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ABSTRACT: Room-temperature ferromagnetism in two-dimensional (2D)

oxide materials is an intriguing phenomenon for spintronic applications. Here,
we report significantly enhanced room-temperature ferromagnetism observed
from ultrathin cerium oxide nanosheets hybridized with organic surfactant
molecules. The hybrid nanosheets were synthesized by ionic layer epitaxy over
a large area at the water—air interface. The nanosheets exhibited a saturation
magnetization of 0.149 emu/g as their thickness reduced to 0.67 nm. This
value was S times higher than that for CeO, thin films and more than 20 times
higher than that for CeO, nanoparticles. The magnetization was attributed to
the high concentration (15.5%) of oxygen vacancies stabilized by surfactant
hybridization as well as electron transfer between organic and oxide layers.
This work brings an effective strategy of introducing strong ferromagnetism to
functional oxide materials, which leads to a promising route toward exploring
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new physical properties in 2D hybrid nanomaterials.
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B INTRODUCTION

Since the discovery of graphene in 2004, two-dimensional
(2D) nanomaterials have received considerable attention
because of their unique physical and chemical properties
originated from their ultrathin thickness and 2D morphol-
ogy."”” Very recently, 2D organic—inorganic hybrid nanoma-
terials, such as 2D metal—organic frameworks (MOFs) and 2D
organic—inorganic hybrid perovskites (OIHPs), were created
as a new member of the 2D nanomaterial family, enabling
unique property coupling. MOFs are a crystalline porous
compound in which the metal ions or clusters are linked by
coordinating organic ligands to form bulky crystals. Due to
various kinds of coordination modes between ligands and
metal centers, MOFs offer impressive performance for
catalytic, electrochemical, and sensing applications.”™> Partic-
ularly, the 2D topological insulator MOF nanosheets exhibit
unique quantum transport properties with potential applica-
tions in spintronics and quantum cornputing.()’7 2D OIHPs
represent a unique class of material that consists of alternating
layers of insulating organic moieties and a semiconducting
inorganic component, resembling a multiple quantum well
structure. As a result, 2D OIHPs exhibit unique properties that
are potentially useful for photonics applications.”” Additional
organic—inorganic hybrid configurations were also reported,
such as MoS,/polyaniline nanowires with enhanced con-
ductivity, thiophene—graphene heterostructure films with
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enhanced volumetric capacitance for high-rate pseudocapaci-
tors, and methyl-modified metal oxide nanotubes with
enhanced hydrophobicity and organic molecule absorption
for water decontamination.'’”'* These initial successes
evidenced a promising strategy for creating new functional
nanomaterials by hybridizing inorganic and organic molecules
in 2D.

Recent research also showed that capping metal oxide with
organic molecules could induce ferromagnetism by changing
the electronic configuration through electron transfer between
organic molecules and metal oxides.'”~"* For example, CeO, is
a versatile functional oxide material that shows intriguing
room-temperature ferromagnetism coupled with its conven-
tional semiconducting and electrochemical properties.'”"*
However, the room-temperature ferromagnetism in CeO,
nanocrystals was rather low. The typical value of saturation
magnetization was only in the range from 0.001 to 0.014 emu/
g.'" The weak ferromagnetism was associated with the low
oxygen vacancy (Vo) concentration in CeO, (<5%),
particularly at the crystal surfaces.’”™® It is known that
surface decoration of organic molecules could effectively
stabilize the defects near crystal surfaces.'”””~*’ By reducing

Received: September 2, 2019
Accepted: November S, 2019
Published: November 5, 2019

DOI: 10.1021/acsami.9b15841
ACS Appl. Mater. Interfaces 2019, 11, 4460144608


www.acsami.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.9b15841
http://dx.doi.org/10.1021/acsami.9b15841

ACS Applied Materials & Interfaces

Research Article

0.0 —

E-02

= 0.67 nm

5-04

@

T 06

-0.8
0 1 2 3 4
Distance (um)
Ce* 9 M
i 2 7 nm
2 >| 0.67nm [
2 5 A s
£ 5 M\ E M
I K] |\ N W AN
» E /\ gl V
& 2 \ J..""“ v
x NH
! N .01 nm|
C00-/ 1\~ c-C |
3.01 nm - !
N
© 930 920 910 900 890 880 870 30 295 285 280 410 405 400 395 390

Binding Energy (eV)

Binding Energy (eV)

Binding Energy (eV)

Figure 1. Synthesis, morphology, and elemental information of hy-CeO,_, nanosheets. (a) Schematic of ILE synthesis of hy-CeO,_, nanosheets.
(b) SEM image of as-grown hy-CeO,_, nanosheets on a silicon substrate. (c) AFM topography scan of hy-CeO,_, nanosheets showing a uniform
thickness. (d) Height profiles derived from the red line in (c). (e) XPS spectrum of characteristic X-ray peak of Ce 3d,/, and 3d;, collected from
the hy-CeO,_, nanosheets. (f) C 1s and (g) N 1s XPS spectra collected from the hy-CeO,_, nanosheets with thicknesses of 0.67, 1.63, and 3.01

nm.

the crystal thickness to the nanometer level where the surface
effect becomes a dominating effect, we expect that the Vo
concentration would be largely increased. Besides, certain
organic molecules could donate electrons to metal ions and
induce additional ferromagnetism to the oxides. Therefore, we
hypothesize that a quasi-2D morphology of organic—oxide
configuration might be able to offer significant improvement to
the ferromagnetism in cerium oxides.

Herein, we report the development of ultrathin cerium oxide
nanosheets hybridized with stearic acid (SA) and oleylamine
(OAM) molecules. A significantly enhanced room-temperature
ferromagnetism was recorded when the nanosheet thickness
was reduced to 0.67 nm. The saturation magnetization was
almost S times higher than that of CeO, thin films and more
than 20 times higher than those of CeO, nanoparticles. The
magnetization was attributed to the hybridization of organic
surfactants with the CeO,_, nanosheets, which stabilized the
high concentration of Vo and induced electron transfer
between the organic surfactant layer and cerium oxide layer.
Atomic layer deposition (ALD) coating and annealing in
different atmospheres of nanosheets tuned the Vo concen-
tration and surfactant bonding, which further confirmed the
hybridization strategy to the emerging of strong magnetization
in the CeO,_, nanosheets.

B RESULTS AND DISCUSSION

The CeO,_, nanosheets were synthesized at the water—air
interface by ionic layer epitaxy (ILE) under a monolayer of
mixed surfactants of SA and OAM at a ratio of 9:1 (detailed
synthesis conditions are included in Experimental Section).
The mix-charge surfactant was recently discovered to be able
to form a stable, flat, ordered template to direct the 2D growth

of crystalline oxides through ILE.*® As revealed in Figure SI,
the 9:1 ratio was experimentally determined as the optimal
ratio for the formation of isolated hexagonal nanosheets with
the most uniform thickness. In the weak alkaline environment,
Ce’* would form Ce(OH),, which would then be oxidized and
dehydrated to CeO,_, in the presence of trace oxygen in the
solution.” As a result, 100 min of reaction yielded ultrathin
CeO,_, nanosheets that were chemically bonded to the SA and
OAM surfactants (hy-CeO,_,), as shown in Figure la. Figure
1b shows a scanning electron microscopy (SEM) image of as-
received hy-CeO,_, nanosheets supported on a SiO,-coated Si
substrate. The nanosheets nearly covered the entire surface of
the substrate without any observable overlapping. All of the
nanosheets had a hexagonal shape, while their size exhibited a
bimodal distribution: large ones had a diagonal length of 11.5
+ 0.8 ym and small ones were 2.3 + 0.3 gm. This bimodel
distribution could be possibly attributed to the oriented
attachment mechanism that was discovered in ILE processes,
where smaller nuclei or nanosheets tend to merge into big
nanosheets driven by the reduction of surface energy.’> Atomic
force microscopy (AFM) topography image in Figure lc
revealed that the nanosheets had a very uniform thickness of
0.67 nm (Figure 1d) with a surface roughness of only 0.13 nm.
The small bright dots observed near the nanosheet edges were
particle byproducts formed in the bulk solution. The thickness
of hy-CeO,_, nanosheets could be controlled by the precursor
concentration. As the concentration of Ce(NO,); increased
from 0.2 to 1 mM and 1.5 mM, the thickness was raised from
1.63 to 3.01 nm and 4.92 nm, respectively (Figure S2).
Meanwhile, as the thickness increased from 1.63 to 4.92 nm,
large nanosheets became smaller and small ones disappeared.
This was possibly because the thicker nanosheets were grown
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Figure 2. Structural characterization of hy-CeO,_, nanosheets. (a) In situ grazing incidence X-ray diffraction (GIXRD) reciprocal space map of the
hy-CeO,_, nanosheets growing on the water surface. (b) In-plane GIXRD profiles of hy-CeO,_, nanosheets at different reaction times. (c) TEM
image taken from a corner of a large hy-CeO,_, nanosheet. The inset is the corresponding SAED pattern of the nanosheet. (d) HRTEM image of
the hy-CeO,_, nanosheet in (c). (¢) HAADF-STEM image of hy-CeO,_, nanosheets after plasma treatment showing their morphology. (f) High-
resolution HAADF-STEM image of the hy-CeO,_, nanosheet revealing the assembly of nanoparticles in the nanosheets. (g, h) Large-area STEM-
EDS elemental mapping of Ce (g) and O (h) from the nanosheet shown in (e).

under higher precursor concentrations, which were favorable
for higher nucleation rates and thus higher nuclei concen-
trations. Therefore, the final size of each nanosheet would
become smaller.”>** The higher nuclei concentration would
reduce the spacing in between nanosheets and thus the small
nanosheets would quickly transform into big nanosheets via
rapid merging.

X-ray photoelectron spectroscopy (XPS) analysis was then
carried out to investigate the oxidation state of Ce in the as-
synthesized hy-CeO,_, nanosheets. Figure le shows the Ce 3d
spectra, where the two typical sets of spin—orbit multiplets (U,
U’, U” and V, V/, V") were observed, while U” and V" were
too weak to appear.””*° These XPS peaks were attributed to
tetravalent Ce*" and trivalent Ce*, where U (900.9 V), U”
(916.5 eV), V (881.7 €V), and V” (899.4 eV) correspond to
Ce* and the doublet pair U’ (903.5 €V) and V' (885.1 V)
correspond to Ce®". This analysis revealed the coexistence of
both Ce*" and Ce*". The stronger intensity of the U’ and V’
peaks suggests that the Ce’* state was dominating in the as-
synthesized hy-CeO,_, sample. Figure 1f and g compares the C
Is and N 1s XPS spectra of the hy-CeO,_, nanosheets with
different thicknesses. Two peaks at 284.8 and 289.0 eV were
observed in the C 1s region of all three-thickness nanosheets,
and they could be assigned to the alkyl chain (C—C) and
carboxylate (COO™) carbon atoms, respectively,””** evidenc-
ing the presence of SA surfactants. A single peak at 399.7 eV
corresponding to N 1s confirmed the presence of OAM on the
nanosheet surface.’”*

In situ grazing incidence X-ray diffraction (GIXRD) was
used to observe the 2D crystal evolution of the hy-CeO,_,

nanosheets. It was carried out directly at the water—air
interface in grazing incidence (GI) in-plane mode with the
incident beam nearly parallel to the liquid surface. Figure 2a
shows a typical GIXRD reciprocal space map of the diffracted
intensity along orthogonal Q,, (horizontal) and Q, (vertical)
diffraction vector axes of the hy-CeO,_, nanosheets. The
scattered intensity for the reflection appeared as a scattering
rod strictly parallel to the Q, axis, which proved that the hy-
CeO,_, nanosheets were perfectly oriented with the 2D sheet
plane aligned parallel to the liquid surface. Figure 2b shows the
evolution of in-plane GIXRD patterns of the hy-CeO,_,
nanosheets as a function of growth time. The corresponding
nanosheet morphology change is shown in Figure S3. At 43
min, no peaks could be observed when small round nanosheets
appeared at the interface, indicating that the nanosheets were
amorphous at the early stage. A diffraction peak at Q,, = 2.003
A™! first appeared from the 54 min sample, which is
corresponding to the (111) facet of a face-centered cubic
CeO,, suggesting the beginning of crystallization as the
hexagonal nanosheets started to form. From the 1 h S min
sample, the (111) peak shifted slightly to lower Q,, (1.993
A~"). This lattice expansion might be due to the appearance of
more Ce" ions as a result of high Vo concentration. The (111)
peak subsequently shifted back and stabilized at Q,, (2.015
A™") as the growth time further progressed, corresponding to a
lattice spacing of 0.312 nm. This lattice spacing was consistent
with previously reported CeO, nanocrystals.”>""** Meanwhile,
the peak widths gradually decreased as the growth time
increased, reflecting an increase of the lateral size of the
crystalline domains.
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Figure 3. Magnetic properties of hy-CeO,_, nanosheets. (a) M—H curves measured at 300 K from hy-CeO,_, nanosheets with thicknesses of 0.67,
1.63, and 3.01 nm, respectively. The M—H curve from CeO,_, nanoparticles is also shown for comparison. (b) Comparison of the M—H curves
measured at S and 300 K for the 0.67 and 1.63 nm hy-CeO,_, nanosheets. (c) CeO,_, stoichiometry variations as a function of the nanosheet
thickness calculated from the concentrations of Ce** and Ce** (black square), from the intensities of the O 1s and Ce 3d XPS peaks (black circle).
Red hexagons represent the concentration of oxygen vacancy. (d) Schematic of how organic surfactant attachment would stabilize Vo in hy-
CeO,_,. (e) Schematic illustration of a single unit cell of hy-CeO,_, nanosheets with an oxygen vacancy and how it contributes to magnetization.

The crystal structure of the hy-CeO,_, nanosheets was then
characterized by transmission electron microscopy (TEM).
Figure 2c shows a corner of a hexagonal nanosheet supported
on a TEM grid. Although the nanosheet exhibited a roughly
120° corner as highlighted by the red line, the edges were
wavy. The selected-area electron diffraction (SAED) pattern
confirmed its polycrystalline structure (inset of Figure 2c),
where the diffraction rings could be indexed to the (111),
(200), (220), and (311) planes of CeO,.”" High-resolution
TEM (HRTEM) image in Figure 2d revealed that the
nanosheet was composed of randomly oriented crystalline
domains with sizes of 4—6 nm. Scanning transmission electron
microscopy (STEM) was then conducted after treating the
sample with 10 min plasma to remove surface organic coating.
A high-angle annular dark-field STEM (HAADF-STEM)
image showed that the nanosheets remained its original
shape after the plasma treatment (Figure 2e). The high-
resolution image clearly illustrates that the crystalline domains
were still 4—6 nm in sizes with randomly exposed facets
(Figure 2f). Lattice spacings of the (111), (200), (220), and
(311) planes were measured to be 0.315, 0.262, 0.205, and
0.169 nm, respectively, matching well with the SAED pattern.
The clear lattice fringes and the unchanged size distribution of
the crystalline domains after plasma treatment evidenced the
good structural stability of the hy-CeO,_, nanosheets. Energy-
dispersive X-ray spectrum (EDS) elemental mapping reveals a
uniform distribution of both Ce and O elements throughout
the entire nanosheet (Figure 2gh).

The magnetic property of the as-synthesized hy-CeO,_,
nanosheets with different thicknesses was examined by the
magnetic hysteresis (M—H) loops measured at room temper-
ature (Figure 3a). As a comparison, results from CeO,_,
nanoparticles synthesized under the same ILE condition

were also included. Meanwhile, the as-measured raw magnetic
property data of 0.67, 1.63, and 3.01 nm hy-CeO,_,
nanosheets are included in Figure S4. They revealed that
bare substrates had diamagnetic property and the ultrathin hy-
CeO,_, nanosheets exhibited an obvious enhancement in
ferromagnetic property as their thickness reduced from 3.01 to
0.67 nm. After subtracting the diamagnetic signals from the
substrate, Figure 3a clearly shows that the hy-CeO,_,
nanosheets with 3.01 nm thickness were paramagnetic. The
1.63 nm hy-CeO,_, nanosheets showed ferromagnetism at low
magnetic fields (—3000 to 3000 Oe), while paramagnetic
contribution was still present at high magnetic fields. When the
thickness was further reduced to 0.67 nm, the hy-CeO,_,
nanosheets became completely ferromagnetic with a saturation
magnetization (Ms) of 0.149 emu/g. The Ms of the ultrathin
hy-CeO,_, nanosheets was almost 5 times larger than that of
the reported CeO, thin films with a thickness of 40—50 nm,*
and 20 times larger than that of previously reported typical
CeO, nanoparticles.”””’ Notably, CeO,_, nanoparticles
synthesized under the same ILE conditions only exhibited
diamagnetic property. M—H curves of the 1.63 and 0.67 nm
hy-CeO,_, nanosheets measured at 5 K were compared to the
room temperature results, as shown in Figure 3b. The
magnetic behavior of 0.67 nm nanosheets was found nearly
unchanged at 5 and 300 K. However, for the thicker 1.63 nm
nanosheets, its saturation magnetization increased to 0.162
emu/g when the temperature reached S K.

Experimental and theoretical studies have shown that Vo
could give rise to the room-temperature ferromagnetism in
bulk and nanostructured CeO,_, through the superexchange
process between two reduced Ce®* ions via O*~.*"*"*** The
ordered magnetic moments within two Ce atoms and one O
atom could induce spontaneous magnetization.*’ ™" To
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Figure 4. Understanding the ferromagnetism in hy-CeO,_, nanosheets. (a) M—H curves measured at 300 K from 1.63 nm hy-CeO,_, nanosheets
as received, and after ALD coating, H, annealing, air annealing, and Ar annealing. The inset shows the ferromagnetic component in the M—H
curves from the pristine and Ar-annealed nanosheets after subtracting the paramagnetic component. (b) Comparison of the C 1s and (c) N 1s XPS
peaks of the pristine 1.63 nm hy-CeO,_, nanosheets and after being treated by ALD coating, H,, Ar, and air annealing. (d) CeO,_, stoichiometry
variations in the 1.63 nm hy-CeO,_, nanosheets after different treatments. Black squares are calculated from the concentrations of Ce** and Ce*';
black circles are calculated from the intensities of the O 1s and Ce 3d XPS peaks; and red hexagons represent the concentration of oxygen vacancy.

confirm and quantify the presence of Vo in the hy-CeO,_,
nanosheets, we compared the theoretical stoichiometry O
content (X = [0]/[Ce]) with the actual stoichiometry O
content (X' = O 1s/Ce 3d) based on the XPS spectra (Figure
SS, calculation details are included in the Supporting
Information, S2). X and X' were given and compared in
Figure 3c. For all three-thickness samples, the actual
stoichiometry O ratios (X’) were generally smaller than the
theoretical value (X), indicating oxygen deficiency in the hy-
CeO,_, nanosheets. It was also found that the Vo
concentration was quite large, which remained at a constant
value of 15.5% independent of the thickness variation. While
such a high Vo concentration is generally unstable, the
surfactant coating was believed to play a key role in stabilizing
them. As shown in Figure 3d, when a Vo is formed in CeO,,
two electrons are left behind and localized at the 4f orbital of
the two neighboring Ce atoms. Thus, the valency of these two
Ce atoms was reduced to +3.2° At a large Vo concentration,
these Ce* ions can easily be reoxidized to Ce* as the
interaction between them would facilitate the removal of 4f
electrons®’ and thus makes Vo unstable. However, when
organic molecules with negatively charged head groups are
bonded to the surface, electrons transferred from the molecule
could substitute the losing electrons and stabilize the Ce ions
at +3.'%*”%7 This could protect the neighboring Vo from being
oxidized and thus stabilize the large concentration of Vo.
Furthermore, previous studies also revealed that the Vo-
induced magnetic moment is strongly dependent on the
location of the vacancy. Vo at the surface can induce nearly
50% higher magnetic moments than those induced by Vo in
the bulk lattice.”’ Despite having almost the same Vo
concentration, the 0.67 nm-thick nanosheets had all of the
ions and defects at the surface. As the thickness of one CeO,
unit cell was 0.541 nm,” the 0.61 nm thickness was
corresponding to a monolayer CeO, with organic surfactants.
The 1.63 and 3.01 nm thicknesses were corresponding to three
and five unit cells, respectively, where more Vo could be

distributed away from the surface. Therefore, the extremely
higher surface-to-volume ratio resulted in a larger saturation
magnetization in the 0.67 nm-thick hy-CeO,_, nanosheets as
compared to 1.63- and 3.01 nm-thick nanosheets. In addition,
the organic surfactants layer can also induce ferromagnetism by
electron transfer from the surfactant layer to the bonded Ce
ions.">'**37%> From the XPS spectra of the Ce 3ds/, peaks
(Figure S6), the peak position continuously shifted to lower
blinding energy as the thickness increased from 0.67 to 1.63
nm and 3.01 nm, indicating that the inorganic CeO,_, layer
received electrons from the surfactants layer.'* The super-
exchange process between two neighboring electron-receiving
Ce ions and O 2p orbital could induce additional ordered
magnetic moments, as shown in Figure 3e.

Therefore, we conclude that both Vo and electrons donated
from the surfactant molecules contributed to the robust
ferromagnetism observed in the hy-CeO,_, nanosheets. This
combined contribution was further validated experimentally.
First, Vo concentration was tuned by introducing an ultrathin
amorphous Al,O; ALD coating. Due to the oxygen depletion
from Al precursor bonding, the Vo concentration could be
raised at the crystal/amorphous interface. M—H curves showed
a significant increase of Ms from 0.059 to 0.19 emu/g after
amorphous AL, O, coating (Figure 4a). Accordingly, calculation
of the Vo concentration from the XPS data (Table S2)
confirmed that the Vo concentration was increased to 20.6%
(Figure 4d). Meanwhile, stronger carboxylate (—COO-)
peaks were observed in the ALD-coated sample (Figure 4b).
This higher intensity could be attributed to the bonding
between SA and CeO,_, being shifted from monodentate to
bidentate upon ALD coating.’*” Therefore, more electrons
were transferred from the surfactant molecules to CeO,_,,
which further enhanced the ferromagnetism.

The as-received nanosheets were also annealed in different
atmospheres to observe the magnetism change. Annealing the
nanosheets in H, for 8 h raised the Vo concentration to 21.2%
(Figure 4d). Similar stronger carboxylate XPS peaks as those
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shown in the ALD-coated samples were also observed.
Accordingly, higher Ms of 0.13 emu/g was obtained from
the H,-annealed hy-CeO,_, samples. The magnetization of
nanosheets remained almost the same after Ar annealing
because of the minimal change of Vo concentration (15.7%)
and no obvious change of the —COO— and —NH, bonding
situation. However, air-annealed hy-CeO,_, nanosheets
became paramagnetic as a result of significantly reduced Vo
concentration (3.2%) as well as the disappearance of the
—NH, peak, which may be attributed to the decomposition of
OAM at 250 °C.*” All of these results confirmed that both Vo
and surfactant bonding contributed to the enhanced magnet-
ism of hy-CeO,_, nanosheets.

B CONCLUSIONS

In conclusion, ultrathin 2D cerium oxide-based organic—
inorganic hybrid nanosheets with the thickness ranging from
0.67 to 3.01 nm were synthesized by ILE. Their magnetism
was found dependent on the thickness. A significantly
enhanced room-temperature ferromagnetism was observed
when the thickness was reduced to 0.67 nm. Their saturation
magnetization was almost S-fold large than that reported
previously for CeO, thin films and more than 20 times higher
than that reported previously for CeO, nanoparticles. The
robust magnetization was attributed to the hybridization of the
organic surfactant with the CeO,_, nanosheets, which
stabilized high concentration of Vo and enabled electron
transfer between the organic surfactant layer and cerium oxide
layer. ALD coating of the amorphous ALO; layer further
increased the saturation magnetization to 0.19 emu/g by
raising the Vo concentration from 15.5 to 20.6%. Annealing
the nanosheets in different atmospheres (e.g, H,, Ar, and air)
further confirmed that the strong magnetization in hy-CeO,_,
nanosheets was attributed to the hybridization of the organic
surfactant with the CeO,_, nanosheets by tuning the Vo
concentration and the binding situation. Our work highlights
the hybridization of the organic surfactant with the CeO,_,
nanosheets, which can enhance the magnetization of cerium
oxide nanosheets. This strategy opens up a promising avenue
toward exploring new physical properties of novel 2D organic—
inorganic hybrid nanomaterials.

B EXPERIMENTAL SECTION

Synthesis of hy-CeO,_, Nanosheets. hy-CeO,_, nanosheets
were synthesized by ILE. Typically, 15 mL of aqueous solution
containing 0.04 mM Ce(NO;), and 2 mM hexamethylenetetramine
was prepared in a glass vial with a 4.5 cm® opening area. After
standing the aqueous solution in air for 40 min, 6 uL of chloroform
solution of mixed surfactants containing (~0.9 vol %) stearic acid
(SA) solution and (~0.1 vol %) oleylamine (OAM) solution was
spread on the water surface. The SA solution had a concentration of
1.8 mol/L. The OAM solution had a concentration of 1.8 mol/L and
was mixed with hydrochloric acid to a concentration of 0.01 mol/L.
This two-layer solution was exposed in atmosphere for 10 min to
allow the chloroform to evaporate. Subsequently, the glass vial was
screw-capped and placed in a 60 °C convection oven for 100 min for
hy-CeO,_, nanosheets to grow. The hy-CeO,_, nanosheets were
directly scooped onto a substrate for further characterization. Si
substrates were used for SEM and AFM characterization. Au-coated Si
substrates (50 nm) were used for XPS characterization. Holy carbon
grids were used for TEM and STEM characterization. Sapphire
substrates were used for magnetic measurement. After transferring,
the nanosheets were dried naturally in air before characterization and
property measurement. The ALD-coated sample was obtained by
depositing 18-cycle Al,O; on the hy-CeO,_, nanosheets at 150 °C

(~0.1 nm per cycle). H,, Ar, and Air annealing was performed in the
corresponding atmosphere at 400 °C for 8 h, 200 °C for 2 h, and 300
°C for 2 h, respectively.

Material Characterization. The morphologies of the nanosheets
were characterized by a Zeiss LEO 1530 field-emission scanning
electron microscope. The atomic force microscopy tomography
images were obtained using an XE-70 Park system. A Thermo
Scientific K-alpha X-ray photoelectron spectroscopy (XPS) instru-
ment with a 100 pm spot size was used to obtain the XPS spectrum
with the flood gun turned on during the measurements. In situ
synchrotron grazing incidence X-ray diffraction (GIXRD) was
performed by a liquid surface X-ray scattering instrument on beamline
15-ID-C (CHEMMATCARS Sectors 15) with an energy of 10.0000
keV and a wavelength of 1.23984 A at the Advanced Photon Source
(APS) in the Argonne National Laboratory. A FEI TF30 transmission
electron microscope operated at 300 kV was used to study the crystal
structure. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) imaging and STEM energy-
dispersive X-ray spectrum (EDS) elemental mapping were conducted
using a FEI Titan STEM with a probe aberration corrector at 200 kV.
Superconducting quantum interference device (SQUID) magnet-
ization measurements were carried out using a Quantum Design
Magnetic Property Measurement System 3 (MPMS3) at DC mode
with the magnetic field ranging from —15000 to 15000 Oe. The
diamagnetic signals of substrates supporting the hy-CeO,_, samples in
the superconducting quantum interference device (SQUID) magneto-
meter were subtracted for all of the M—H curves. All of the magnetic
hysteresis (M—H) curves were obtained by subtracting the signal of
the bare substrate (diamagnetic signal) from the signals of hy-CeO,_,
samples on the substrate. The vertical coordinates of M—H curves
were the magnetic moment differences between as-measured raw
signals of hy-CeO,_, on the substrate and the bare substrate divided
by the mass of hy-CeO,_, samples, while the magnetic field
corresponded to the abscissa axis.
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