Open Access Article. Published on 16 July 2025. Downloaded on 1/9/2026 9:48:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Industrial
Chemistry
& Materials

7 ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online

View Journal

i '.) Check for updates ‘

Cite this: DOI: 10.1039/d5im00033e

Received 1st March 2025,
Accepted 15th July 2025

Carbon-supported Ni nanoparticles in CO,
methanation: role of a superficial NiO shell
observed by in situ TEM+
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CO, methanation offers a pathway to produce a carbon-neutral methane fuel. Although a number of
research efforts have been conducted on this topic, a greater understanding of the mechanism of the
reaction, which is still under debate, is needed. Here, using in situ transmission electron microscopy, we
provide direct insights into the dynamics of a metallic nickel catalyst supported on activated carbon during
CO, methanation. The keys to the high performance of the catalyst are the in situ formation and dynamic
behavior of a Ni@NiO core@shell nanostructure. Based on the detailed electron microscopy investigation,
the mechanism of such nanostructure formation during methanation is proposed. Our studies revealed that
the deactivation of the catalyst is not due to the accumulation of carbon coke over nickel nanoparticles,
but an increase in the size of the nickel nanoparticles that is responsible for the deactivation of the catalyst

over time.
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1 Introduction

The CO, methanation reaction has been the subject of
intense studies, since it offers an interesting pathway to
produce a carbon-neutral methane fuel (e-CH,), thus
combating the CO, emissions to the atmosphere.'” Mostly
Ni-based catalysts supported on a variety of supporting
materials, such as metal oxides,®® zeolites,” metal organic
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frameworks,'® and carbons,>''™® are used for CO,

methanation. Interestingly, the supporting material plays a
major role in the catalyst’s performance, and it has been
demonstrated that the same active phase, such as Ni
nanoparticles, can present different activity, selectivity, and
stability, depending upon the supporting material being
used.>>'1°  Besides the fact that CO, methanation
involves reactant diffusion, adsorption, surface reaction,
product desorption, and diffusion, the metal-support
interactions can also play a role in the catalytic mode of
action, which is consequently reflected in the performance
of the catalyst.**°

Notably, the mechanism of CO, methanation is still under
debate. The proposed mechanisms are largely governed by
the catalytic system and the reaction conditions, and the
methanation could proceed through (i) the associative
pathway, in which CO, is adsorbed associatively with a former
adsorbed H atom, forming formate as an intermediate, and
(ii) the dissociative pathway, where CO, is dissociated in CO,
which is the main intermediate of the reaction.* The
mechanism behind nickel-catalyzed CO, methanation
involves the dissociation of H, over the Ni nanoparticles,
while CO, adsorption usually occurs on the supporting
material or nickel-support interface with dissociation and

Ind. Chem. Mater.


http://crossmark.crossref.org/dialog/?doi=10.1039/d5im00033e&domain=pdf&date_stamp=2025-07-29
http://orcid.org/0000-0002-9015-1237
http://orcid.org/0000-0003-2289-5987
http://orcid.org/0000-0001-8082-0647
http://orcid.org/0000-0002-4331-4742
http://orcid.org/0000-0002-0013-6325
http://orcid.org/0000-0001-7493-1762
http://orcid.org/0000-0002-5447-2471
https://doi.org/10.1039/d5im00033e
https://doi.org/10.1039/d5im00033e
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5im00033e
https://pubs.rsc.org/en/journals/journal/IM

Open Access Article. Published on 16 July 2025. Downloaded on 1/9/2026 9:48:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

subsequent adsorption of the resultant carbonyl on Ni
nanoparticles.”*

A comprehensive understanding of the behavior of the
supported Ni catalyst under reaction conditions, coupled
with a thorough elucidation of the associated reaction
mechanism, is imperative for facilitating the rational design
of high-performance catalyst materials. Hence, in situ
techniques are particularly important and have been
extensively used to elucidate the mechanism of CO,
methanation over various supported catalytic systems. For
instance, in situ infrared (IR) spectroscopy has been used for
underpinning the reaction intermediates,*>**"** while X-ray
photoelectron spectroscopy (XPS) and near edge X-ray
absorption fine structure (NEXAFS) have been employed to
elucidate the chemical nature of the real catalysts under
methanation conditions.>®*” At the same time, the fine
microstructural modifications, that the supported Ni catalysts
undergo during CO, methanation, have been studied to a
less extent. For example, deactivation of the Ni catalysts is
often attributed to the sintering of the Ni nanoparticles and/
or coke building up on the active phase, which has been
investigated by ex situ transmission electron microscopy
(TEM).**®  Importantly, in situ observation of fine
microstructural modifications should assist in understanding
and further developing active, selective and stable
methanation catalysts. Hence, in this study, in situ TEM is
applied to elucidate the behavior of the Ni catalyst supported
on the reduced activated carbon during CO, methanation,
affording insight into the presently lacking understanding of
the catalyst’s real microstructure and its dynamics.

The understanding and atomic level information provided
by aberration-corrected TEM is unparalleled, particularly for
the study of catalyst nanoparticles. The development of a
specialized microelectromechanical system (MEMS)-based
sample holder allows us to contain gas near the sample at
more than 1 bar pressure with precise control over
temperature, as well as gas flow and gas compositions.

In this study, we have utilized a MEMS-based nanoreactor
in which two Si/SiNx chips are positioned on top of each
other and sealed with an O-ring, allowing for a maximum gas
pressure of up to 2 bar. A 5 um spacer on the bottom chip
guides the gas mixture from the gas supply system towards
the microheater. The system can be heated up to 1000 °C
with small power consumption (in the range of mW), thus
offering a low drift, while the 30 nm thin -electron
transparent SiN, windows, that are present in these chips,
allow transmission of electron beams, thus affording
structural characterization of the samples under realistic
reaction conditions.

2 Results and discussion

Our earlier study® demonstrated excellent CO, methanation
performance of a Ni catalyst supported on reduced activated
carbon (Ni/ACR). Interestingly, after 90 h of CO, methanation
at 450 °C and 0.1 MPa, with 10% H,, 40% CO, and 50% He,
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Fig. 1 The ex situ TEM analysis results of the Ni/ACR catalyst
before (a) and after (b) CO, methanation for 90 h. The resultant
Ni@NiO core@shell nanostructure is highlighted by the green
dashed lines in (b).

a distinct crystalline shell of Ni oxide was formed on the
surface of the Ni nanoparticles supported on ACR observed
via ex situ TEM. Fig. 1 shows TEM images of the Ni
nanoparticles pre- and post-reaction, with the oxide shell of
thickness 2-3 nm highlighted in Fig. 1b. The observation of a
Ni oxide shell on the Ni nanoparticles after prolonged CO,
methanation was intriguing, as it contradicted the prevailing
expectation that metallic Ni was the active phase of the
reaction. However, these samples were transferred in air,
after cooling to room temperature, for the post-reaction
analysis; therefore, it was unclear whether the oxide shell was
formed during the air transfer or as a consequence of the
reaction conditions. Understanding this detail, along with
the possible deactivation mechanism of the supported Ni
catalyst, will not only shed light on the debatable
methanation mechanism but also pave the pathway for
engineering improved catalysts.

To exactly replicate the reaction conditions, the drop-cast
Ni/ACR catalyst was first reduced under a H, environment
(4% H, with N, as the carrier gas at 1 bar pressure) at 400
°C, and then imaged under the reactive H, and CO, gases
providing methanation conditions. It is found that once a
temperature of 450 °C is reached under the reactive gases,
the Ni nanoparticles began to dynamically change shape
whilst still retaining crystallinity. Fig. 2(a-d) shows the
dynamics of such a nanoparticle within the thick ACR
supporting material. The arrows highlight the dynamic
reduction-growth of the nanoparticle that simulates a
‘breathing’ behaviour. We believe that this ‘breathing’
behavior is the macroscopic manifestation of a dynamic
equilibrium at the nanoscale. It likely involves the
continuous, competitive oxidation of the nickel surface by CO,
to form NiO, and the simultaneous reduction of this oxide shell
by H,. The observed shape changes reflect the local fluctuations
in the rates of these opposing reactions. The corresponding
breathing process can be better portrayed in Movie S1 in the
ESLi It should be pointed out that the reduction performed at
400 °C during the in situ experiments followed from our
previous work on the same Ni on the ACR sample, where during
the temperature programmed reduction (TPR) experiment, it
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Fig. 2 In situ time-series of TEM images showing a dynamic active
particle away from the edge of the carbon support, from time 2:43 to
2:46 (a-d). The area that has undergone dynamic changes is indicated
by the red arrows.

was verified that even the Ni species that interact more strongly
with the carbon were reduced at ca. 380 °C.?

To determine whether the dynamic behavior is impacted
by the H, pre-treatment, Fig. 3 compares in situ results where
the sample was initially reduced in an H, atmosphere to
another set of experiments where the H, pre-treatment was
not used. Overall, like the nanoparticle shown in Fig. 2,
Fig. 3 shows the dynamic behaviour of Ni nanoparticles
towards the edge of the ACR supporting material under the
dynamic conditions. The red arrows highlight a few of these
changes in two particles, as examples. Interestingly, the
presence of an oxide shell is clearly visible in both cases. The
green dashed lines in Fig. 3a and j highlight the oxide shell.
The high-resolution image in Fig. S1f shows the
polycrystalline nature of the oxide layer outside the
nanoparticles. The apparent absence of such an oxide layer
for the particle shown in Fig. 2 is most likely due to the
difficulty to resolve such a layer in the presence of the thick
ACR supporting material. Notably, it is clear that the particles
towards the edge of the ACR support changed more
dynamically and, in some cases, appear almost molten,
rolling around within an oxide shell. This is likely due to
improved mass transport, allowing for more efficient
diffusion of the CO, and H, reactant gases to the
nanoparticle surface compared to particles embedded deeper
within the porous support. The red arrows in Fig. 3a-i
indicate one such nanoparticle. This behaviour was seen
regardless of whether or not the reducing H, pre-treatment
was applied, as observed in Fig. 3a-i (the sample without H,
reduction) vs. Fig. 3j-n (similar sample, under similar
conditions, but with H, reduction pre-treatment). Primarily,
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Fig. 3 Low-magnification in situ time-series of TEM images for active
nanoparticles changing dynamically under reaction conditions without
H, pre-treatment (a-i); in situ time-series of TEM images under
reaction conditions with H, pre-treatment showing a non-active
particle (pointed by orange arrows) in the top right and an active
particle (pointed by red arrows) in the bottom left (j-n). The oxide shell
is visible in both cases - marked in green. The timestamp in the top
right-hand corner of each image shows the time in minutes and
seconds since the methanation reaction conditions were reached. One
example of the dynamic behaviour of the nanoparticles is pointed by
the red arrows.

we noticed that the formation of the oxide shell was not a
mechanism of the deactivation of the particles. In fact, the
most dynamic behaviour was seen for particles exhibiting an
oxide shell, thereby suggesting a permeable structure in
which the reactive gases can penetrate to reach metallic Ni
active sites. Thus, we demonstrated that the observed NiO
shell after CO, methanation for 90 h (Fig. 1) is not a result of
the non-reduced catalyst but rather formed under reaction
conditions, as observed during the in situ TEM studies.

Using in situ XPS, Heine and co-workers* reported the
formation of NiO even at room temperature in CO, gas
alone, which requires the transfer of two electrons from
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metallic Ni to the CO, molecule, forming Ni** due to the
oxidation of Ni® and CO due to the reduction of CO,.
However, after the introduction of H, into the system
mimicking methanation conditions, NiO species were found
to be reduced again to metallic Ni°. In another interesting
study that wuses in situ XPS and in situ NEXAFS
spectroscopies, Giorgianni and co-workers®® reported a
similar behavior, wherein the metallic Ni surface was found
to oxidize rapidly upon exposure to CO,. Under
methanation conditions (i.e., CO, + H,), while in situ XPS
revealed that Ni is predominantly in a reduced state, in situ
NEXAFS indicated that the shell of Ni nanoparticles is
prevalently in a Ni’* state due to incomplete reduction.
Interestingly, Mutz and co-workers®® showed that, in the
presence of CO,, Ni starts to oxidize after the removal of H,
from the gas flow. When H, is again introduced into the
stream, the reduced fraction of metallic Ni was found to
increase to 94%, yet having a 6% fraction of oxidized Ni. In
our study, we would not expect the Ni nanoparticles to
oxidize, since they are under an atmosphere rich in H,;
however, CO, should be responsible for the oxidation of the
surface of the Ni nanoparticles, thus forming the NiO shell
according to the following reaction: Ni + CO, = NiO + CO.
The Ni° species can be oxidized by CO, to form Ni**
species, activating the CO, as well, to form co.’!
Importantly, an experiment where only CO, gas was used
(Fig. S2t) shows that the presence of both H, and CO, is
required for the oxide-shell formation (i.e., only surface
oxidation), since in the presence of CO, alone, no oxide
shell can be seen. Therefore, the synergetic relationship
between CO, and H, should be responsible for the
formation of the Ni@NiO core-shell structure during CO,
methanation, as observed herein.

The formation of this Ni@NiO core@shell structure under
reaction conditions might be one of the reasons for the good
performance of this catalyst. On the one hand, the NiO
formation in close contact with the supporting carbon
material, where CO, is adsorbed, leads to the activation of
this molecule,>”" while the Ni® in the core is responsible for
H, dissociation, since the dynamic nature of the oxide shell

Integrated Counts

‘ position (nm) © "

Ni C

Fig. 4 Post in situ STEM-EDS analysis of the catalyst nanoparticle
showing the annular dark-field STEM (a), Ni, O EDS overlay map (b),
variation of Ni and O count along the arrow direction (c), and
corresponding Ni (d), O (e), and C (f) EDS map.
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allows for the diffusion of the H, to the metallic Ni® core of
the nanoparticles. This way, both reactants can be in close
contact, which facilitates the reaction. On the other hand,
NiO might present oxygen vacancies, which are known to
induce the dissociation and activation of CO, on the surface
of the catalyst.’®> It has been reported before that the rate-
determining step for the CO, methanation reaction should
be related to the availability of adjacent adsorbed H to
hydrogenate adsorbed CO;** thus, this proximity of CO,
activation and CO formation on the NiO shell and H,
dissociation in the Ni core might explain the good
performance on the catalyst.’®

After examining the dynamic behaviour of the particles
under a reactive methanation environment, we then explored
the mechanisms of deactivation of the catalyst. The main
deactivation mechanism was observed to be related to a
particle size increase. This can be observed in Movie S2;
obtained at 450 °C in the presence of both H, and CO,. The
larger particles demonstrated no dynamic changes, while the
smaller particles demonstrated to be very active. Upon
cooling, the particle structures stabilised to fill the oxide
shell again (this can be seen in Fig. S37), yielding a structure
that matches the original ex situ characterisation (Fig. 1b).
Finally, post in situ energy dispersive X-ray spectroscopy
analysis in scanning TEM mode (STEM-EDX) was performed
to confirm the presence of a 2-3 nm thick NiO shell
(Fig. 4(a-f)). The heating and gas profile during these in situ
experiments can be found in Fig. S4.f

Particle size distribution was not thoroughly studied in
this work; however, since methanation is a known structure-
sensitive reaction, the catalyst particle size is an important
aspect. Thus, further experiments should be carried out to
address this topic.

Our experimental in situ TEM findings have demonstrated
that the nickel oxide shell observed on the catalytic Ni
nanoparticles supported on reduced activated carbon in our
previous study® is in fact formed under reaction conditions

COx+ H, A

H,
co®  0e° [~
Ni*+ CO~Ni"’+ CO

CH,+H,0 ¥

fv,_ 0 "1 > CH,
@e G

Fig. 5 Schematic representation of the hypothesized mechanism of
the Ni@NiO nanostructure formation during CO, methanation over the
high-performance Ni/ACR catalyst. Box A - the Ni oxide shell structure
is formed in situ (Ni® + CO, — NiO + CO), allowing for the penetration
of H, to the active metallic Ni° core; box B - Ni oxide shell acts as an
enhancer of the CO, adsorption/activation while the Ni® in the core is
responsible for H, dissociation, leading to both reactants in close
proximity, facilitating the CH4 formation.
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of CO, methanation, and it is expected to be an integral part
of the reaction process. Fig. 5 presents a summary of the
findings of this work. We believe that the Ni oxide shell
structure, in situ formed during methanation, exhibits a
permeable nature, allowing for the penetration of the
reaction CO, and H, gases to the active metallic Ni® core,
otherwise dynamic changes under reaction conditions would
not continue to be observed in the nanoparticles
demonstrating a shell. We hypothesize that the Ni oxide shell
acts as an enhancer of the CO, adsorption/activation, while
the Ni° in the core is responsible for H, dissociation, which
leads to both reactants being in close proximity, facilitating
the CH, formation.*>*® Notably, we observed in situ that the
main deactivation mechanism was related to a particle size.

3 Conclusions

In summary, we have presented an in situ TEM investigation
of our previously reported high-performance nickel
nanoparticle catalyst supported on reduced activated carbon.’
The unprecedented in situ formation of a NiO shell around
the metallic Ni° core was directly imaged and studied under
CO, methanation conditions. An important proposed feature
of real Ni@NiO core@shell catalyst nanoparticles is coupling
of the enhanced CO, adsorption/activation over the NiO shell
with H, dissociation over the Ni° core, bringing the reactants
and intermediates together to accomplish CO, hydrogenation
into CH,. This fundamental understanding of CO,
methanation over the Ni catalyst provides a framework for
the judicious design and realization of new high-
performance and stable core@shell catalysts for this reaction,
in particular, and other interesting CO, hydrogenation
reactions, in general.
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