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Metal-support interactions (MSI) significantly influence the effectiveness of heterogeneous catalysts.
Specific sites at the metal support interface can exhibit high reactivity, prompting increasing interest in
optimizing not only the properties of metal particles but also the metal—support interface. Nevertheless,
a precise modulation of MSI strength for optimal metal dispersion and size remains a significant
challenge. Here, we demonstrate that tuning the particle size of the support by varying calcination
temperature can effectively modulate the interaction between Co and CeO,-Y,O3(CY), thereby greatly
enhancing the dry reforming of methane (DRM). A combination of X-ray diffraction, H,-TPR, X-ray
photoelectron spectroscopy, and transmission electron microscopy reveals that cobalt nanoparticles,
stabilized on CY supports with an intermediate particle size of ~75 nm, exhibit superior strength and
enhanced DRM activity due to improved MSI after reduction at 800 °C. For catalysts with optimal MSI,
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Introduction

The rational design of supported metal catalysts is pivotal in
heterogeneous catalysis." The interaction between metal species
and their supports plays a crucial role in catalyst performance,
particularly on reducible oxide supports such as TiO,, Nb,Os,
and CeO,, where metal-support interactions (MSI) originate
from multiple mechanisms.? A notable example is the encap-
sulation of dispersed metal nanoparticles by an oxide support
layer, induced by reduction, oxidation, or reactant adsorption,
known as strong metal-support interaction (SMSI).* Addition-
ally, charge transfer, support-induced restructuring, and the
formation of specific metal-support interfaces contribute to
MSIL.* Although SMSI may negatively impact catalytic activity by
reducing the active metal surface area, it can enhance the
reaction performance through other mechanisms. Control over
MSI typically involves manipulating the reduction temperature
to adjust the extent of decoration or encapsulation of metallic
nanoparticles by a thin layer of reducible support.”® Further-
more, a series of reduction-oxidation-reduction pretreatments
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we demonstrate that facile formation of oxygen vacancies is pivotal for the high DRM activity.

can induce structural changes in metal particles on reducible
supports like TiO, and Nb,Os, impacting adsorptive properties
and catalytic performance.*”

Ceria and its derivatives are unique among reducible oxide
supports due to their ability to modulate MSI through both
electronic effects and structural decoration or alloying.*** This
distinctive property makes ceria-based catalysts highly effective
for catalysis, particularly in applications like dry reforming of
methane (DRM), a promising pathway for the simultaneous
conversion of methane and carbon dioxide into syngas (H, and
CO), a vital precursor for alternative fuels and chemicals from
non-petroleum sources.*

Ceria-supported late transition metals such as Co, Ni, and Ru
have proven effective in DRM."® Studies have highlighted the
critical role of the metal-support interface.'”*®* Most recent
researches, utilizing both experimental methods and density
functional theory calculations, demonstrated that a robust
metal-support interaction reduced the energy barrier for
methane activation and prevented the carbon deposits, thereby
facilitating its dissociation.'** Especially, Liu and colleagues
conducted a comprehensive investigation into the mechanism
of methane dry reforming over Ni-CeO, catalysts, revealing that
mesoporous structures (MSI) significantly facilitate the cleavage
of C-H bonds.** Notably, well-dispersed cobalt species on ceria,
prepared via co-precipitation or sol-gel methods, exhibit atyp-
ical reduction behavior, characterized by multiple reduction
stages across a wide temperature range. This behavior has been
linked to varying interaction strengths between Co and Ce,
alongside contributions from both surface and bulk Ce*" to Ce**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reduction, and the reduction of Co—Ce-O solid solution.®**®
However, a precise modulation of MSI strength to achieve
optimal cobalt dispersion and stability remains challenging,
particularly under high-temperature reactions such as DRM.

In this study, we introduce a simple strategy to optimize MSI
strength in Co/Ce0,-Y,0; (Co/CY) for DRM by adjusting the
particle size of the support. We found that cobalt nanoparticles
on CY supports with an intermediate particle size of ~20 nm
exhibits higher dispersion of metallic cobalt compared to both
larger and smaller sizes. This result can be attributed to an
optimal strength of the interaction between cobalt and CY,
which stabilizes cobalt nanoparticles during reduction. Conse-
quently, these catalysts demonstrate high ceria reduction levels
at low temperatures and markedly improved catalytic activity in
C-H bond dissociation.

Methods

All chemicals were obtained from Sigma-Aldrich: cobalt(m)
acetate tetrahydrate, ammonia solution (30% NH; in H,0),
cerium(u) nitrate hexahydrate and yttrium nitrate.

Preparation of CY supports

CY supports were prepared by co-precipitation. An aqueous
solution of metal precursors was prepared from Y(NO;);-6H,0
and Ce(NO;);-6H,0. Afterwards, it was precipitated by adding
an aqueous solution of ammonia (30%) dropwise at room
temperature. The pH of the solution was adjusted to 9. The
resulting precipitate was aged for 24 h, followed by filtration,
washing and drying in a convection oven at 110 °C overnight. To
prepare CY supports with different particle sizes, dried precip-
itate was calcined in an air flow at temperatures between 700 °C
and 900 °C for 4 h. The obtained samples are denoted as CY700,
CY800 and CY900, corresponding to the calcination
temperature.

Preparation of Co/CY catalysts

A series of CY-supported cobalt catalysts with different supports
was prepared using a wet impregnation method. For this
purpose, the desired amount of cobalt acetate was dissolved in
30 mL of ammonia solution (30 wt%). The suspension obtained
by adding 2 g of CY to the solution was stirred for 2 h, after
which water was removed by evaporation. The catalysts were
dried in air at 110 °C overnight and then calcined at 350 °C for
4 h. Prior to the catalytic activity measurements, the catalysts
were reduced at 500 °C in H, for 4 h.

Characterization

The crystalline structure of the catalysts was determined by
recording X-ray diffraction patterns with a Bruker D2 Phaser
diffractometer using Cu Ko radiation. The particle size was
estimated with the Scherrer equation. Reduced samples were
transferred to the sample holder via a glovebox. The samples
were placed in an X-ray diffraction sample holder and covered
with Kapton tape. Hydrogen TPR (H,-TPR) experiments were
performed with a Micromeritics Autochem II 2920 instrument.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Typically, 100 mg of catalyst was loaded in a tubular quartz
reactor. The sample was reduced in 4 vol.% H, in N, at a flow
rate of 50 mL min~', while heating from room temperature up
to 600 °C at a rate of 10 °C min~". N, physisorption was per-
formed at —196 °C on a Micromeritics TriStar IT 3020 to deter-
mine the specific surface area (SSA) of the CZ supports. The
samples were degassed at 160 °C for at least 12 h prior to N,
physisorption measurements. Surface areas were calculated
using the Brunauer-Emmett-Teller (BET) method. TEM images
were acquired with a Tecnai 20 transmission electron micro-
scope (FEI) equipped with a LaB6 filament and operated at an
acceleration voltage of 200 kV. Calcined catalysts were prepared
by dropping a suspension of finely ground material in analytical
grade absolute ethanol onto Quantifoil R 1.2/1.3 holey carbon
films supported on a copper grid. Reduced catalysts were
transferred to an argon-filled glovebox and dispersed in dry n-
hexane; then a few droplets were placed on Cu TEM grids. The
grid was transported in a GATAN vacuum transfer holder
(model number CHVT3007). Raman spectra were obtained on
Horiba Jobin Yvon iHR 550 imaging spectrometer, with laser
wavelength of 532 nm. Raman spectra of 1000 h stability test
sample were obtained on Horiba LabRAM HR Evolution
Confocal RAMAN.

Catalytic activity

A schematic of the experimental system is provided in Fig. S1.}
Catalytic activity measurements were performed in a ten-tube
parallel microflow reactor. The samples were pressed, sieved
and crushed, and the fraction between 20 and 40 mesh was
used. Each quartz reactor was filled with 200 mg of sample
diluted with 800 mg of SiC of the same sieve fraction. The ob-
tained mixture was enclosed between two quartz wool plugs.
The reaction was performed at atmospheric pressure. Prior to
reaction, the catalysts were reduced in situ in a flow consisting
of 10 vol.% H, in He (total flow rate 100 mL min~* at STP per
reactor tube), while heating from room temperature to 500 °C at
a rate of 10 °C min~", followed by an isothermal dwell of 4 h.
After cooling to the reaction temperature in the same flow, the
pretreatment gas was replaced by a feed consisting of 10 vol.%
CO, and 10 vol.% CH, in N, (total flow rate 200 mL min~" at
STP). The temperature was increased by steps of 25 °C at a rate
of 5 °C min~'. When the target temperature was reached,
a period of 20 min was allowed for stabilization. Then, the
effluent gas was analyzed by NDIR gas analyzer (GASBOARD-
3100, Wuhan cubic optoelectronic Co., Ltd).

Results and discussion

The particle size of the CY support was adjusted between 25 and
300 nm by varying the calcination temperature of the initial
precipitate from 700 °C to 900 °C (Fig. 1a): (i) CY700 ~25 nm, (ii)
CY800 ~75 nm, and (iii) CY900 ~120 nm. These CY materials
were then used to create Co/CY catalysts (2.5 wt% cobalt) via the
wet impregnation method, labeled as Co/CY, (x = 700, 800,
900). The space velocity and gas composition for the DRM
reaction were optimized to 200 mL min~" and 10%CH,/10%
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Fig.1 Effect of support calcination pretreatment on catalytic activity. (a) Transmission electron microscopy (TEM) images of as-prepared CY700,
CY800 and CY900. (b and c) CH4 and CO, conversion over various catalysts at 650 °C. (d) Intrinsic TOF over various catalysts within the catalytic

dynamic range.

CO,/80%N,, respectively, at 650 °C. As seen in Fig. 1b, both CH,
and CO, conversions exhibit a volcanic trend with increasing
calcination temperature. Co/CY700 exhibits the lowest catalytic
performance with CH, and CO, conversions of 32% and 38%,
respectively, and those for Co/CY900 reach 44% and 53%,
respectively. Notably, the Co/CY800 catalyst achieves the high-
est conversions, with CH, at 58% and CO, at 70%, as well as CO
and H, productivities of ~133 mmol g.,. " h™" and ~108 mmol
ge.ae - h™', respectively(Fig. 1c). In addition, the intrinsic turn-
over frequency (TOF) of CH, was evaluated at low conversions
(below 10%, Fig. 1d), consistently revealing the following trend:
Co/CY800 (4.7 molcy, molg, 's™) > Co/CY900 (3.3 molcy,
molg, ' s7') > Co/CY700 (2.1 molgy, molg, ' s~ '). As for the
optimal Co/CY800 sample, the CH, conversions reached an
exceptional level at 650 °C (Table 1).

The X-ray diffraction (XRD) patterns for various Co/CY, are
depicted in Fig. 2a. The diffraction peaks for all samples align
with the fluorite phase of CeO, (PDF# [43-1002]), with no
distinct peaks for Co species, likely due to either a low Ce
content or the high dispersion of Co species on the support. As

Table 1 Comparison studies on catalytic performance of various
catalysts for DRM

Sample Tem. (°C) Conv. CH, (%) Ref.
Co/CY800 650 58 This work
Pt Co/CeO, 700 73 22
10Ni0.25Co@ADM-0.1 700 59 23
CoAly 5Ga; s04r 700 47 24
CoAlGaO, g 700 57
NiCo-MOF/AlL,0, 700 52 25
Co/MgAl,0, 650 ~30 26

700 ~40

10898 | RSC Adv, 2025, 15, 10896-10901

presented in Fig. 2b, Co/CY800 featured the highest specific
surface area (48 m® g~ ') among the various Co/CY, catalysts.
The volcanic trend in activity observed for Co/CY, catalysts
concerning CY particle size are likely linked to MSI. To further
explore this effect, we examined the reducibility of Co/CY,
catalysts using temperature-programmed reduction (TPR)
analysis (Fig. 2c). The TPR profile for Co/CY700 shows two
typical reduction features associated with the stepwise reduc-
tion of Coz0, to CoO(B) and then to Co(y). In contrast, the TPR
profile of Co/CZ800 presents additional features, with a low-
temperature reduction peak (o) likely due to the partial
surface reduction of ceria. Complete reduction of the samples
occurs at a much higher temperature, characteristic of cobalt
catalysts with SMSIL* Additionally, the high-temperature
reduction region splits into two peaks, attributed to the reduc-
tion of cobalt species weakly () and strongly (6) interacting with
the support.®*” The extra high-temperature features could also
stem from the reduction of the cobalt-support interface Co-O-
Ce species or from hydrogen spillover, which leads to bulk
reduction of the support.”® A notable excess of H, consumption
(Fig. 2d) observed for catalysts with enhanced MSI indicates
deeper reduction of the support (Ce*" — Ce®"). Stabilization of
the intermediate CoO phase over a wider temperature range
suggests that the vy feature in the TPR profile relates to support
reduction rather than CoO reduction. Indeed, the CoO — Co°
transformation occurred at a higher temperature for Co/CY800,
typical for systems with strong MSI. The TPR results reveal
a correlation between catalytic activity and the extent of MSI—
the most active catalysts exhibit complex reduction behavior
with high-temperature features associated with both cobalt and
cerium oxides.

MSI in ceria-based materials commonly correlate with the
generation of surface oxygen vacancies. X-ray photoelectron

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Characterization of Co/CY, catalysts. (a) XRD patterns of fresh Co/CY,. (b) BET surface area of Co/CY,. (c) H,-TPR profiles of fresh Co/CY,
and (d) quantification of hydrogen consumption during H,-TPR analysis. (e) XPS analysis of the O 1s peaks of reduced Co/CY, and (f) Raman

spectra of the spent catalysts.

spectroscopy (XPS) analysis was performed to quantify vacan-
cies concentration in Co/CY,. By deconvoluting the O 1s spectra
(Fig. 2e), OI (~529.5 eV) corresponds to lattice oxygen (Oj,) and
the highly oxidative oxygen species (0,>~ or O~) associate with
the surface oxygen vacancies (O,qs), respectively, while OII
(~530.5 eV) and OIII (~531.5 eV) can be assigned to hydroxyl
(OH ™) and/or carbonate (CO5>") species. Following established
methods, the concentration of surface oxygen vacancies can be
estimated from the ratio (O, = O,qs/O1a) Of surface oxygen
species (0,>~ or O7) to lattice oxygen species, as derived from
XPS data.>**** Obviously, Co/CY800 exhibits a higher O, ratio
compared to Co/CY700 and Co/CY900, suggesting a higher
concentration of oxygen vacancies. Furthermore, as reported
previously, lowering the lattice oxygen content on the surface
leads to higher oxygen vacancy concentration, further support-
ing that Co/CY800 also possesses the richest surface oxygen
vacancies, testifying the enhancement of oxygen vacancy
concentration due to CeO, morphology. Deconvolution of the
Co 2p3/2 spectrum shows Co° and Co>" on all catalysts,
implying that the variations in catalytic activity are independent
of Co valence state (see Fig. S21). Raman spectra of spent Co/CY,
(Fig. 2f) show slight D- and G-band carbon peaks on the spent
Co/CY700 and Co/CY900, but none on Co/CY800, attributable to
the abundant oxygen vacancies present in Co/CY800. Together,
H,-TPR and XPS data underscore the correlation between
catalytic activity and the extent of the MSI-the most active
catalysts display complex reduction behaviour with high-
temperature features related to both cobalt and cerium oxides.

© 2025 The Author(s). Published by the Royal Society of Chemistry

A key feature of Co/CY, catalysts is the stabilization of cobalt
nanoparticles by the support under high temperature reducing
conditions. Transmission electron microscopy (TEM) and
scanning transmission electron microscopy-energy-dispersive
X-ray spectroscopy (STEM-EDX) analysis of calcined Co/CY,
catalysts reveals that the initial dispersion of cobalt oxide is
consistent, with particle sizes ranging from 7 to 20 nm
(Fig. S3T). However, after reduction in H, at 500 °C, significant
differences emerge in cobalt metal particle size (Fig. 3). Upon
reduction, the cobalt phase undergoes more pronounced sin-
tering in Co/CY700 (Fig. 3a). STEM-EDX and size distribution
images also show the formation of significantly larger cobalt
particles (about 50 nm). This pronounced sintering in Co/
CY700, indicated by the lack of high-temperature TPR
features, can be attributed to its weak MSI. Similarly, Co/CY900
exhibits large cobalt agglomerates, attributed to its lower
surface area. In contrast, Co/CY800 showed much better resis-
tance to sintering during high-temperature reduction, main-
taining consistent particle size distributions before and after
reduction without larger aggregates. In summary, intermediate-
sized carriers ensure the stabilization of cobalt (Co) species’
dimensions, which in turn fosters a consistent dispersion of Co
particles while inhibiting their aggregation. This arrangement
maximizes the interaction between the Co particles and the
carrier, thereby cultivating a higher concentration of Co-CY
interfaces and fortifying the interfacial interaction between the
metal and the substrate. Consequently, the catalytic efficacy is
notably improved in comparison to particles of either smaller or

RSC Adv, 2025, 15, 10896-10901 | 10899
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Fig. 3 TEM images of reduced Co/CY, (a) Co/CY700, (b) Co/CY800 and (c) Co/CY900); insets show particle size distribution and STEM-EDX

images of Co/CY, after reduction at 500 °C.

larger size. This analysis highlights that optimal strategy for
preparing efficient Co/CY, catalysts is to use supports with
sufficiently large particle sizes to ensure strong interfacial MSI
without compromising the surface area.

Conclusions

We introduce a novel strategy for tuning the mesoporous
structure intensity in the Co/CY, catalyst. During the high-
temperature reduction process crucial for catalyst activation,
cobalt nanoparticles anchored on smaller CY particles
frequently succumb to sintering. Notably, cobalt nanoparticles
deposited on CY particles with an intermediate diameter of
75 nm demonstrate improved stability. Mesoporous structure
enhancement has been demonstrated to optimize the disper-
sion of the reduced cobalt, thereby maximizing the
dehydrogenation-methane (DRM) activity. Detailed analyses
utilizing X-ray diffraction (XRD), hydrogen temperature-
programmed reduction (H,-TPR), and X-ray photoelectron
spectroscopy (XPS) validated the robust mesoporous structure
at the Co-CY interface. The distinctive chemical attributes of
the optimized Co-CY interface facilitate the stabilization of
metal nanoparticles under high-temperature reduction condi-
tions and augment the activation rate of CH,. While the precise
nature of the intrinsic active sites remains unclear, this study
holds significant potential for the application of methane
catalytic combustion, water-gas shift (reverse), Fischer-Tropsch
synthesis, and associated catalytic processes.
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