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Facet-Dependent Metal-Support Interactions in Cobalt—Ceria
Binary Oxides: Linking Ceria Morphology (rods vs. cubes) to Redox
Behaviour and CO Oxidation

Agapi Orfanoudaki?, Maria Lykaki?, Angelos K. Bonis®, Shailza Saini®,George Dury¢, Greg A. Mutchs,
Evangelos I. Papaioannou¢, Kalliopi Kousi® and Michalis Konsolakis*?

Ceria-based binary oxides are widely employed in heterogeneous catalysis owing to their versatile applications and the
fundamental interest stemming from their distinctive metal-support interactions. However, structural and surface
parameters of ceria can significantly influence the redox and structural properties of mixed oxides, thereby affecting their
catalytic performance. In this study, we investigate the effect of ceria morphology, i.e. nanorods (NR) and nanocubes (NC),
on the intrinsic properties and interfacial interactions of cobalt—ceria catalysts, using CO oxidation as a probe reaction. Both
bare ceria and cobalt/ceria samplers were comparatively characterized by various techniques such as N, physisorption, X-
ray diffraction (XRD), scanning and transmission electron microscopy (SEM/TEM), temperature-programmed reduction
(TPR), X-ray photoelectron spectroscopy (XPS), Raman analysis and dynamic thermogravimetric analysis (TGA) under
reaction conditions, revealing the interrelationship among ceria morphology, metal dispersion, reducibility, and catalytic
activity. Specifically, ceria nanorods—predominantly exposing the {100} and {110} facets—exhibit enhanced textural and
redox properties, which in turn lead to superior oxidation performance. The incorporation of cobalt further improves the
catalytic activity, while still reflecting the performance trend of the bare supports, thereby underscoring the primary role of
ceria morphology. Notably, cobalt is highly dispersed as nanoclusters across the surface of ceria nanorods, whereas it
preferentially accumulates along the edges and corners of ceria nanocubes. This distinct dispersion behaviour strongly
influences metal-support interactions and facilitates the stabilisation of Co?* active sites over Co/Ce0,-NR, enabling
complete CO conversion at ca. 160 °C.

Among various catalytic materials, cerium oxide (CeO,) stands out as
a highly effective catalyst either as itself or as supporting carrier, due
to its unique redox properties. More specifically, its remarkable

The swift expansion of industrialization and urban development
worldwide has significantly increased energy consumption, with
fossil fuels still supplying more than 80% of global energy needs.! This
reliance exacerbates environmental challenges, particularly air
pollution. Among the pollutants generated, carbon monoxide (CO),
results from incomplete combustion of hydrocarbon fuels and
constitutes almost half of urban air contaminants in rapidly growing
megacities.2 CO not only poses serious health hazards but also
contributes to atmospheric degradation, emphasizing the urgent
necessity for advanced catalytic materials to control its emissions.3
To this end, CO oxidation can be employed as a mitigation strategy
while constituting a benchmark reaction to gain insight into
structure-property relationships due to the well-established reaction
mechanism and easiness of methodological execution.*¢
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oxygen storage capacity (OSC) and the facile transition between its
two oxidation states (Ce3* and Ce*!), enable the formation and
replenishment of oxygen vacancies during various reactions.’®
These features can be optimized through key adjustable parameters
such as shape, size, electron state, chemical modifiers and metal
doping, which strongly influence surface energy, defect formation,
and oxygen mobility.”

In view of the above, morphology control of CeO, nanostructures has
recently attracted significant attention as a strategy to tailor catalytic
performance. In particular, the nanostructured morphology of CeO»-
based catalysts affects their efficacy by controlling the three-
dimensional atomic arrangement and determining the
crystallographic facets exposed to reactant molecules.'® According to
literature,®!112 distinct facet preferences for different CeO,
morphologies are revealed, in which polyhedral nanoparticles
predominantly expose stable {111} facets, nanocubes favour {100}
facets, while nanorods present a combination of highly reactive {110}
and {100} facets. This faceted orientation directly correlates with
catalytic activity, as demonstrated by the study of Chen et al.,’? in
which ceria nanorods exhibited abundance in surface defects,
oxygen vacancies and lattice oxygen, facilitating the stabilisation of
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Au* species and resulting in the optimum activity and stability
towards the removal of CO and HCHO, as compared to ceria
nanopolyhedra and nanocubes. In a similar manner, ceria nanorods
with coexisting {100} and {110} facets provide higher CO oxidation
rates than other morphological variants (e.g.,, nanocubes,
nanopolyhedra),!* suggesting that the morphological control of
surface termination has important catalytic performance
implications. However, it should be noted that the exact role of
exposed facets remains a subject of ongoing investigation, with some
inconsistencies across studies highlighting the complexity and
current relevance of this topic.121>16

Besides the key role of ceria morphology, the catalytic performance
can be notably altered by the addition of a second metal, due to the
peculiar metal-support interactions.*®17-21 Among the numerous
catalytic systems, ceria-based transition metal oxides have gained
considerable attention, as alternatives to rare and expensive noble
metals.?223 As revealed by various studiesm,?-28 cobalt catalysts are
considered quite promising for oxidation reactions. Especially, the
combination of cobalt with ceria has shown great potential in various
applications in heterogeneous catalysis, involving, among others, the
oxidation of air pollutants,?® the preferential oxidation of CO,3031
reforming processes,3?33 etc. It has been clearly revealed that the
catalytic performance of the cobalt-ceria binary system can be
profoundly modified by several fine-tuning strategies, such as the
use of advanced synthesis routes,3* promotion with metal oxides,3®
special pretreatment protocols,3437 etc. In this regard, Xu et. al.38
showed that Ce0,-Co304 composites with a Ce/Co atomic ratio of
1:16 demonstrated much higher CO oxidation activity than pure CeO,
or Co304 due to the strong interaction between the two phases.
Similarly, Konsolakis et. al.3’ showed that the reduction instead of
the oxidation pretreatment of Co304/CeO, catalysts promotes a
uniform Co-Ce distribution, creating abundant oxygen vacancies
through the Ce3*/Ce** and Co3*/Co?* redox cycles.

Furthermore, recent studies3®4° have shown that the ceria support
morphology critically affects the catalytic performance of
Co0304/Ce0, in various processes. For instance, Huang et al.®®
revealed that Co supported on three-dimensionally ordered
mesoporous CeO, enhances ammonia decomposition for hydrogen
generation due to the high surface area and abundance in surface
oxygen vacancies, as compared to nanocubes and nanotubes.
Similarly, Xie et al.*® showed that CeO, nanorods, exposing the
{110}/{100} facets, facilitate the formation of Co? species and oxygen
vacancies, thus enhancing the metal-support interactions and the
CO, methanation performance. Also, CoOy/CeO, nanorods exhibited
enhanced activity in the NO reduction by CO, as compared to
nanocubes and commercial nanopowders, due to their high amount
of oxygen vacancy defects which facilitated oxygen migration and
charge transfer.%

Taking into account the oxidation of CO over cobalt-ceria catalysts,
Yang et al.*? synthesised Co304-CeO, nanocomposites through
various sol-gel routes, leading to the formation of ceria-supported
Co304 layers, intermixed oxides, and homogeneously dispersed Co,
with the CeO;-supported Cos0. layers exhibiting the optimum
activity and stability. Hollow multishelled Co304—CeO, structures
showed good CO oxidation activity with complete CO conversion at
166.9 °C and stability in a period of 100 h due to their abundance in

2| J. Name., 2012, 00, 1-3

active sites and the synergism among the shells.*> Mareover,Ja6s
shaped ceria catalysts doped with differentRransiti6RmmSald (i,
Co, Ni) were synthesised through the hydrothermal method and
catalytically evaluated in CO oxidation. The Co-CeO, NR catalyst
exhibited optimum low-temperature CO oxidation performance (Tso
= 145 °C) due to its abundance in Ce3* defect sites and active surface
oxygen species, along with the high reactivity of the (110) planes
existing in ceria nanorods.** Furthermore, ceria-based catalysts
modified with transition metals (Mn, Co or Cu) in various molar ratios
were prepared through the solution combustion method. It was
revealed that the synergism of Ce3*-M**-Ce** (M = Mn, Co, Cu) ions
on the catalyst surface increases the amount of active oxygen species
and enhances the low-temperature CO oxidation activity.*>

Despite the significant interest in cobalt-ceria catalysts for CO
oxidation®37:44-55 only a limited number of studies has systematically
investigated the combined role of ceria shape and cobalt oxide phase
in the oxidation of CO, as revealed in the above discussion. More
importantly, no definitive conclusions have been drawn in relation to
the distinct role of ceria exposed planes and to this context, the
present work aims at bridging this gap by methodically examining the
effect of ceria morphology and cobalt oxide phase on the local
surface chemistry and ultimately on the CO oxidation performance.
In particular, the dual role of CeO, shape (nanorods-NR and
nanocubes-NC) is investigated, both as active catalysts and as
tailored supports for the cobalt oxide (Co304) phase, with systematic
evaluation of their CO oxidation performance. The catalysts were
characterized by various characterization techniques such as N,
physisorption, X-ray diffraction (XRD), scanning and transmission
electron  microscopy (SEM/TEM), temperature-programmed
reduction (TPR), X-ray photoelectron spectroscopy (XPS), and
thermogravimetric analysis (TGA), revealing correlations among
ceria morphology, Co-Ce interactions, reducibility, and catalytic
activity. Notably, ceria nanorods exhibit enhanced textural and redox
properties that enable the formation of highly dispersed Co?* active
species through synergistic metal-support interactions, resulting in
uniform cobalt dispersion and superior CO oxidation performance.
These findings underscore the significance of shape-controlled
synthesis in catalyst design, towards the development of efficient CO
oxidation catalysts.

Experimental

Materials synthesis

The precursor compounds Ce(NOs)3-6H,0 (99.5%, Thermo Fisher
Scientific, 1 Reagent Lane, Fair Lawn, NJ 07410, USA) and
Co(NO3)2-6H,0 (298%, Sigma Aldrich Chemie GmbH, Riedstrasse 2,
89555 Steinheim, Germany) were employed for the preparation of
bare ceria and Co/CeO, mixed oxides. Also, NaOH (=98%, Penta
Chemicals Unlimited, Ing. Petr Svec - PENTA s.r.o., Radiova 1122/1,
102 00 Prague 10, Czech Republic) and ethanol (Merck KGaA,
Frankfurter Strasse 250, Darmstadt 64293, Germany) were used
during materials synthesis. Initially, bare ceria nanostructures of rod-
like (CeO»-NR) (Ce0,-NC)
hydrothermally synthesised, as thoroughly described in a previous
work of ours.' In brief, appropriate amounts of the Ce(NOs)3-6H,0

and cubic morphology  were

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 14


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy01612f

Page 3 of 14

Open Access Article. Published on 11 March 2026. Downloaded on 3/12/2026 12:02:38 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

and NaOH aqueous solutions were mixed and kept under stirring for
1 h, with the final slurry being transferred into a Teflon bottle and
aged for 24 h at 90 °C for ceria nanorods and at 180 °C for ceria
nanocubes. The final solid products were recovered through
centrifugation during which they were thoroughly washed with
ultrapure water until neutral pH and ethanol. Subsequently, the
precipitate was dried at 90 °C for 12 h and finally calcined at 500 °C
for 2 h (heating ramp 5 °C/min).

The Co/Ce0,-NX catalysts where NX stands for NR: nanorods and NC:
nanocubes were prepared through the wet impregnation method,>®
employing an aqueous solution of Co(NOs),-6H20, in order to achieve
a Co/Ce atomic ratio of 0.25 corresponding to 7.8 wt% of Co loading.
Heating under stirring of the obtained suspensions until complete
water evaporation occurred, followed by drying at 90 °C for 12 h and
final calcination at 500 °C for 2 h (heating ramp 5 °C/min).

Materials characterization

The prepared samples were characterized using a combination of
physicochemical techniques, including N, adsorption-desorption
analysis, X-ray diffraction (XRD), scanning electron microscopy with
energy-dispersive X-ray spectroscopy and transmission electron
microscopy (SEM-EDS/TEM), temperature-programmed reduction
(H2-TPR), X-ray photoelectron spectroscopy (XPS), Raman analysis
and dynamic thermogravimetric analysis (TGA).

XRD measurements were performed using a PANalytical X'Pert Pro
diffractometer equipped with Cu Ko radiation to identify the
crystalline phases and estimate average crystallite sizes.

The textural properties of the samples, including specific surface
area, pore volume, and pore size distribution, were determined by
N, adsorption-desorption measurements at -196 °C using the
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
methods.

The reducibility of the catalysts was investigated by H,-TPR
experiments, while the surface morphology, particle size, and
elemental distributions were examined by SEM and TEM coupled
with energy-dispersive X-ray spectroscopy (EDS) system.

Raman analysis was conducted in order to gain insight into the
structural properties and the cobalt distribution of the cobalt-ceria
samples.

XPS analysis was employed to determine the surface chemical
composition and oxidation states of cerium, cobalt, and oxygen
species.

Dynamic thermogravimetric analysis was conducted under CO/O;
containing atmospheres to probe oxygen release behaviour under
reaction-relevant conditions.

Detailed experimental procedures, instrumental parameters, and
data analysis methodologies for all characterization techniques are
provided in the Supplementary Information.

Catalytic evaluation studies

Catalytic tests for CO oxidation were carried out in a quartz fixed-bed
reactor (8 mm i.d.), loaded with 100 mg of catalyst. The total flow
rate of the feed gas (2000 ppm CO and 1.0 vol.% O, in He) was 250
cm3 min~, corresponding to a Gas Hour Space Velocity (GHSV) of

This journal is © The Royal Society of Chemistry 20xx
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60,000 h=1. Catalytic evaluation measurements were %mggdg%tw
increasing the temperature by 20 degrees stépslap &P 550-¥Clake
reactant CO was analysed by using a CO analyser (AO2000, ABB
Automation GmbH, Stierstddter Strasse 5, 60488 Frankfurt,
Germany). The conversion of CO (Xco, %) was calculated by the
following equation (Eq. 1):

[CO] in — [CO] out

x 100
[Co]in

Xco (%) = (¢9)

where [COJin and [CO]out are the CO concentration (ppm) in the inlet
and outlet gas streams, respectively.

Results and discussion

Catalytic evaluation studies: CO oxidation

The bare ceria catalysts and the cobalt-ceria ones were catalytically
evaluated in the oxidation of CO. Fig. 1 exhibits the conversion of CO
as a function of temperature for bare ceria and Co/CeO, samples. In
particular, in terms of half-conversion temperature (Tso), the
following order is obtained: Co/Ce0,-NR (127 °C) < Co/Ce0,-NC (143
°C) < Ce0,-NR (310 °C) < Ce0,-NC (371 °C). The addition of cobalt into
the ceria supports greatly enhances the catalytic activity, with the
rod-shaped Co/Ce0O, sample exhibiting the optimum performance,
offering a complete CO elimination at a very low temperature (164
°C). In addition, the specific activity, normalized per unit of catalyst
mass (nmol g1 s71) was calculated at differential conditions (Xco <
20%, T = 100 °C, GHSV = 60,000 h1), as the intrinsic reactivity of the
as-prepared catalysts can be more precisely reflected. In particular,
in terms of specific activity the Co/Ce0,-NC and Co/Ce0O,-NR samples
exhibit 326 and 581 nmol g~! s71, respectively.

Apparently, the rod-shaped Co/CeO>-NR catalyst exhibits the
optimum catalytic performance, in terms of both conversion and
specific activity. It should be also mentioned that the optimum
catalyst (Co/Ce0,-NR) exhibited a stable conversion performance in
short-term stability tests (24 h).

100
80 4
3
c
L 604
o
)
>
E
8 40
(e}
(&)
—e— Co/CeO,-NR
20 | —a— Co/CeQ,-NC
—— CEQZ-NR
—4—CeO,-NC
0

50 100 150 200 250 300 350 400 450 500 550
Temperature (°C)

Fig. 1 CO conversion as a function of temperature for bare CeO; and

Co/Ce0, samples of rod-like (NR) and cubic (NC) morphology.

Reaction conditions: 2000 ppm CO, 1 vol.% O,, GHSV = 60,000 h™2.
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The main textural characteristics of bare ceria samples and Co/CeO, mixed oxides are summarized in Table 1. Bare ceria supports exhibit

higher BET surface areas than their corresponding mixed oxides, with CeO>-NR showing a substantially larger surface area (68.4 m? g%)

compared to Ce0,-NC (23.9 m? g1).

The addition of cobalt into the ceria carriers leads to a decrease in the surface area ranging between 14 and 19%, as similarly observed
in copper-ceria catalysts of different morphology (nanorods, nanopolyhedra, nanocubes),** yielding the following order: CeO,-NR (68.4
m2 g1) > Co/Ce0,-NR (55.6 m2 g1) > Ce0,-NC (23.9 m? g~1) > Co/Ce0,-NC (20.6 m2 g1).

Table 1 Textural and structural properties of bare CeO, and Co/CeO, samples of different morphology.

BET analysis XRD analysis
L Lattice
sample BET surface Pore Ave.rage pore  Average crystallite size, Dxrp parameters
volume diameter (nm)
area (m?/g) (nm)
(cm¥/g) (nm)
Ce0(111) Co304(113) a=b=c
Ce0>-NC 23.9 0.19 31.5 17 - 0.538
CeO,-NR 68.4 0.41 24.3 15 - 0.538
Co/Ce0,-NC 20.6 0.14 28.1 28 22 0.537
Co/CeO,-NR 55.6 0.26 18.7 12 18 0.534
Fig. 2a presents the adsorption-desorption isotherms for the CeO, 07
and Co/CeO, samples of different morphology. All the samples —=—CeO_NR (b)
exhibit type IV isotherms with a hysteresis loop at a relative pressure 0.6 Igi;:e:é-NR
> 0.5, indicating their mesoporous nature.”” In Fig. 2b, the Barret- - —A—Co.'(;eoz-Nc
Joyner-Halenda (BJH) desorption pore size distributions (PSD) of bare o
ceria and Co/Ce0; catalysts are shown. All the samples present a E 0.4
wide PSD while exhibiting maxima at pore diameters larger than 3 T
nm, corroborating the mesoporosity of the catalysts. Regarding the g 0.3+
average pore diameter, the following order is obtained: CeO,-NC o 02
(31.5 nm) > Co/Ce0,-NC (28.1 nm) > Ce0>-NR (24.3 nm) > Co/Ce0,-
NR (18.7 nm). 0.1
0.0 .t iy
(a) 1 10 100 1000
c Pore diameter (nm)
'E Fig. 2 (a) The adsorption—desorption isotherms and (b) the BJH
= (Barret-Joyner-Halenda) desorption pore size distribution (PSD) of
& Ce0; and Co/Ce0, samples of different morphology.
9 CeO,-NR o
é il ./../ X-ray diffraction (XRD) was employed to analyse the crystal structure
e . /,-/ of both bare ceria supports and cobalt-supported ceria with various
® ColCeO,-NR M.'. 07 morphologies. The corresponding diffraction patterns are presented
2 b 9//’ in Fig. 3a and b, respectively. All XRD profiles exhibit the
§ EﬁzW‘:# characteristic reflections of the fluorite-type CeO; structure (space
ColCeO,-NC / ‘/‘ group Fm3m), with prominent peaks appearing at 28.7°, 33.1°, 47.6°,
FVVVVVVYVT i and 56.5°, corresponding to the (111), (200), (220), and (311) planes,

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (p/p°)

4| J. Name., 2012, 00, 1-3

respectively.58 The addition of Co into CeO,-NR/NC resulted in
additional diffraction peaks in the XRD patterns of Co/CeO,-NC and
Co/Ce0>-NR. Notably, peaks observed at 20 = 37.1° and 65.5°
correspond to the (311) and (440) planes of Co304, respectively.5?
These findings indicate that both Co/Ce0>-NR and Co/CeO,-NC
samples contain a combination of the face-centred cubic fluorite
phase of ceria and the cubic spinel structure of Co304.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 XRD patterns of (a) CeO,-NR and Co/CeO>-NR, (b)CeO,-NC and
Co/Ce0,-NC samples of different morphology.

N
o

In addition to identifying the crystal phases, the average crystallite
size (Dxrp) of the as-prepared samples was calculated using the
Scherrer equation (Eq. S1 in Supplementary Information), based on
the full width at half maximum (FWHM) of the most intense
diffraction peaks. The results are summarized in Table 1. The average
crystallite sizes for CeO,-NC and CeO;-NR are approximately 17 nm
and 15 nm, respectively. Upon cobalt addition, the average crystallite
size of CeO; increases to 28 nm in Co/Ce0,-NC and slightly decreases
in Co/CeO2-NR, indicating morphology-dependent
crystallite growth behaviour. Similarly, the crystallite size of the
Co304 phase is calculated to be 22 nm for Co/Ce0,-NC and 18 nm for
Co/Ce05-NR. It is obvious that cobalt addition in ceria nanorods (NR)
does not affect the ceria crystallite size, whereas in nanocubes (NC),

to 12 nm

the ceria crystallite size is significantly increased. After Co
impregnation, the samples of nanocubic morphology (NC) become
more prone to sintering. This can be well interpreted by taking into
consideration the distinct surface chemistries of the exposed ceria
facets. In particular, for cube-like nanoparticles, the perfect cubic
structure is rarely reported in the literature; instead, nanocubes
typically display rounded corners and edges, revealing {111} and
{110} facets, respectively.’?2 Under these conditions and as revealed
by TEM analysis (vide infra), the impregnated cobalt species tend to
segregate and get preferentially localised at the edges and corners of
nanocubes. The accumulation of these CoOx domains at high-energy
corners and edges may promote localised surface diffusion and
particle coalescence during calcination, resulting in an increase in the
measured crystallite size. In contrast, ceria nanorods predominantly
expose the more reducible {110} and {100} facets, where oxygen
vacancies form more readily, as demonstrated in our previous work
using in-situ Raman spectroscopy.* These vacancies allow cobalt to

This journal is © The Royal Society of Chemistry 20xx
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strongly anchor to the support, resulting in a uniform, distribution
over the entire surface of the nanorods, 9! cohfxined B IPEM
analysis. Such interactions stabilise defect-rich ceria domains,
suppress sintering, and introduce microstrain, manifesting as an
apparent decrease in the crystallite size. Hence, the opposite effects
of cobalt addition arise from the facet-dependent interplay between
cobalt species, oxygen vacancies, and the sintering behaviour of
Ce0,, as further discussed below.

Additionally, a slight decrease in the lattice parameter was observed
upon cobalt addition. The lattice constant of nano CeO; (a = 0.538
nm) is marginally reduced to 0.537 nm in Co/CeO-NC and further to
0.534 nm in Co/ CeO2-NR. This reduction in lattice parameter
indicates that a small fraction of Co2*/3* ions may be incorporated
into the CeO;, fluorite lattice. Given that the ionic radii of Co?* (0.074
nm) and Co3* (0.061 nm) are significantly smaller than that of Ce**
(0.097 nm),%° their substitution into the lattice leads to unit cell
shrinkage, shifting the XRD peaks to higher 26 values.

Morphological (SEM and TEM) and Structural (Raman) analysis

To investigate the influence of ceria morphology on the catalyst
structure, the as-prepared samples were analysed by electron
microscopy. Fig. 4 provides a detailed morphological analysis of the
nanorod-based catalysts (CeO,-NR and Co/CeO>-NR). Fig. 4a-d
displays the morphology of the bare CeO,-NR support. SEM image in
Fig. 4a shows that the material consists of a large, interconnected
network of uniform, rod-shaped nanostructures. The HR-TEM images
in Fig. 4b and c provide a view at increasing magnification, confirming
the rod-like morphology of CeO; with a mean width of about 15 nm
and a length varied from 30 to 200 nm. Fig. 4d reveals the crystalline
nature of the CeO,-NR. Clear lattice fringes are visible, and the
measured interplanar spacing of 0.28 nm is consistent with the (200)
crystallographic plane of the fluorite-type CeO, structure.’? This
confirms the successful synthesis of crystalline ceria with a controlled
nanorod shape. Fig. 4e-h characterises the Co/CeO»-NR catalyst after
the incorporation of cobalt via the wet impregnation method. The
SEM image in Fig. 4e shows that the overall morphology of the
support is well preserved after the addition of cobalt. The HR-TEM
images in Fig. 4f-h provide a closer look at the catalyst. It can be
observed that smaller nanoparticles with an average size of 7-12 nm,
which appear with a darker contrast, are dispersed on the surface of
Ce0,-NR. To identify these particles, High-Angle Annular Dark-Field
Scanning Transmission Electron Microscopy (HAADF-STEM) image
and corresponding EDS elemental maps analysis was done.

J. Name., 2013, 00, 1-3 | 5
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Fig. 4 SEM and HRTEM images of CeO,-NR (a—d) and Co/Ce0,-NR (e—
h), (i) HAADF-STEM spectra and corresponding EDS elemental
mapping of Co/CeO,-NR.

The EDS maps in Fig. 4i clearly show the spatial distribution of Ce
(green), O (blue) and Co (red) elements. The Ce and O maps perfectly
outline the nanorod structure, as expected. Crucially, the Co map
shows that cobalt is well-dispersed as nanoclusters across the
surface of the ceria nanorod. These nanoclusters are identified as
Cobalt oxide, which is consistent with the XRD findings that show the
presence of both CeO, and Cos04 crystal phases. The overlay image
of Ce, Co and O EDS maps confirms the intimate contact between the
cobalt oxide particles and the ceria support.

Fig. 5 presents the morphological analysis of the nanocube-based
catalysts (CeO,-NC and Co/Ce0O,-NC). Fig. 5a, d displays the
morphology of the bare CeO,-NC support. While the precise
morphology of the CeO,-NC sample is difficult to discern from the
SEM image (Fig. 5a) due to poor magnification, subsequent analysis
by HR-TEM unequivocally confirms the material's well-defined
nanocubic shape (Fig. 5b-d). Fig. 5d also shows visible lattice fringes
and has a measured spacing of 0.30 nm, which corresponds well with
the (111) plane of the CeO; crystal structure.®! This observation is
consistent with the literature, which states that ceria nanocubes and
polyhedra tend to expose the stable {111} facets.!?
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It is worth noting that a perfect cubic morphology of CeQ,. is rarely
achieved!?%%; instead, ceria nanocubes typgi&aily0eRRmr>FaaHded
corners and edges that expose the more stable {111} and {110}
facets. In line with this, Fig. 5d shows clear lattice fringes with a
measured spacing of 0.30 nm, which can be assigned to the (111)
plane of CeO,, confirming that the nanocubes predominantly expose
{111} facets, as also reported in the literature?62,

Ce/O/Co

10 nm 10 nm 10 nm

Fig. 5 SEM and HRTEM images of Ce0,-NC (a—d) and Co/CeO>-NC (e—
h), (i) HAADF-STEM spectra and corresponding EDS elemental
mapping of Co/Ce0>-NC.

Fig. 5e-h shows that the cubic morphology of the CeO, support is
perfectly maintained after the wet impregnation of cobalt. To
determine the cobalt oxide distribution, STEM EDS analysis was
performed on the Co/CeO, NC sample (Fig. 5i). The EDS elemental
maps provide critical insight into the composition. The maps for O
(blue) and Ce (green) perfectly align with the cubic shape, confirming
the identity of the support. Most notably, the map for Co (red)
reveals that the cobalt is not uniformly distributed. Instead, it
appears to be preferentially concentrated along the edges and
corners of the CeO, nanocube with an average size of 7-15 nm. The
overlay image of Ce, O and Co confirms this site-specific deposition,
showing the cobalt oxide nanoparticles decorating the edges of the
ceria nanocube. This contrasts with Co/CeO,-NR catalyst, where

This journal is © The Royal Society of Chemistry 20xx
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cobalt oxide was found to be highly dispersed as nanoclusters across
the surface of the nanorods. This variation in Cos04 distribution,
dictated by the support shape and facets, provides a structural basis
for the different Co-Ce interactions and facet-dependent crystallite
growth.

Raman spectroscopy (Fig. 6) was employed to assess the structural
properties and spatial distribution of the supported cobalt species on
the ceria nanorods (Co/Ce0,-NR) and nanocubes (Co/Ce0>-NC). All
spectra exhibit a sharp, prominent peak at ~464 cm™, which
corresponds to the symmetric stretching F; mode characteristic of
the fluorite CeO; lattice. 1463-%6 Additionally, distinct peaks observed
at ~482, 522, 618, and a highly intense peak at ~691 cm™ are
assigned to the vibrational modes of the spinel Co304 phase. 67%° The
strong intrinsic Raman scattering of the highly active Coz04 phase
overlaps and heavily masks the 550-600 cm™ region where the
defect-induced (D) band of CeO; typically appears.

ColCeO,-NR
ColCeO,-NC

300 500 600 700

Raman shift (cm™)

Intensity (a.u.)

200 800

Fig. 6 Raman spectra for cobalt-ceria catalysts of different
morphologies (NR-nanorods and NC-nanocubes).

A comparative analysis of the peak intensities provides significant
insight into the dispersion of the cobalt phase, corroborating the
morphological observations (Figs. 4 and 5). Multi-point analysis (see
Supplementary Information) across the samples reveals pronounced
spatial heterogeneity, with the Co/CeO,-NC sample displaying
notably higher intensity ratios of the Co304 modes relative to the
CeO; support. Such elevated relative intensities of the metal oxide
phase indicate localized agglomeration and larger crystallite sizes,
which yield a stronger bulk Raman scattering signal. 797 Conversely,
the Co/Ce0>-NR sample exhibits systematically lower relative Co304
intensities, characteristic of a highly dispersed cobalt phase. These
spectroscopic findings are in excellent agreement with the TEM
results, verifying that cobalt is highly dispersed across the surface of
the ceria nanorods, whereas it preferentially agglomerates into
larger clusters at the edges and corners of the ceria nanocubes.

This journal is © The Royal Society of Chemistry 20xx
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Reducibility studies (H>-TPR) and Thermogravimetric analysis(TGA)

Fig. 7a shows the TPR profiles of bare ceria supporltO 10?\% ?:%\{105}56 %Ff

two wide peaks at 526-551 °C and at temperatures higher than 800
°C. These peaks can be attributed to ceria surface (Os) and bulk (Op)
oxygen reduction, respectively.”>73 Table 2 presents the hydrogen
consumption of the samples. On the basis of surface-to-bulk oxygen
ratio (Os/Oy), ceria nanorods exhibit a much higher ratio (0.96) than
ceria nanocubes (0.41), indicating their abundance in loosely bound
oxygen species.

Table 2 Redox properties of bare CeO,, commercial Co304 and

Co/Ce0; samples.
H> consumption (mmol H -1)L
sample 2 p ( 2 8eat’ ) 0./0s
Os Op Total

Ce0O,-NR 0.51 0.53 1.04 0.96
Ce0,-NC 0.17 0.41 0.58 0.41
Co/Ce0,-NR 2.73 0.42 3.15 6.5
Co/Ce0,-NC 1.58 0.49 2.07 3.22

Cos0
. - 17.6 -

(commercial)
1 Estimated by the area of the corresponding TPR peaks at temperatures T <
600 °C (Os) and T > 600 °C (Oy), calibrated against a known amount of CuO
standard sample.

(a) (o]

CeO,NR

TCD signal (a.u.)

CeO,NC

Lo ¢ & d & 1. %0 ¢ . b & FE & E !
100 200 300 400 500 600 700 800 900 1000 1100
Temperature (°C)
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Fig. 7 H,-TPR profiles of (a) bare CeO; and (b) commercial Co304 and
Co/Ce0; samples.

The reduction profiles of the Co/CeO, samples, as well as of a
commercial Co304 reference sample are presented in Fig. 6b.
Commercial Co304 shows a small shoulder peak at 360 °C attributed
to the reduction of Co304 to CoO and a large peak at 477 °C which
corresponds to the CoO to metallic cobalt reduction.375¢

The Co/CeO; samples of different morphology exhibit four reduction
peaks. Probably, peak a is ascribed to the reduction of adsorbed
reactive oxygen species which originate from the formation of a solid
solution Co—0-Ce.”* The formation of this phase is directly
corroborated by the structural analysis (Fig. 3), which revealed a
significant contraction of the ceria lattice parameter due to cobalt
ion insertion. Peaks b and c correspond to the reductions of Co3* to
Co?* and of Co?* to Ca®, respectively.”>7>7¢ Moreover, the Co/CeO>
samples show a wide peak at temperatures above 800 °C, which is
ascribed to the ceria sub-surface oxygen reduction.”>77.78 Evidently,
the reduction of Co/CeO, mixed oxides takes place at lower
temperatures in comparison to the bare ceria supports, indicating
the key role of Co in the ceria surface oxygen reduction. The Co-ceria
interaction could be accounted for the enhanced reducibility and
oxygen mobility, as evidenced in previous studies.'*7?

These observations are consistent with the thermogravimetric
profiles of the CeO, and Co/CeO; samples shown in Fig. 8. CeO-NR
exhibits more pronounced weight loss compared to CeO,-NC,
reflecting its superior oxygen-exchange kinetics. The addition of Co
markedly increases the overall weight loss in both nanocubic and
nanorod systems, reflecting the enhanced reducibility induced by
cobalt. Specifically, the Co/CeO-NR sample exhibits the highest mass
loss (~“2%), whereas Co/Ce0,-NC shows a more modest decrease
(~0.8%). This difference, roughly a factor of 2.5, indicates that the
nanorod morphology provides significantly more labile oxygen
species accessible within the low-temperature range where catalytic
activity is observed (Fig. 8b). Notably, when these mass losses are
expressed as oxygen removed per catalyst mass, the contrast
The Co/Ce0,-NR
approximately 1.25 mmol of oxygen per gram of catalyst, while the

becomes even clearer. sample releases

8| J. Name., 2012, 00, 1-3

Co/Ce0,-NC sample releases only about 0.5 mmol of oxygen, per
gram of catalyst. Such a difference demonstPated that e nansrad
structure, in combination with Co addition, supports much more
extensive oxygen vacancy formation and oxygen mobility than the
cube structure. This enhanced low-temperature oxygen availability
provides a direct explanation for the superior redox behaviour (Fig.
7) and typically superior catalytic performance (Fig. 1) of the Co-
modified nanorod system.

Temperature (°C)

0 100 200 300 400 500
1000 Il 1 1 L 1
99.8
S
»  99.6-
4
-
E
2 994 -
]
=
99.2 4
¢ CeO,NC
*  ColCeO,-NC
99.0 v T v T T T v T d
0 200 400 600 800 1000
Time (min)
Temperature (°C)
0 20 40 60 80 100
100 1 L L 1
3. (b)
‘I
£
@
@
2
b —
i
=0
]
=
¢ GCeO,-NR
*  ColCeO,NR
97 T T T T y T T
0 S0 100 150 200

Time (min)

Fig. 8 Thermogravimetric curves of (a) CeO,-NC and Co/Ce0,-NC, (b)
Ce0,-NR and Co/CeO-NR.

In Table 2, the hydrogen consumption of the samples, as well as of
the commercial one is presented. The Co/CeO,-NR sample exhibits
the highest H, consumption (3.15 mmol H; geat™t) and a surface-to-
bulk oxygen ratio of 6.5, twice the corresponding value for the
Co/Ce0,-NC sample of cubic morphology, revealing once more the
significance of ceria shape in the reducibility of the materials. The
present findings closely corroborate our previous results - obtained
via in-situ Raman!* and transient isotopic®® studies - regarding the
impact of ceria morphology on structural defects and oxygen-
exchange kinetics. Specifically, ceria nanorods exhibit a higher
abundance of oxygen vacancies compared to nanocubes. This, in
turn, lowers the activation energy barrier for surface oxygen
reduction and bulk oxygen diffusion®, leading to superior catalytic

This journal is © The Royal Society of Chemistry 20xx
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performance in oxidation and reduction processes where oxygen
replenishment and mobility play a pivotal role.

Surface analysis (XPS)

The surface properties of the materials were also characterised by
XPS for both NR and NC samples. The binding energy (BE) correction
was conducted by the alignment of the C 1s peak for each material.
A detailed analysis of the Ce 3d and Co 2p spectra, including fitted
peaks and their corresponding assignments, is provided in the
Supplementary Information. XPS analysis confirmed the presence of
multiple cobalt oxidation states (Co?*/Co3*) across all cobalt-ceria
catalysts, together with mixed Ce3*/Ce** species in the ceria phase,
indicating the coexistence of reduced and oxidised surface states.
Quantitative analysis of the Co 2p spectra revealed that the Co/CeO,-
NR sample exhibits a higher surface Co?*/Co3* ratio (=2.15) compared
to Co/Ce0,-NC (=1.93), suggesting a greater abundance of active
Co?*sites on the rod-shaped catalyst (Table 3).

The analysis of the Ce 3d spectra reveals a clear dependence of the
cerium oxidation state on both the support morphology and the
presence of the cobalt phase. For the bare supports, the CeO,-NR
sample exhibits a notably higher Ce3*/Ce** ratio (0.43) compared to
Ce0,-NC (0.35). This indicates a higher abundance of surface oxygen
vacancies in the nanorods, as previously elaborated. However, upon
cobalt impregnation, the Ce3* concentration decreases significantly -
especially in the case of Co/Ce0>-NR - levelling off at a ratio of ca.
0.28. This drop probably suggests a strong interaction between the
cobalt species and the support, involving a redox equilibrium where
Ce3* sites are consumed to stabilize the dispersed cobalt phase
(Co?*/Co? and Ce**/Ce3* redox equilibrium), as reported for ceria-
based transition metal catalysts.'*

Table 3 Surface properties of bare CeO, and Co/Ce0Q;, samples of
different morphology.

Sample Ce> ce® Ce3*/Ce** Co%*/Co%* 0/0y
(at.%) (at.%)

Ce0-NR 29.98 70.02 0.43 - 2.07

Ce0,-NC 26.02 73.98 0.35 - 2.06

Co/Ce0,-NR 22 78 0.28 2.15 1.08

Co/Ce0,-NC  21.88 78.12 0.28 1.93 0.89

The O 1s spectra (Fig. 9) were deconvoluted into two principal
components in all samples, with an additional third component
observed for the nanocubic (NC) samples. The main peak (O,, ~529
eV) is assigned to lattice oxygen (0?7) in the CeO; lattice, while the
secondary peak (Oy, ~531 eV) corresponds to surface/loosely bound
oxygen species (O-, 0,27, adsorbed hydroxyls, water and carbonate-
related species.!* The O, component is primarily associated with
oxygen coordinated to Ce**, whereas the O, component corresponds
to defect-rich oxygen species, such as adsorbed hydroxyls and
carbonates.?! For the NC samples an additional Oy peak at ~533 eV
is present and is attributed to weakly adsorbed molecular oxygen
and physisorbed water 882, The measured 0,/Oy ratios follow the
order CeO,-NR (2.07) > Ce0O,-NC (2.06) > Co/CeO,-NR (1.08) >
Co/Ce0,-NC (0.89), indicating that the bare nanorods contain the

This journal is © The Royal Society of Chemistry 20xx

ARTICLE

highest fraction of lattice oxygen relative to loosely bound, surface
oxygen, and that cobalt incorporation iAetedséd3theCréldtive
abundance of surface/adsorbed oxygen species.
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Fig. 9 O 1s XPS spectra of (a) CeO,-NR, (b) CeO,-NC, (c) Co/Ce02-NR
and (d) Co/Ce0O,-NC.
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The results of the present study regarding the oxidation of CO over
ceria-based catalysts can be well rationalised within the framework
of a Mars-van Krevelen redox-type mechanism. According to this
mechanistic scheme,*882-84 the CO molecule is chemisorbed on the
Co?* active sites and the chemisorbed CO migrates to the metal-
support interface. Then, molecular oxygen is activated on ceria
oxygen vacancies towards the formation of active oxygen species
which react with the chemisorbed CO at the interface. Moreover, the
Co?* sites are regenerated and the oxygen vacancies are refilled by
gas phase oxygen through consecutive catalytic cycles. Taking into
account the above mechanism, the reducibility of ceria carrier and its
interaction with the cobalt species become highly relevant. More
specifically, ceria nanorods exhibit enhanced reducibility and oxygen
mobility'#2%, thus enabling active oxygen species formation, while
the synergistic cobalt-ceria interactions, also favoured by the high
dispersion of cobalt over the entire surface of ceria nanorods, as
corroborated by SEM-EDS and Raman analysis, can be accounted for
the abundance of active Co?* species in the rod-shaped sample and
its superior catalytic activity.

The CO oxidation performance of bare ceria and Co-ceria samples
totally coincides, showcasing the fundamental role of ceria carrier
(Fig. 1). Nevertheless, the mixed oxides are superior to the bare ones
due to the synergistic metal-support interactions, as revealed by
their enhanced reducibility, in terms of both TPR onset temperature
and hydrogen consumption (Table 2 and Fig. 7). In light of the above
discussion, Fig. 10 illustrates the correlations between the surface-
to-bulk oxygen ratio (Os/Op, reflecting the abundance of labile
oxygen species), the Co?*/Co® ratio (representing the fraction of
active cobalt sites), the 0,/Oy ratio (indicating the fraction of lattice
oxygen), and the oxygen loss per catalyst mass (indicative of oxygen
species abundance) with the specific reaction rates of Co/CeO;
catalysts with cubic and rod-like morphologies. The Co/CeO,-NR
exhibits high cobalt dispersion and the highest surface-to-bulk ratio
leading to improved reducibility. Its abundance in loosely bound
oxygen species plays a pivotal role in active oxygen species formation
and consequently in the CO oxidation reaction. On the basis of the
present data, the enhanced activity of Co/Ceria nanorods is
attributed to the unique surface architecture of the nanorods, which
simultaneously provides active oxygen sites and maximizes the
efficiency of the cobalt active phase through superior dispersion.

10 | J. Name., 2012, 00, 1-3
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- Surface-to-bulk oxygen ratio (OJOH)
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Fig. 10 Relationships of the CO specific rate at 100 °C with the
surface-to-bulk oxygen ratio (Os/Op) derived by TPR, the Co?*/Co3*
and 0,/0y ratios derived by XPS and the amount of oxygen loss
derived by dynamic TGA for the Co/CeO, catalysts of different
morphology (NR-nanorods, NC-nanocubes).

Conclusions

Ceria nanorods (NR) and nanocubes (NC) with different crystal facets
were hydrothermally synthesised and used as supports for the cobalt
oxide phase which was introduced through the wet impregnation
method. The oxidation of CO was employed as a probe reaction to
gain insight into the ceria shape effects on the structural, redox,
surface properties, and consequently on the catalytic performance.
In terms of half-conversion (Tso) temperature and specific activity,
cobalt-ceria nanorods were superior to nanocubes, offering
complete CO elimination at 164 °C. The results clearly revealed the
significance of ceria morphology on the reducibility and active
oxygen species formation, with the Co/Ceria-NR catalyst exhibiting
high cobalt dispersion throughout the entire surface of ceria
nanorods, and abundance in weakly bound oxygen species and
partially reduced Co?* species, with the latter being considered as the
active centres for the CO oxidation reaction. The present findings are
substantiated by the structure-activity relationships of the CO
specific rate with the surface-to-bulk oxygen ratio (Os/Op), the
Co?*/Co® and 0/0y ratios, and the amount of oxygen loss per
catalyst mass for the cobalt-ceria nanocubes and nanorods.

Even though the superior catalytic performance of the nanorods is
evident, disentangling the specific contribution of the reactive crystal
facets from the improved cobalt dispersion remains a challenge, as
these factors are intrinsically coupled; the defect-rich surfaces
naturally promote stronger metal-support interactions and higher
dispersion. To fully decouple these effects, future studies involving
rationally designed experiments - such as the deposition of size-
controlled cobalt nanoparticles onto ceria nanoparticles of specific
morphologies or the use of single-atom catalysts - would be of great
interest to isolate the role of surface termination from particle size
effects.

This journal is © The Royal Society of Chemistry 20xx
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