ambient temperature. In
situ FTIR analysis further supports this phenomenon, revealing
CO2 adsorption at 1 bar. When monitoring the catalyst through
in situ FTIR at varying temperatures under atmospheric pres-
sure, intermediates can be observed in Fig. 12, such as
carbonates, bidentate carbonate, and monodentate carbonate.
NiO@Co3O4 has the highest CO2 capture ability of 90.40 mg of
CO2 per g at 1 bar due to its greater pore volume of 0.23 cm3 g−1.
NiO@CeO2 shows the lowest CO2 capture of 25.05 mg of CO2

per g at 1 bar. This provides insights into the mechanisms of
CO2 adsorption on the catalyst surface, and the ensuing reac-
tions occurring solely in the presence of CO2 at atmospheric
pressure.

For H2 adsorption, low values are observed due to the low
adsorption affinity of H2 gas.123 NiO@Co3O4 shows high H2

adsorption of 1.01 mg of H2 per g at 50 bar and 25 °C, while
NiO@CeO2 shows the lowest H2 ability of 0.67 mg of H2 per g.
While slight variations exist in the CeO2 and ZrO2 catalysts,
substantial differences are not evident at both 50 and 1 bar.
However, the trends for adsorption and desorption remain
consistent. Notably, during desorption at 1 bar, these catalysts
exhibit H2 adsorption, indicating their chemisorption capability
in retaining H2 under atmospheric pressure. NiO@Co3O4 and
NiO@CeO2 exhibit nearly identical H2 adsorption capacities,
0.15 and 0.14 mg of H2 per g, respectively. The similar capture
ability at low pressures may be due to their equivalent mean
pore diameters.
4. Conclusions

The impact of several metal oxide shell materials on the Ni/NiO
core was investigated. Both NiO@SiO2 and NiO@CeO2 were
found to be the most effective catalysts for CO2 methanation.
Aer 300 °C, a diminishing trend in the conversion and selec-
tivity was noticed in all active catalysts owing to competing side
reactions. Stability studies revealed that both NiO@SiO2 and
NiO@CeO2 are highly stable for 50 h under lean and rich CO2

concentration in the feed. TPR studies showed that the oxygen
storage capacity and redox nature of the catalysts play a vital
role in activating CO2 molecules. A moderate reducible nature
This journal is © The Royal Society of Chemistry 2025
of NiO@CeO2 and NiO@SiO2 (10.9 mmol g−1 and 10.0 mmol
g−1) was observed when compared to NiO@Co3O4 (17.6 mmol
g−1). Although the reducible nature is low, the large number of
weak and medium basic sites of NiO@CeO2 and NiO@SiO2

contributed to enhancing the catalytic activity.
Two mechanisms through DFT studies were observed to be

prominent in dissociating CO2 to form carbonyl groups. Ni
plays an active role in forming transition states at lower free
energies than NiO. However, as Ni easily gets reoxidized (as
proven from the control experiments), the role of lattice oxygen
in reoxidized NiO was also assessed in the reaction mechanism.
Furthermore, the intermediates (atomic oxygen, atomic
hydrogen, CO, CH4, H2, O2 and H2O) considered in the reaction
pathways of DFT are identied using CO2-TPD-MS by repli-
cating the similar conditions of the catalyst pre-treatment. The
CO2 methanation mechanism on these catalysts is elucidated
through a combination of in situ FTIR spectra, CO2-TPD-MS and
DFT studies, offering valuable insights into the reaction path-
ways. The formate pathway from DFT studies correlated with
the mechanism observed in the FTIR spectra of the following
catalysts NiO@S (where, S = SiO2, CeO2, ZrO2), while the
NiO@Co3O4 catalyst showed the CO pathway alone. CO2 and H2

adsorption studies were conducted in the pressure range of 1–
50 bar. At 50 bar, NiO@SiO2 exhibits the highest CO2 adsorption
capacity of 301.96 mg of CO2 per g, whereas at 1 bar,
NiO@Co3O4 captures 90.40 mg of CO2 per g. Both high OSC
materials (NiO@CeO2 and NiO@Co3O4) showed higher H2

uptake than others at 1 bar. However, NiO@Co3O4 continued to
outperform other materials at 50 bar. Although the H2 and CO2

capture ability of NiO@SiO2 and NiO@CeO2 is moderate, the
large number of low and medium strength basic sites contrib-
uted to its superior catalytic activity. Among all catalysts,
NiO@SiO2 has offered the best catalytic activity with the lowest
apparent activation energy of 82.0 ± 2 kJ mol−1.
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