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ABSTRACT

The oxide supports play a crucial role in anchoring and promoting the active metal species by geometric confinement and
chemical interaction. The design and synthesis of the well-defined oxide support with specific morphology such as size, shape,
and exposed facets have attracted extensive research efforts, which directly reflects on their catalytic performance. In this study,
using an Au/CeO,-nanorod model catalyst, we demonstrate an edge effect on the Au/CeO, interfacial structure, which shows a
prominent effect on the structure—performance relationship in the CO oxidation reaction. This specific “edge-interface” structure
features an “edge-on” Au nanoparticles position on rod-shaped CeO, support, confirmed by atomic-scale electron microscopy
characterization, which introduces additional degrees of freedom in coordination environment, chemical state, bond length, and
strength. Combined with theocratical calculations and in situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) investigations, we confirmed that this “edge-interface” has distinct adsorption properties due to the change of O
vacancy formation energy as well as the chemical states of Au resulting from the electron transfer and redistribution between the
metal and the support. These results demonstrate a non-conventional geometric effect of rod-shaped supported metal catalysts
on the catalytic performance, which could provide insights into the atomic-precise utilization of catalysts.
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reactions, such as CO-oxidation [21-24], preferential-CO-
oxidation under reducing atmospheres (PROX) [25-27], and the
water—gas shift (WGS) reaction [28-32]. The formation of oxygen
vacancies in CeQ, is strongly correlated with crystal facets through
theoretical calculations, indicating that its properties are highly
sensitive to its morphology and microstructure [33-40]. Three

1 Introduction

Metallic nanoparticles supported on oxides prevail in the field of
heterogeneous catalysis due to their fine dispersion and stable
anchoring of metal species [1-6]. Oxide supports, especially
reducible oxides (e.g, CeO, and TiO,), can participate in the

chemical reactions through the O shuttling process and
metal-support interaction, which have a significant impact on the
catalytic performance [7-10]. The metal-oxide interface plays a
crucial role in determining the structure-property relationship of
supported metal catalysts, and it often acts as the active site for
chemical reactions [11-15]. Hence, it is of great importance to
tune the interface between metal species and oxide support to
achieve superior activity, selectivity, and stability. The
identification of exact interfacial structure becomes a prerequisite
but remains challenging because of its buried nature, where most
characterization techniques fall short of getting helpful
information.

CeO, is an extensively investigated reducible oxide support due
to its exceptional oxygen storage capacity and varied oxidation
states by forming a large number of oxygen vacancies (OVs)
[16-20]. It exhibits excellent performance in many catalytic

typical morphologies of CeO, support are nanocube, octahedra,
and nanorods [41-45], which provide a convenient model catalyst
system to assess the facet-dependent catalytic properties since only
(100) and (111) crystal planes are found on cube and octahedron
CeO, supports, respectively [13]. Meanwhile, CeO, nanorods
often expose a combination of low-indexed crystal planes [35,
37-39]. For instance, Li et al. compared CeO, nanocubes,
octahedra, and four-sided nanorods exposing two (100) facets and
two (110) facets, where the nanorods exhibited the best reactivity
in CO oxidation due to the exposure of more (110) facets [39].
Subsequent research on the catalytic performance of CeO,-
supported catalysts for CO oxidation [44] and the WGS reaction
[46] agreed with the above conclusion, which seems to match with
the theoretical calculations of the formation energies of oxygen
vacancies and different CO adsorption abilities for the three crystal
facets: (110) > (100) > (111) [47, 48].
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However, CeO, nanorods with a hexagonal cross-sectional
shape exposing two (100) and four (111) facets have been reported
to have superior catalytic performance than the four-sided
nanorods, despite the absence of (110) facets [49]. Actually, all
CeO, nanorods (rectangle, pentagonal, and hexagonal) show
better catalytic performance than that of other morphologies, e.g.,
cubic and octahedron when used alone [37,38] or as catalyst
supports [39,45,49-51]. Hence, we suspect that there may be
factors, apart from the facets of the CeO, nanorods, to strongly
influence their performance. Herein, we synthesized Au
nanoparticles supported on CeO, nanorods as the model catalysts
and conducted detailed structural characterizations by
transmission electron microscopy (TEM) to identify the geometry
of Au nanoparticles with respect to the CeO, nanorods. We found
that the majority of Au nanoparticles have preferred sites on the
CeO, nanorods, i.e., located at the edges of CeO, nanorods. This
specific structure relationship between Au and CeO, partially
exposes the interface as a surface of the whole materials system.
Through density functional theory (DFT) calculations, we found
that these sites have a lower formation energy for oxygen
vacancies and higher adsorption energy. In situ diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS) confirmed that
these edge sites show distinct adsorption behaviors of CO
molecules. We also used X-ray photoelectron spectroscopy (XPS)
to validate the occurrence of electron transfer at these edge sites,
which is distinct from the inner region of the general crystal plane.
All of the above results demonstrated that the “edge interface” of
Au/CeO, has a strong influence on the catalytic performance for
CO oxidation, which could be extrapolated to other supported
metal catalysts.

2 Results and discussion

2.1 Geometric structure of Au nanoparticles on CeO,

Using a hydrothermal method [45], we synthesized ceria supports
with three different morphologies: ceria cube (CeO,-C) exposing
six (100) facets, ceria octahedra (CeO,-O) with eight (111) facets,
and one-dimensional ceria rods (CeO,-R). As the final step of
ceria preparation, the samples were air-calcined at 500 °C for 2 h
to ensure surface purity without hydroxyl groups. Subsequently,
Au nanoparticles (Au NPs) were deposited onto the CeO,
supports using a deposition—precipitation method (details in the
Electronic Supplementary Material (ESM)) [52]. Through the X-
ray diffraction (XRD) (Fig. S1 in the ESM) and energy-dispersive
X-ray spectroscopy (EDS) elemental mapping (Fig.S2 in the
ESM), we can confirm the successful synthesis of three target
Au/CeO, catalysts. The overall morphology of the Au/CeO,
catalysts is depicted in Figs. 1(a)-1(c) by high-angle annular dark
field (HAADF), also seen in Fig. S3 in the ESM. For the octahedra
Au/CeQ, catalysts (Au/CeO,-O) sample (Fig. 1(a)), it can be
observed that the lateral size of CeO, octahedron is ~ 100 nm, and
the average size of Au nanoparticles loaded on the CeO,-O is 7.3 +
2 nm (Fig. 1(d)). In contrast, the sizes of CeO,-C in the cube
Au/CeO, catalysts (Au/CeO,-C) range between 30 and 50 nm,
and the average size of Au nanoparticles loaded on it (34 +
1.2 nm) is much smaller than that on the CeO,-O (Fig. 1(e)). It
should be emphasized that the conditions for loading Au
nanoparticles were identical for all three substrates, thus the
difference in particle size can be directly correlated to the effect of
surface crystal planes of CeO,. Studies have shown that the
binding of Au nanoparticles to the CeO,(100) surface is much
stronger compared with the (111) surface [34] and is also more
prone to forming O vacancies [13], both of which promote the
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anchoring of Au. Both of above factors contribute to the inhibition
of Au growth, leading to smaller particle sizes on the CeO,(100)
facet.

However, the distribution of Au nanoparticles on the rod-
shaped Au/CeO, catalysts (Au/CeO,-R) substrate does not follow
a simple surface effect. Determination of the actual shape of CeO,
nanorods and exposed crystal facets is a pre-requisite, which often
relies on detailed structure characterization and analysis by TEM.
We identified that the morphology of our CeO, nanorods has a
cross-sectional shape of hexagonal prism with four (111) facets
and two (100) facets supported by the following two pieces of
evidence. Firstly, we successfully obtained high-resolution TEM
(HRTEM) images of the cross-section of the CeO, nanorods, as
shown in Fig. 1(g) (more examples and HAADF image are shown
in Fig.$4 in the ESM), which shows a non-regular hexagon
formed by (111) facets (with a lattice spacing of 3.1 A) and (100)
facets (with a lattice spacing of 2.7 A) surrounded by an angle of
125.3°. Secondly, we imaged the Au-CeO, interface through an
exact “edge-on” viewing direction, as shown in Figs. 1(h) and 1(i).
It is noted that since TEM images are two-dimensional projections
of three-dimensional objects, the cross-sectional projection of the
metal-oxide interface should be only a line without any
interference contrast between the Au nanoparticle and the CeO,
substrate (detailed geometric analysis is shown in Fig. S5 in the
ESM). Therefore, above results confirm the presence of (111) and
(100) facets as two exposed surfaces of the CeO,-R, which grows a
hexagonal prism along the (110) direction enclosed by two (100)
and four (111) facets. Based on the above analysis, we can confirm
that the ceria rod we synthesized has the same hexagonal-prism
shape that has been researched in these previous reports [34,49],
and the atomic models of the Au/CeO,-R are depicted in Figs. 1(j)
and 1(k).

Then, we evaluated the catalytic performance of three model
Au/CeO, catalysts for CO oxidation and revealed that, consistent
with previous literature reports [44], Au/CeO,-R showed much
better performance (in terms of the lowest temperature for 100%
CO conversion) compared with Au/CeO,-C and Au/CeO,-O, as
shown in Fig. 2(a). However, this contradicts the conventional
explanation of the boosted catalytic performance of CeO,-R, since
our CeO,-R does not contain any (110) facets, which is believed to
be critical to enhance the performance of Au/CeO, for CO
oxidation reaction. It is noted that the Au size is comparable for
Au/CeO,-R (3.3 + 0.7 nm) and Au/CeO,-C (34 + 1.2 nm), as
shown in Figs. 1(e) and 1(f). Hence, a combination of (100) and
(111) facets of CeO,-R shows much superior catalytic property
than both pure (100) and (111) facets on CeO,-C and CeO,-O,
respectively. In order to completely eliminate the effect of size-
effect, we also used pre-synthesized Au nanoparticles physically
loaded on the supports, obtained the three Au/CeO, catalysts with
completely consistent Au particle size, and still obtained the best
performance result of Au/CeO,-R catalyst, as shown in Fig. S6 in
the ESM. Apparently, the difference in crystal plane alone is
insufficient to accurately explain this anomalous behavior.

Through extensive and detailed structure analysis, we find that
the interface between Au nanoparticles and CeO, support holds
the key for the varied catalytic performance. Figures 2(b) and 2(c)
show that for the Au/CeO,-C and Au/CeO,-O catalysts, a large
number of Au NPs are scattered within the planar surface, and the
number of NPs that can be found on the edges of the CeO,-C or
CeO,-0 is negligible. But for the Au/CeO,-R catalyst, because of
its high aspect ratio, its small axial size (~ 7.6 + 1.5 nm) leads to
limited widths (2-5 nm) of surface facets of the hexagonal prism,
e.g., the (100) facet is ~ 3.8 nm, and the (111) facet is ~ 2.8 nm for
a common case. This certainly imposes a geometric confinement
on the Au nanoparticles loaded on since the cross-edge growth of
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Figure1 The structure of Au NPs on three CeO, supports. ((a)-(f)) HAADF images of the Au/CeO,-O (a), Au/CeO,-C (b), and Au/CeO,-R (c), and corresponding
Au NP diameter distributions ((d)-(f)). (g) The cross-sectional view of CeO,-R along the [110] direction. ((h) and (i)) The perspective views of Au NPs on CeO,-
R(111) (h) and CeO,-R(200) (i) surfaces. ((j) and (k)) Schematic of a three-dimensional model of CeO,-R (k) loaded with Au NPs, along with a representation of its

cross-section (j).

Au nanoparticles is not thermodynamically favored due to the
Ehrlich-Schwoebel (E-S) barrier for the diffusion of Au atoms
across the step/edge [53]. This leads to a large chance that the Au
nanoparticles located with an “edge-on” position on the CeO,
substrate, as illustrated in Fig. 2(f). The schematic in Fig.2(d)
shows the common interface on a planar surface of the substrate
(noted as “planar-interface”) while the case for an “edge-interface”
between the Au nanoparticle and the CeO, nanorod is shown in
Fig.2(f), which prevails in our Au/CeO,-R catalysts. The
corresponding  “planar-interface” and “edge-interface” are
highlighted by yellow and red color. This is also illustrated by the
atomic image of Fig. 2(d) (more examples are seen in Fig. S7 in
the ESM), where Au NPs are in direct contact with the edges of

CeOyR.  The “edge-interface” sites possess  distinctive
coordination environment and chemical state compared with the
common “planar-interface”, as shown below.

2.2 Defect structure and adsorption property of the
“edge-interface”

The metal-support interface is considered as one of the critical
active sites for many catalytic reactions [53]. For CO oxidation,
pure CeO, exhibits no activity below 200 °C, but after loading Au
onto the CeO,, it shows significant activity at as low as 100 °C
[44]. It is generally believed that CeO, participates in this reaction
through the Mars-van Krevelen (M-vK) mechanism, where the
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Figure2 The edge-interface between the Au NPs and CeO, support. (a) Catalytic performance of three different Au/CeO, catalysts for the CO oxidation reaction.
((b) and (c)) STEM-HAADF images of Au NPs on CeO,-O (b) and CeO,-C (c). (d) Schematic of conventional planar-interface between Au NP and CeQ, substrate.
(e) High-magnification HAADF imaging of Au NP loaded on CeO,-R. (f) Schematic of both planar-interface and edge-interface between Au NP and CeO, nanorod

substrate.

lattice O reacts with the adsorbed CO to form CO, at the
Au-CeO, interface [23,24,54]. The facile dissociative
chemisorption of O, at the defect sites on CeO, provides the
source for the lattice O to react with CO, which mainly adsorbed
on Au surface.

Thus, we constructed atomic models of pure CeO,(100) and
(111) crystal planes and compared with the edge sites between
them, ie., (100) x (111) and (111) x (111), in terms of the
formation energy of OV via DFT calculation. An Au9 cluster was
loaded onto the surfaces to investigate the adsorption of CO on
the planar and edge-interface sites (see details in the Methods
section in the ESM).

According to DFT calculations (Fig. 3(a)), CeO,(111) surface
has the highest OV formation energy of 2.905 eV, followed by the
(100) facet of 2.125 eV, which is consistent with previous research
findings [53]. For edge-interface sites, OV formation energy of
(100) x (111) edge-interface is 1.145 eV, and (111) x (111) edge-
interface is 1.455 eV, both of which are much lower than that of
planar sites. This implies that the O atoms at the interface are
more likely to escape from the lattice and facilitate the O supply
during the catalytic reactions. This is similar to the reason of
higher reactivity of the (110) crystal plane [39]. We also evaluated
the CO adsorption property of the above structure models, which
is the first step of the molecular process during the CO oxidation.
Through the calculation of the CO adsorption energy at several
typical sites on the Au9/CeO, model, we can determine the
specificity of the edge-interface sites in CO oxidation reaction. As
shown in Figs. 3(b)-3(e), the CO adsorption energies of Au at the
edge-interface site are —2.49 and —2.09 eV, while the planar site
adsorption energy on (100) facet is —1.95 eV and (111) facet is
—1.64 eV. These results indicate that CO molecules are more likely
to adsorb at the edge-interface sites compared with other planar-
interface sites.

Above observations and calculations have revealed an
important geometric confinement between Au nanoparticles and
the CeO, support, noted as the “edge-interface”, which is expected
to affect the Au/CeO, interfacial properties. It's natural that
unsaturated coordination and defected atomic structures could
affect the adsorption/desorption behaviors of gas molecules and
the active sites for specific reaction [54], e.g., CO oxidation, as
shown below.
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Figure3 (a) The O vacancy formation energy at typical sites of CeO,-R.
((b)-(e)) The adsorption energies of CO at various representative sites
determined via DFT calculations, interface between Au9 and CeO,(100) surface
(b), and Au9 and CeO,(111) surface (c), and edge-interface between Au9 and
edge (100) x (111) (d), and Au9 and edge (100) x (111) (e).

2.3 CO adsorption behavior at the “edge-interface” by in
situ DRIFTS

In situ DRIFTS experiments were conducted on three pure CeO,
supports and corresponding Au/CeO, catalysts, as shown in Fig. 4.
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Figure4 CO DRIFTS investigations of CeO, support and Au/CeO, catalysts. I situ CO DRIFT spectra of CO absorption at 100 °C on (a) pure CeO, supports on the

left and (b) Au/CeO, catalysts on the right.

We focus on CO adsorption and reaction behaviors at a
temperature of 100 °C as the performance difference is most
pronounced at this temperature.

The region above 2000 cm™ is the linear adsorption region,
where Ce-CO absorption is at 2171 and 2117 cm™ [37,55],
Au-CO absorption is at 2115 cm™ [56,57]. On the CeO,-O
samples (blue line), the loading of Au significantly influences the
adsorption of Ce-CO, with the adsorption of Au-CO being
significantly higher than that of Ce-CO. On the CeO,-C samples
(green line), there is no significant change of linear absorption
sites observed before and after Au loading. This is attributed to the
fact that the (111) facet in the CeO,-O exhibits the weakest CO
adsorption ability, while the (100) facet shows relatively strong CO
adsorption. Consequently, Au-CO adsorption is strong on the
Au/CeO,-O sample, while Ce-CO adsorption prevails on the
Au/CeO,-C. And for Au/CeO,-R sample (orange line) which
exposes a mixture of both (100) and (111) crystal planes, the
proportion of relative strength of Au-CO and Ce-CO linear
absorption sites exhibits a degree of magnitude that lies between
the above two morphologies.

For the CO adsorption on Au/CeQ, catalysts, aside from linear
adsorption sites, CO also interacts with CeO, surface to form
carbonate species, which provides direct insights to CO oxidation
reaction through lattice O route (M-vK mechanism). The
Au/CeO,-R sample shows distinct CO adsorption behaviors with
both the Au/CeO,-O and Au/CeO,-C samples. On the sample of
either CeO,-O support or Au/CeO,-O catalyst, no carbonate
species has ever been detected; on both CeO,-C support and
Au/CeO,-C catalyst samples, peaks of monodentate carbonates
[55,58,59] (at 1416 and 1458 cm™) with similar strength were
observed. This is due to that the formation energy of oxygen
vacancies on CeO,(111) surface is large, hindering the formation
of carbonate species. On the contrary, the CeO,(100) surface is
smaller, leading to the formation of monodentate carbonates in
the CeO,-C support. And after Au loading, the negligible change
in intensity of the carbonate species peak suggests that the Au-
Ce0,(100) interface does not affect the carbonate formation under
this condition. For the carbonate formation of rod-shaped
samples, there is almost no carbonate signal on pure CeO,-R
support, however, when Au is loaded onto rods, a large amount of
bidentate carbonates [55,58,59] (at 1576 and 1292 cm™) signals
were detected, indicating that the large amount of edge-interface
sites enhance the interaction between CO and CeO,, which
facilitates the CO oxidation reaction through the lattice O route,

resulting from the variations in the amount and species of
adsorbed carbonates.

24 Quantification of the “edge-interface” of Au/CeO,-R
catalysts

After demonstrating the surface properties of the “edge-interface”,
we attempt to evaluate this unique interfacial structure
quantitatively. We synthesized two rod-shaped Au/CeO, catalysts
with different CeO, nanorods with sizes of 12.7 + 1.4 nm (CeO,-
R12) vs. 7.6 = 1.5 nm (CeO,-R7) in order to control the number of
edge-interface sites for the Au/CeO,-R catalyst. The size of Au
nanoparticles with a diameter of ~ 3 nm was controlled using the
direct solvated-metal-nanoparticle-dispersion method to eliminate
the influence of further particle growth during the preparation
process. The morphology and size of Au/CeO,-R catalysts were
confirmed by scanning transmission electron microscopy (STEM)-
HAADF, as shown in Figs. 5(a) and 5(b) (more shown in Fig. S8
in the ESM). The difference in the particle size of Au is negligible,
and we can observe that the Au/CeO,-R12 has fewer edge-
interface sites compared with Au/CeO,-R7 catalyst due to its
larger surface area. If we keep the same size and the density of Au
nanoparticles for two catalysts with a presumed uniform
distribution of Au, we can calculate that the number of edge-
interface sites in CeO,-R7 sample is much larger than that in CeO,-
R12 (see details in the ESM).

The XPS results in Fig. 5(c) demonstrate that there is no
difference in Ce 3d and O 1s for these two samples, implying that
CeO,-R7 and CeO,-R12 have the same intrinsic surface properties
such as the defected surface and the number of O vacancies.
However, the Au on CeO,-R7 shows a higher proportion of Au™
compared with Au/CeO,-R12. The increasing amount of Au™ is a
sign that the Au particles share an edge with the CeO, hexagonal
prism, and induce a stronger charge transfer between Au and
CeO, compared with the regular Au/CeO, planar-interface sites,
leading to a higher oxidation state of Au as observed here [60].
Besides, we also conducted XPS testing on both the Au/CeO,-O
and Au/CeO,-C samples, and we found that no evidence of Au™
in these samples inferring the existence of Au™ is more popular for
the sample with the edge interface, as shown in Fig. S9 in the ESM.
From in situ CO DRIFTS results shown in Fig. 5(d), despite the
peak shift being observed in carbonate species with temperature
rising, we can still demonstrate that the Au/CeO,-R7 exhibits a
higher intensity of peaks for bidentate carbonate species
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activities of Au/CeO,-R7, Au/CeO,-R12, CeO,-R7, and CeO,-R12.

throughout the entire temperature range compared with Au/CeO,-
R12, indicating that the edge-interface sites serve as a bidentate
adsorption site, and will contribute to the CO oxidation reaction
as shown below.

The performance testing was conducted on both pure CeO,-R
supports and Au/CeO,-R catalysts, as shown in Fig. 5(e). The Au
loading amount of ~ 5 wt.% in Au/CeO, catalysts was determined
by inductively coupled plasma (ICP) analysis (Table S1 in the
ESM). The Au/CeO,-R7 catalyzed the CO oxidation reaction at a
lower temperature and exhibited a higher CO conversion rate
than Au/CeO,-R12 catalyst for the whole temperature range, while
the pure CeO, supports did not show any performance below
300 °C, indicating that the disparities in performance are
independent of differences in CeO, support itself at this
temperature range. This comparison clearly demonstrates an

enhancement in catalytic performance of Au/CeO,-R with the
increasing “edge-interface” sites.

3 Conclusions

In conclusion, we investigated the interfacial structure and
property of Au/CeO, catalysts with different morphologies of
CeO, support (cube, octahedron, and nanorod) in details through
atomic-scale electron microscopy and revealed a geometric
confinement noted as “edge-interface” for the nanorod CeO,
support, which was not discussed previously. This “edge-interface”
features a shared edge between metal nanoparticle and oxide
support, thus introducing additional structural freedom to the
system. Its defected atomic structure exposes as an active catalytic
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surface with an unsaturated coordination environment, which has
a lowered formation energy for O vacancy and stronger CO
adsorption corroborated by DFT calculation and in situ CO
DRIFTS analysis. We further tested the Au/CeO,-R catalysts with
varied “edge-interface” sites and found an “edge-interface”
dependent CO conversion rate. These results enrich the
fundamental understanding of metal/oxide interfacial structure
and property by providing precise structure-performance
correlation, and also provide strategies to maximize the effective
active sites for heterogeneous catalysis.
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