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CeO, Nanostructures Prepared by Selective Water-Soluble
Sr3Al,04(SAO)-CeO, Vertically Aligned Nanocomposite
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Claire A. Mihalko, Abhijeet Choudhury, Shiyu Zhou, and Haiyan Wang*

The unique redox properties and high oxygen capacity of nanostructured CeO,
demonstrate a wide range of applications, such as electrolytes for solid oxide fuel
cells, gas sensors, and catalysis for automotive exhaust gas. Most CeO,
nanomaterials are prepared by chemical synthesis or hard templating methods.
An effective way to obtain highly textured, small-radius dimensions with high
specific surface area remains challenging. Here, highly textured CeO, nano-
structures with various shapes ranging from nanowires to nanoporous thin films
are successfully synthesized. Vertically aligned nanocomposites (VANSs) of
Sr;Al,0¢ (SAO) and CeO, are synthesized first while varying concentration ratio
between them. Once the SAO is dissolved in water, the remaining CeO, forms
distinct nanostructures. The thermal stability of the nanostructured CeO, is
evaluated by in situ heating XRD and thermal annealing tests. This method
provides an alternative approach to preparing nanostructured CeO, without toxic
chemical solutions or complex micro/nanofabrication techniques. These results
present a novel approach to prepare nanostructured CeO, for future sensing and

a top-down” or bottom-up approach.’!
Bottom-up approaches include vapor depo-
sition methods!* and templated methods to
grow low-dimensional materials,” for
instance, using chemical vapor deposition
to grow various shapes of nanowires and
2D materials. Another example is utilizing
an anodized alumina template to grow
materials in  nanowire-like  shapes.
Recently, a selective etching method with
a vertically aligned nanocomposite (VAN)
template provides an alternative solution
to obtain highly textured nanoporous thin
films with pores smaller than 10 nm.?**
Therefore, an alternative solution was pro-
vided to develop a low-dimensional and
high specific area nanomaterials for future
applications.

energy device applications.

1. Introduction

High specific surface area nanomaterials are crucial for many
applications, such as gas storage, electrocatalysts, and supercapa-
citors. Lower-dimension, such as 2D or 1D, nanomaterials result
in a larger specific surface area than 3D films.!"! Nowadays, there
are multiple ways to prepare high surface area films using either
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Low-dimensional metal oxide materials
show versatile physical properties and
notable results in various applications.
Among all the oxide materials, cerium
(IV) oxide (CeO,) is one of the most important rare earth materi-
als and has received much attention. CeO, has a high oxygen
capacity and a unique redox property. Its unique properties lead
to a wide range of applications, such as oxygen promoters for
automotive exhaust,”! electrolyte for solid oxide fuel cell,®) and
gas sensors.l”) To prepare polycrystalline CeO, nanostructure,
different chemical synthesis approaches have been developed.™”!
Alternatively, a hard template method have been implemented
for obtaining the CeO, nanowire.'” The diameter of the
CeO, is limited by the size of the AAO template, which is usually
larger than 10 nm.”! Thus, developing a method to obtain a small
dimension and highly crystalline nanostructured CeO, is
essential.

VAN is a thin film with a unique nanopillar-in-matrix form,
which has attracted a lot of attention recently."? Such nanostruc-
tures provide multifunctionality,”? strong interfacial cou-
pling,™ and anisotropic properties.'>) Various material
combinations can form VANs, such as oxide-oxide VANSs,
oxide-metal VANs, and nitride-metal VANs. Furthermore, the
nanostructures can be tuned by changing simple parameters
such as laser frequency,*® thickness,!”” and material selec-
tions.'*”! Tuning different synthesis parameters will result in
different sizes of nanopillars™™® and various pillar densities,™!
as well as a range of nanostructures from 1D to other unique
configurations.”” Such tunability provides an opportunity to
use VAN as a template to further design nanostructures.
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mailto:hwang00@purdue.edu
https://doi.org/10.1002/adem.202500530
http://creativecommons.org/licenses/by-nc/4.0/
http://www.aem-journal.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadem.202500530&domain=pdf&date_stamp=2025-07-26

ADVANCED
SCIENCE NEWS

ADVANCED
ENGINEERING
MATERIALS

www.advancedsciencenews.com

In this work, a novel approach is developed to synthesize
various CeO, nanostructures. Specifically, a new Sr3Al,Oq
(SAO)-CeO, VAN system was synthesized. SAO-CeO, VAN sys-
tem was selected to grow on an SrTiO; substrate that satisfies the
strain compensation model for the desired VAN morphology.*"
In addition, varying the target concentration ratio between CeO,
and SAO can result in different morphologies of nanostructured
CeO,. After dissolving the SAO with water, nanostructured CeO,
can be obtained. The overall process to obtain different CeO,
nanostructures is schematically shown in Figure 1.
Furthermore, the thermal stability of these different CeO,
nanostructures has also been investigated by insitu heating
XRD and post-annealing XRD. Nanostructure tuning and ther-
mal stability are important for future applications that require
high temperature operations.

2. Results and Discussion

To satisfy the strain compensation theory for the growth of the
VAN, the lattice parameter must first be examined."”®! It is known
that CeO, (a = 5.411 A) will result in a 45° rotation when it grows
on the STO (a=3.905 A) substrate; thus, the lattice parameter
should be considered as a/+/2 = 3.83 A.[*?l The lattice parameter
for the SAO is a =15.833 A, which is slightly larger than the
4 x agro = 15.620 A1*! Figure S1 in Supporting Information,
shows a schematic illustration of the growth relationship, where
the SAO should be in a cube-on-cube relationship, and CeO, has
a 45° rotation to grow on STO. Since the SAO lattice parameter is
slightly higher than that of STO (4 X asto) and the lattice of CeO,
after the 45° rotation is slightly smaller than STO, the in-plane
strain between SAO and CeO, satisfy the strain compensation
model."® The nanostructure of the thin film has been examined
first and is presented in Figure S2, Supporting Information.
Figure S2a in Supporting Information, shows the XRD result
of the SAO-CeO, VAN thin film before dissolving. A high reso-
lution XRD in Figure S2b, Supporting Information, confirmed
the SAO peak is not shown in the XRD pattern, which might
be due to low intensity. In addition, the CeO, (002) and CeO,
(004) peaks are present in the XRD pattern. The following scan-
ning transmission electron microscopy (STEM) image in
Figure S2c, Supporting Information, confirms the formation of

Figure 1. Schematic illustration of formation of a CeO, nanostructure by
selective dissolution of Sr3Al,Og.
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the SAO-CeO, VANSs. The corresponding STEM-EDS mapping
in Figure S2d, Supporting Information, provides additional sup-
port for the formation of the SAO-CeO, VAN. After dissolving
the thin film in deionized (DI) water, the XRD in Figure S2a,
Supporting Information, reveals that there are no additional
peaks besides the STO (001) substrate. This suggests that the
nanostructured CeO, may have been washed off as previously
demonstrate in SAO-Au VAN.”* Thus, a thin buffer layer of
CeO, was deposited to ensure the nanostructured CeO, remains
after the water dissolution process. Three different targets with
different ratios between SAO and CeO, were used to synthesize
SAO-CeO, VAN. The target ratios of CeO, are 30 wt.%, 50 wt.%,
and 70 wt.%. The XRD results for all three different ratios of
SAO-CeO, are shown in Figure 2. Figure 2a—c shows the nano-
structure thin film before dissolution. Unlike the XRD results
without a CeO, buffer layer, the 50 wt.% CeO, and 70 wt.%
CeO, show the SAO (00 12) peak. This indicates that the
SAO-CeO, VAN may form even after inserting the CeO, buffer
layer. The additional selected area diffraction pattern (SAED)
has also shown similar crystallinity result for all three samples
before dissolution as shown in Figure S3, Supporting
Information. The SAED shows highly textured growth of
CeO, on the STO substrate. The typical 45° rotation of CeO,
is shown in the SAED pattern as well.?®) Furthermore, after
all thin film were placed in DI water for 12 h, the CeO, peaks
remained as shown in Figure 2d-f. Thus, the nanostructure
of CeO, remains on top of the buffer layer, where the AFM
and STEM images in Figure S4 and S5, Supporting
Information, support the result.

To better understand the nanostructure and elemental distri-
bution before dissolving SAO, STEM and STEM-EDS were per-
formed. All STEM images were taken under the high-angle
annular dark field (HAADF) mode. The cross-sectional image
for all three thin films is shown in Figure 3. Figure 3b,e,h, where
VAN is formed for all concentrations. To examine the nanostruc-
ture more closely, a zoomed-in view for all ratios of concentration
is shown in Figure 3. The top and the bottom of the film have
been examined by HADDF-STEM to ensure the nanostructure is
attached to CeO, buffer layer. The SAO cannot be revealed with
high magnification HAADF-STEM images that are shown in
Figure 3, which may be caused by the electron beam damaged.
Additionally, Figure S6, Supporting Information, clearly shows
the corresponding CeO, is slightly bent during scanning
STEM-EDS signal, which confirms the SAO can be damaged.
To confirm the elemental distribution of nanostructure for the
VAN, STEM-EDS images for all three concentrations are shown
in Figure S6, Supporting Information. All images show a clear
elemental distribution where the Al and Ce are well-separated,
which confirms VAN has formed. To further confirm CeO,
nanostructure, a plan-view sample for all concentrations was
prepared. The resulting HAADF-STEM images and correspond-
ing STEM-EDS are shown in Figure 4. At the lowest concentra-
tion of SAO-CeO,, the CeO, nanostructure shows a rounded
shape. As the concentration ratio of CeO, increases in target
composition, a squarish-like CeO, appearance is shown.
When CeO, dominates the concentration within the film, it
becomes a rounded maze-like structure. To further confirm
the amount of CeO, within the films, the atomic fraction of
the sample from plan-view EDS, which are 1.42%, 2.98%, and
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Figure 2. XRD characterization of the samples before and after water dissolution process. a—c) Before dissolving SAO. (a) 30 wt.% CeO,, (b) 50 wt.%
CeO,, and (c) 70wt.% CeO,. d—f) after dissolving SAO. (d) 30 wt.% CeO,, (e) 50 wt.% CeO,, and (f) 70 wt.% CeO,.

10.55% correspond to 30%wt, 50%wt, and 70%wt of CeO, in the
SAO-CeO, target. Overall, the planview and cross section view of
HAADEF-STEM with corresponding STEM-EDS images shows
different nanostructure of SAO-CeO, VAN ranging from nano-
pillar to rounded maze CeO,.

After the nanostructure of SAO-CeO, VAN was examined, the
nanostructure of CeO, after the water dissolution process was
examined as well. Figure 5 shows the cross-sectional HAADF-
STEM images of the nanostructures after the water dissolution
of 50 wt.% CeO,. Instead of observing completely straight CeO,
nanowires remaining on the top of the substrate, a slight differ-
ence in the CeO, nanostructures was observed. The remaining
CeO, nanowires had agglomerated into an island-like structure.
Such agglomeration may be caused by the mechanical instability
for the high-aspect ratio of the nanowires. After zooming into the
area of interest, the nanostructured CeO, maintained its own
structure after the water dissolution process. The corresponding
STEM-EDS image is shown in Figure S6, Supporting
Information, which clearly indicates the CeO, nanowires
agglomerates. Since the PLD is known to have difficulty in
obtaining large area thin film, the SAO-CeO, was deposited
on a 5mm x 10mm STO (001) substrate. Different areas of
the substrate have been examined by HAADF-STEM with corre-
sponding STEM-EDS shown in Figure S7, Supporting
Information. The resulting figures suggest that the film with dif-
ferent areas has similar nanostructures after the dissolution
process. To understand the plan view of the agglomerated
nanostructure, additional AFM images are shown in Figure S4,
Supporting Information, to illustrate the overall nanostructure
after the water dissolution process with different concentra-
tions of CeO,. The AFM images show that the higher concen-
tration of CeO, has larger island-like agglomeration of CeO,
nanowires than those in 30wt.% and 50wt.% CeO,. The

Adv. Eng. Mater. 2025, 2500530 2500530 (3 of 7)

70 wt.% sample shows more maze-like structure in the plan-
view STEM images before water dissolution. After evaluating
the nanostructures in STEM, STEM-EDS, and AFM, the results
clearly confirm that the nanostructured CeO, has remained on
the STO substrate.

Nanostructured CeO, has been widely adopted in different
applications, such as gas sensor'®® and electrolyte for solid oxide
fuel cell.’*”) All these applications require operation at a high tem-
peratures for optimal performance. An additional temperature-
dependent optical test was performed to observe if there is
any optical difference under high temperature. First, Figure S10a,
Supporting Information, shows a temperature-dependent in situ
XRD with one cycle of heating and cooling from room temper-
ature to 800 °C. The minor left shift of CeO, (002) when the
temperature rises, which is due to the thermal expansion of
the lattice. After cooling to room temperature, the peak shifts
back to its original position. Overall, the in situ heating XRD
suggests the CeO, nanostructure is relatively thermally stable
during the in situ heating test. Additionally, different concentra-
tions of nanostructure CeO, thin films were annealed under
1000 °C. The resulting XRD for the before and after annealing
sample indicated the CeO, may potentially stay on the substrate
as shown in Figure S8, Supporting Information. Furthermore,
the CeO, nanostructure after annealing is shown in Figure S9,
Supporting Information. The resulting nanostructure shows
different nanostructure compared to the initial agglomerated
nanowire. This might be due to the thermal agglomeration.!?*!
Next, the optical permittivity at room temperature and elevated
temperature was investigated, which are shown in Figure S10,
Supporting Information. Figure S10b, Supporting Information,
shows the real part of room temperature optical permittivity
where the in-plane and out-of-plane show positive values from
500 to 2500 nm. This indicates the entire film is an insulator.
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Figure 3. The cross-sectional HAADF-STEM images of SAO-CeO, samples before water dissolution with different ratios between SAO and CeO,.

a—c) 30wt% CeO,, d—f) 50wt% CeO,, and g-i) 70 wt% CeO,.

Due to limitations of the testing setup, the highest temperature
tested for optical permittivity is 100 °C. The optical permittivity
for 50 °C and 100 °C in Figure S10c,d, Supporting Information,
show similar results to the optical permittivity at room
temperature.

Overall, this innovative method demonstrates that the CeO,
nanostructure can be tuned by simply controlling the con-
centration ratio between CeO, and SAO target composition.
This concentration ratio tuning is important for high surface-
ratio applications, such as catalyst. Obtaining higher catalytical
functions, it generally requires a high surface area to provide
more active sites for the reaction to happen. Since the surface
area of the CeO, can be easily tuned by the amount of the
CeO, in the target composition, which can simply tune its
functions for catalyst applications.”” Beside simple CeO,
concentration tuning demonstrated here, the thin film was
deposited on a 5mm x 10 mm STO substrate, which indicates
a significant large area deposition. Further improvements to
obtain even larger thin films is possible. One of the techniques
to obtain large-area thin films by PLD is to conduct an off-axis
deposition with rotating substrate to achieve large area deposi-
tion.*>”) Previous research has shown that such water dissolution
of SAO in VAN can be expanded to multiple different metal oxide

Adv. Eng. Mater. 2025, 2500530 2500530 (4 of 7)

systems.”) Such material selection should be further explored
with other functional oxides and other types of materials, such
as nitrides. Other than exploring the additional materials to
obtain similar nanostructure, resolving the mechanical instabil-
ity issue of the nanowire CeO, is important as well. The agglom-
eration of the CeO, nanostructures is due to the very thin CeO,
nanostructures and their high length and large aspect ratio after
water dissolution. Thus, increasing the diameter and reducing
the length of CeO, nanostructures could effectively mitigate such
agglomeration issues. This can be effectively controlled by
increasing the CeO, composition in the CeO,:SAO nanocompo-
sites and reducing the overall film thickness. Specifically, a larger
CeO, composition will likely increase the CeO, nanopillar diam-
eters under a low laser frequency. In addition, reducing the
growth thickness from the original 108 nm to 20 nm will effec-
tively reduce the length of the nanopillars. Such tuning in the
morphology and reducing the aspect ratio of the CeO, nanopil-
lars will help mitigate nanostructure agglomeration. Moreover,
additional physical properties related to the in-plane strain
should be further investigated in the future. The good thermal
stability of the various highly textured CeO, nanostructures
provides an opportunity for future application platforms in
gas sensing and catalysis.

© 2025 The Author(s). Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 4. Plan-view of HAADF-STEM images of SAO-CeO, nanostructures with different concentration ratios. a) 30 wt.% CeO,, b) 50 wt.% CeO,, and

c) 70 wt.-% CeO,. The corresponding STEM-EDS are shown in d—f).

Cross-sectional STEM
of S0wt% CeO2

(c)

Figure 5. STEM-HAADF images of the 50 wt% of SAO-CeO, sample after water dissolution process. The nanostructure of CeO, is shown, where some of

the CeO, nanowires agglomerate on the top.

3. Conclusion

This study presents a new method to prepare CeO, nanostruc-
tures using the SAO-CeO, VAN thin films followed by water
dissolution of different concentrations of SAO within the
thin films. A series of characterizations, including XRD,
STEM, and AFM, were performed for the before and after
water dissolution of SAO-CeO,, and the results are presented.

Adv. Eng. Mater. 2025, 2500530 2500530 (5 of 7)

The resulting VAN thin films and the CeO, nanostructures
show different morphologies after dissolving SAO, i.e., nanopil-
lars to nanoporous structures. Thermal stability study using
in situ XRD heating suggests the CeO, nanostructures are rea-
sonability stable. Overall, this study presents a new approach
via water dissolution of VAN to integrate CeO, nanostructures
on a desired substrate towards future gas sensing, catalysis
and energy devices.
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4. Experimental Section

Synthesis and Dissolution Process of SAO-CeO, Thin Film: The Sr;Al,O¢
(SAO) target was prepared by mixing stoichiometric amounts of SrCOs
and Al,0s. SAO was sintered in a conventional tube furnace at 1300 °C
for 10 h. After sintering, the SAO was ground to a powder form. The
SAO powder was then mixed with CeO, according to the weight percent-
age. The SAO-CeO, target was sintered in a conventional oven for another
10 h at 1300 °C.

The SAO-CeO; thin film was grown on SrTiO; (001) substrates using
pulsed laser deposition with a KrF excimer laser (248 nm, Coherent). The
laser energy was set at 420 m), and the laser frequency at 5 Hz. During the
deposition, the temperature was set at 850 °C, and the oxygen partial pres-
sure at 50 mtorr. Once the desired thin film was obtained, it was immersed
in DI water for 12 h to ensure the SAO was fully dissolved.

Microstructure Characterization: X-ray diffraction (XRD, PANalytical
Empyrean) was used to obtain the XRD patterns for all SAO-CeO; thin
films. All cross-sectional and plan view STEM images were prepared
through mechanical grinding and thinning. After the desired thickness
was reached, a final polishing was performed using a Gatan Precision
lon milling system. All STEM and STEM-EDS images were acquired using
a Thermo Fisher Scientific TALOS 200X TEM at 200 kV.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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