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ABSTRACT
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Two-dimensional (2D) rare-earth oxides (REOs) are a large family of materials with various intriguing

applications and precise facet control is essential for investigating new properties in the 2D limit. However,

a bottleneck remains with regard to obtaining their 2D single crystals with specific facets because of the
intrinsic non-layered structure and disparate thermodynamic stability of different facets. Herein, for the first
time, we achieve the synthesis of a wide variety of high-quality 2D REO single crystals with tailorable facets

via designing a hard-soft-acid-base couple for controlling the 2D nucleation of the predetermined facets and

adjusting the growth mode and direction of crystals. Also, the facet-related magnetic properties of 2D REO

single crystals were revealed. Our approach provides a foundation for further exploring other
facet-dependent properties and various applications of 2D REO, as well as inspiration for the precise growth

of other non-layered 2D materials.
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INTRODUCTION

Rare-earth (RE) elements possess intriguing chemi-
cal and physical properties because of their unique
electron structures [1-3]. The shielded nature of
4f electrons in RE atoms leads to highly coherent
4f-4f optical and spin transitions [4,5], which
makes rare-earth composites excellent candidates
in the fields of luminescent [6], magnetic [7],
electronic [8,9] and catalytic activities [10,11].
Two-dimensional (2D) rare-earth oxides (REOs),
incorporating the unique behaviors of RE elements
[12], are drawing immense interest for various ap-
plications such as optics [13], magnetism [14,15],
high-efficiency catalysts [16,17], transistors [18,19]
and biomedicine [15]. Owing to the enhanced
surface-area-to-volume ratio and quantum confine-
ment [12,13,17], 2D REOs are highly promising
with regard to showing diverse properties, some of
which do not exist in bulk materials. Meanwhile,
the delicate manipulation of exposed facets of 2D

materials greatly provides an effective strategy for
designing novel metal oxide micro-/nanostructures
with a high degree of freedom, and enlarging
the facet-related properties of the materials, thus
enriching fundamental and practical research
[20,21]. It has been reported that the crystal-
lographic orientation and surface energy ()
of REOs will influence their optical, electronic,
hydrophobic, magnetic and catalytic properties
[5,22-24]. Thus, it has become a vital issue to
controllably synthesize various ultrathin 2D REO
single crystals with predetermined facets and
explore their unique properties and potential
applications.

However, delicately manipulating the ther-
modynamic stability of the 2D REO exposed
facets to form specific architectures is still a
challenge. For one thing, the inherent strong
ionic bonding in the non-layered cubic struc-
tures [4,12] of the REO compounds hinders
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the exfoliation process, and even worse, it easily
induces an isotropic growth along three dimensions,
thus greatly impeding the 2D anisotropic growth.
For another thing, the accessible 2D crystals are
dominated by the thermodynamically stable facets
with lower y, which impedes the generation of 2D
crystals exposing other high-active facets [25,26].
Strategies were established to regulate the sta-
bility of corresponding surfaces by using organic
surfactants [27-29], mineralizers [30] or foreign
chemicals [31] in the solution system, which can
realize the controllable design of the nanocrystal
facet [26,32]. Unfortunately, the introduced organic
residues may affect the availability of high-quality
crystals. As a consequence, the development of a
universal and facile method to effectively synthesize
a series of high-quality 2D REO single crystals with
tailorable facets is important but challenging.
Herein, for the first time, we present a general
method for synthesizing various high-quality 2D
REO single crystals covering light REO to heavy
REO, tailoring their facets and exploring the facet-
related properties that were impossible in the chemi-
cal vapor deposition (CVD) system before. 2D REO
single crystals exposing different facets were pro-
duced from controllable dissolution and precipita-
tion in natural solvent liquid gold (Au) directed by
a facet-controlling assistor (FCA) according to the
designing principle of a hard-soft-acid-base (HSAB)
couple. Density functional theory (DFT) calcula-
tions verified that the y of different REO facets
would reverse with the increase of FCA and the ex-
posed facet would change from (111) to (100). Our
versatile work brings forth new insights for realizing
the anisotropic growth of non-layered 2D REO ma-
terials and enriches the 2D material family. Notably,
the establishment of a general synthesis method and
the high facet maneuverability of 2D REO single
crystals open up opportunities for studying a wide
range of properties and potential applications.

RESULTS AND DISCUSSION

Universal synthesis of 2D REO single
crystals with controllable facets

2D REO single crystals exposing different facets
were successfully produced which can be attributed
to the following aspects: (i) REOs have good solu-
bility and non-reactivity in liquid Au, which is con-
ducive to their saturated precipitation and nucle-
ation on the Au surface during cooling and also can
avoid residual impurities compared with the com-
mon organic solvent system; (ii) during the growth
process, the strong interaction of the introduced
FCA with the REO surface greatly manipulates the
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growth mode and direction of the non-layered REO
(see Methods). Based on the HSAB theory [33], RE
ions are hard acid and prefer to have affinities to-
ward the base. Here, NH,X (X~ =CIl~,Br—,17) is
employed as the FCA, and halide ions (X~ ) belong-
ing to the base act as the active assistor. The intro-
duction of an FCA not only suppresses the isotropic
growth along the three-dimensional (3D) direction
and impedes the thickening of 2D REOs, but also
leads to the change in the relative y of each facet with
the increasing concentration of FCA and eventu-
ally determines the final exposing facet (Fig. 1). The
strategy can be extended to the facet-controllable
synthesis of a series of 2D REO single crystals, in-
cluding light REO (CeO,, Nd,03), middle REO
(Sm, 03, Eu,03) and heavy REO (Dy, 03, Ho, O3,
Y,0;), respectively (Fig. 1). We use Raman spec-
troscopy to verify the crystals we obtained. Scanning
electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS) mappings of these REO
crystals with different facets are also presented to
confirm their uniformity (Figs S1-S7). For conve-
nience, all we show here are the results about the
facet-controllable effect of FCA(;. In addition, by
controlling the reaction time and temperature, we
can also regulate the lateral size of the single crystals
(Figs S8 and S9). The universal facet-controllable
growth of 2D CeO, single crystals by introducing
FCAg, and FCA; are shown in Figs S10 and S11.

High-quality 2D Ce0,(111) and Ce0,(100)
single crystals

We employed the as-synthesized 2D CeO, single
crystals with different exposed facets as a typical ex-
ample to conduct further characterization for bench-
marking our approach. As mentioned above, the
facet of CeO, was sensitive to the concentration
of FCA(). Increasing the concentration of FCA¢
will lead to the facet transition from CeO,(111) to
Ce0,(100), with the shape changing from trian-
gle to square (Fig. 2a and d). The atomic force mi-
croscopy (AFM) image in Fig. 2b shows an indi-
vidual triangular CeO,(111) flake with a thickness
of 4 nm. As for square CeO,(100), the thickness
was 5.1 nm (Fig. 2e). The Raman spectrum of a tri-
angular flake showed a single peak at ~463 cm ™'
attributing to the F,;, mode of cubic phase CeO,
(Fig. 2¢), and the symmetry and strength of F,; con-
firmed the high crystallinity of the 2D CeO,(111)
single crystal. A similar result was also observed in
the Raman spectrum of the square 2D CeO,(100)
single crystal (Fig. 2f) [34]. Figure S12 shows X-ray
diffraction (XRD) spectra for 2D CeOj single crys-
tals respectively, suggesting the successful synthesis
of pure 2D CeO, single crystals exposing specific
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Figure 1. Schematic illustration of the universality of the facet-controllable synthesis
strategy assisted by the FCA. The schematic in the middle shows the growth process
of 2D REO single crystals with tailorable facets (blue atoms, RE atoms; white atoms,
0 atoms; red atoms, X ions (base)). The SEM images around the schematic show the
as-obtained 2D REQ single crystals exposing different facets. Scale bar: 1 pum.

pure facets. The exhibition of Au(111) in both cases
verified that the facet-controllable process is not de-
rived from the epitaxy growth of Au substrate. Based
on the low-loss electron energy loss spectra (EELS)
(Fig. S13), the bandgap of the 2D CeO,(111) and
Ce0,(100) were estimated to be 5.0eVand 4.98 eV,
which showed a distinct blue shift compared with
bulk CeO, (3.2 €V) [13]. The increased bandgap for
the 2D CeO, single crystal indicated the existence of
a strong quantum size effect in the 2D limit. In ad-
dition, the X-ray photoelectron spectroscopy (XPS)
spectraand analyses (Fig. S14aand b) demonstrated
that both 2D CeO,(111) and CeO,(100) single
crystals are reasonably stoichiometric [35,36]. The
XPS spectra of the 2D CeO, single crystals exposing
different facets by employing NH4Br and NH,I as
FCA were also collected in Figs S15 and S16.

To probe the atomic structural differences of
CVD-grown 2D CeO,(111) and CeO,(100) single
crystals, high-angle annular dark-field scanning
electron microscopy (HAADF-
STEM) images were utilized to reveal the atomic
arrangement of the crystals (Fig. 2g and j). Also,
bright-field STEM (BF-STEM) images were exhib-
ited in Fig. S17. In Fig. 2h, the lattice distance of the
2D CeO,(111) crystal was measured to be ~1.9 A,
which was in good agreement with the standard
PDF card (JPCDS card no. 34-0394). Figure S17b
shows the intensity profile derived from the region

transmission

marked by a blue line in Fig. S17a; the distance
between each neighboring peak was measured to be
~2.2 A, which corresponded to the lattice distance

Page 3 of 8

of (220) facet. The EDS in Fig. S17c¢ further implied
the existence of Ce and O. The corresponding
selected area electron diffraction (SAED) patterns
showed an array of spots with a 6-fold and 4-fold
rotational symmetry, respectively (Fig. 2i and I).
The lattice distances of 2D CeO,(100) crystal were
measured as ~2.7 A and ~1.9 A (Fig. 2k). We also
further derived the lattice distance by analyzing
the peak position distance (Fig. S17e and f) in the
intensity profile corresponding to the region marked
by the red and blue lines in Fig. S17d. The measured
values agreed well with those obtained from the
SAED pattern. Besides, the SAED patterns recorded
from different regions of the corresponding 2D
Ce0,(111) and CeO,(100) crystals verified the
good single crystallinity owing to the same spot
spacing and coincident orientation of the patterns
(Fig. S18). All of these characterizations demon-
strated the atomic-thickness nature and excellent
crystallinity of the 2D CeO, single crystals grown
via the CVD process assisted by FCA.

Mechanism of the strategy

FCA is a critical factor in this facet-controllable pro-
cess. NH4X (X~ = CI7, Br, I") was employed
here as the FCA, and can easily supply active assistor
X ions (base) to control the growth of single crystals
in the corresponding reaction zone (500-600°C)
because of the low melting point (338-551°C). Si-
multaneously, the control experiment of only intro-
ducing NH3, which is one of the main thermally de-
composed products of NH,Cl, verified that NH;
cannot act as FCA to effectively realize the con-
trol of the exposed crystal facet (Fig. S19). RE ions
have empty orbitals and prefer to accept electrons.
Halide ions could form a coordinate bond by do-
nating electrons to the empty orbitals of the metal
(X~ (np)—Ln*" (5d, 4f)). According to the HSAB
theory [33], RE ions are classified as hard acid, and
active ions (Cl~, Br~, I7) are hard base, border-
line base and soft base, respectively. Due to the in-
teraction between FCA and REO surface, the ab-
sorption of FCA on that particular facet will hin-
der the further precipitation of RE and O atoms in
3D dimensions, thereby promoting and obtaining
2D REO. The early nucleation of 2D CeO,(111)
and Ce0,(100) single crystals are shown in Fig.
S20. They tend to arrange in a directional way due
to the use of liquid metal substrate, which tends to
become single crystal after curing, which will affect
the arrangement of crystals in subsequent growth
stages. The thickness was characterized to be 2-3 nm
which means that we have successfully controlled
the 2D nucleation of the predetermined facets of
the non-layered REO (Fig. S21). Then, as the con-
centration of FCA increased, the chemical potential
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Figure 2. Morphological and atomic morphology of the as-synthesized 2D CeQ; single crystals. (a and d) SEM images of
trigonal and square 2D Ce0; single crystals; scale bar: 5 wm. (b and e) AFM images of the trigonal CeQ, single crystal with a
thickness of 4 nm and the square Ce0, single crystal with a thickness of 5.1 nm. (¢ and f) Typical Raman spectra of trigonal and
square 2D Ce0; single crystals. (g and j) HAADF-STEM images of 2D Ce0,(111) and Ce0,(100) single crystals, respectively
(blue atoms: Ce; white atoms: 0). (h and k) The magnified STEM images from the yellow box regions in (g and j), respectively.
(i and 1) SAED patterns of 2D Ce0,(111) and Ce0,(100) single crystals, respectively.

of X ions (i) increased, which led to the reversed
y ranking of each REO facet and the acquisition
of 2D REOs exposing different facets. In addition,
the interaction between the RE ions and X ions de-
creased because of the lower bond energy in se-
quence (Fig. 3a) [37]. Thus, the weaker the alkalinity
of the active X ions, the higher corresponding FCA
concentration is required to realize the 2D growth
and facet-controllability of the REO (Table S1).
Figure 3b shows the quantitative results and the cor-
responding shape evolution of CeO, single crystals
by introducing different bases. The shape changed
from triangle to square from area I to IIL, but in area
IV no crystals were obtained because we could not
get awell-spread liquid Au substrate (Fig. 3d—f). The
shape evolution process of CeO, single crystals by
introducing FCAg, and FCA| are shown in Figs 522
and S23.

It is reported that facets with lower specific y
are favored by thermodynamics and will be ex-
posed on the surface of the crystal [25,26]. To con-
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firm the mechanism further, DFT calculations were
performed (Figs $24-S26). According to previous
literature [38,39], y can be evaluated by

Nsluh
=|E — ——E /2A,
14 < slab Nour bulk

where E,, is the total energy of the slab, Ej, is the
energy of the bulk unit cell containing the same num-

(1)

ber of atoms as in the slab, Ny, is the number of
atoms in the slab, Ny, is the number of atoms in the
bulk, A is the surface area, and the factor of 2 in the
denominator accounts for the two sides of the slab.

In this work, the one-sided relaxation and the in-
fluence of Cl should be considered, thus . is incor-
porated into the surface-energy calculation. y canbe
donated by

Niiab
y = Esluh+c1,relax—N—Ebulk—NCIMcz A

bulk
—Vfrozens (2)
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Figure 3. Mechanism of the facet-controllable strategy assisted by the FCA. (a) The interaction between hard acid (RE ions)
and different bases (X ions). (b) Shape evolution of Ce0; single crystals by introducing different bases (red line: hard base; blue
line: borderline base; black line: soft base; area I: triangle; area I: triangle and square; area lIl: square; area IV: no crystals). (c)
Surface energy y of Ce0(111) and Ce0,(100) for different surface coverages of Cl atoms as a function of chloride chemical
potential w¢. Each line represents one Cl coverage situation. The inset shows the Cl 2p XPS of 2D CeQ, single crystals
exposing (100) facet obtained by the assistance of FCA,. Details are given in the Supplementary Data. Colored regions of
the plot represent the minimum y on each surface. Minimum surface energies on Ce0,(100) and Ce0,(111) are shown with
solid and dashed lines, respectively. When j¢ reaches the value of —2.05 eV (marked by a blue star), the surface energy
is reversed. (d—f) Evolution of the exposed facets of 2D Ce0, with the increasing concentration of FCA, (scale bars: 2 um;
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where Egapt ¢, relax 18 the total energy of a relaxed slab
with adsorbed Cl, N is the number of adsorbed Cl
atoms and ¥ fz., is the surface energy of the surface
with atom positions frozen to their bulk values.

We take the FCA( to assist the facet-controllable
growth of CeO, single crystals as an example. It is

Yfrozen = <Eslub,frozen

shown that y can be plotted as a function of pt to
further explore the mechanism (Fig. 3c). For ¢ <
-3.04 eV, the ¥ of bare CeO,(111) is lower than
that of CeO,(100). The bare CeO,(111) surface is
thermodynamically favored in this regime, and the
shape of the as-grown crystal is a triangle. How-
ever, once FCA is introduced in the system, the y of
Ce0,(100) decreases significantly. As ¢ reaches
-2.05 eV, the surface coverage of Clis 0.5 monolayer
(ML) on Ce0,(100) and 0.66 ML on CeO,(111),
and the y of CeO,(100) becomes lower than that of
CeO,(111). At this point, the shape of the as-grown
CeO, crystal begins to change from a triangle to a
square (Fig. 3c). That is, with a low i, the calcu-
lated y (111) is lower than ¥ (1¢0), which means expo-
sure of the CeO,(111) facet is preferred. With the
increase of [icj, the calculated y of the CeO, facet
changes from ¥ (111) < ¥ (100) t0 ¥ (100) < ¥ (111) and
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the corresponding crystal morphology changes from
triangle to square (Fig. 3d-f). Interestingly, we also
found that two types of facets can be produced si-
multaneously, which may be attributed to the com-
petitive reaction caused by the almost equal y of
these two facets at the critical point (Fig. 3¢). Mean-
while, the weak signal of Cl on 2D CeO,(100) sin-
gle crystals has been identified by XPS in Fig. 3¢ (in-
set), which demonstrates the existence of the FCA
(FCAq)). In addition, the Ce 3d peak shifted to the
lower energy direction (~2 eV) after the adsorp-
tion of CI~ on the crystal surface, which confirmed
the electron transfer from hard base (Cl™) to hard
acid (Ce*") (Fig. S14). These DFT calculation re-
sults agree well with our experimental results, which
shows that the facet-controllable synthesis of mate-
rials can be successfully achieved by our method.

Magnetic properties of 2D Ce0,(111)
and Ce0,(100) single crystals

To investigate the facet-dependent magnetic
properties, magnetic measurements on both the
2D CeO,(111) and CeO,(100) single crystals
were employed. First, a field cooling process was
conducted under an external field of 2000 Oe.
As shown in Fig. 4b, the temperature-dependent
magnetization (M-T) indicated the obvious
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Figure 4. Magnetic characterization of CeO, single crystals. (a) Side and top views
of slab models for the two different facets of CeO,. (I and Il) for Ce0,(100) facet,
and (Il and IV) for Ce0,(111) facet. The blue and white spheres stand for Ce and O
atoms, respectively. (b) In-plane temperature-dependent magnetization of Ce0,(111)
and Ce0,(100) single crystals at 2000 Oe. (c) In-plane magnetic hysteresis (M—H) loops
of Ce0,(111) and Ce0,(100) single crystals at different temperatures.

paramagnetic nature and the distinct different mag-
netization of 2D CeO,(111) and CeO,(100) single
crystals, which can be attributed to the different
number of Ce atoms per unit area in the termi-
nated CeO,(100) and CeO,(111) facets [40,41].
And the estimated values were 0.066 Ce A> and
0.079 Ce A2 for Ce0,(100) and CeO,(111)
facets, respectively (Fig. 4a). To quantitatively
compare the magnetization, we produced statistics
on the sample coverage of different crystal facets
(Tables S4 and SS) and their corresponding thick-
ness (Fig. S$28). The weight of 2D CeO,(111)
and Ce0,(100) single crystals can be measured
at ~6.98 x 1077 g and 1.34 x 1076 g. Hence,
the saturation magnetization of 2D CeO,(111)
and CeO,(100) can be estimated to be 38.19 and
17.88 emu/g at 295 K, respectively. The magnetic
hysteresis loops from 2 to 360 K presented as a
straight line, indicating the paramagnetic prop-
erty (Fig. 4c). Similar tendencies were shown in
Fig. S§27 when applying a vertical magnetic field.
And the saturation moment of 2D CeO,(111) and
Ce0,(100) can be estimated to be ~37.80 and
16.10 emu/g at 295 K, respectively. According to
the magnetic hysteresis loops, the magnetic sus-
ceptibility decreased as the temperature increased,
conforming to Curie-Weiss law, and verified the
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intrinsic paramagnetic nature of 2D CeO, single
crystals further.

CONCLUSION

In summary, we developed a strategy to achieve
a general synthesis of a series of high-quality 2D
REO single crystals with tailorable facets, and also
explored the intrinsic facet-dependent characteris-
tics of 2D REO single crystals. In addition, we pro-
posed, for the first time, that the thermodynam-
ics of facets of 2D ultrathin materials can be ma-
nipulated by introducing FCA, which can control
the 2D nucleation of the predetermined facets in
the CVD process, which was previously impossi-
ble. The mechanism we demonstrated not only lays
a foundation for enriching the library of 2D REOs
with different facets, but also has the potential to
obtain other RE composites or even other non-
layered materials with every kind of facet, even
high-index facets possessing enhanced chemical ac-
tivities, by designing appropriate FCA. Moreover,
other liquid metals like Ga, In and Sn with a lower
melting point can be applied for substrates dur-
ing the process of low-temperature growth of ma-
terials, which will largely reduce cost and energy
consumption.

METHODS

Synthesis of 2D REO single crystals

The CVD growth of 2D REO single crystals was con-
ducted in a quartz tube with a length of 1.1 m and a
diameter of 25 mm, which was placed in a single hot-
wall furnace (Model HTF 55322C, Lindberg/Blue
M) under ambient pressure. The Au wire (3 mm)
and REO powders were placed on the fresh Mo foil.
The temperature of the furnace was elevated from
room temperature to 1080°C (~25°C/min) in Ar
(200-300 sccm) and H, (5-20 sccm) atmosphere
and maintained at 1065-1080°C for 10-25 min to
ensure Au spread evenly over the entire foil and to
allow REO powders to dissolve into the molten Au.
After that, the temperature was naturally decreased
to room temperature under Ar/H, flow. Either zero,
or only a few grains, of NH,X (X~ =Cl~,Br~,17)
were putin a quartz boat and placed at the upstream
of the quartz tube, ~10 cm away from the substrate,
to induce the synthesis of 2D REO (111) single crys-
tals. For the growth of 2D REO (100) single crystals,
more NH4X was needed. The quantitative experi-
ment of the growth 2D CeOj single crystals is shown
in Table S1. Upon adsorption of X ions on REO
facets, the surface energies of different REO facets
were reversed to be ¥ (100) < ¥ (111) and, thermody-
namically, the exposure of the REO (100) facet was
preferred.
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Characterization

Raman spectra were conducted using a Renishaw-
inVia Plus with an excitation wavelength of 532 nm.
SEM images were taken by Zeiss Sigma. XPS
was performed on a Thermo Scientific, ESCALAB
250Xi. The binding energies were calibrated by ref-
erencing the C 1s peak (284.8 V). The AFM image
was measured on a confocal laser microscope sys-
tem (Alpha 300RS+, WITec). The XRD pattern was
measured on a Rigaku Miniflex600 powder diffrac-
tometer. The TEM images in Fig. 2 were obtained
with JEOL COM operated at 80 kV. The low-loss
electron EELS spectra were obtained by FEI Tecnai
operated at 80 kV. The TEM images in Fig. S18 were
obtained by a probe-corrected high-resolution TEM
system (FEI Tecnai) operated at 300 kV. All mag-
netic measurements were carried out in a magnetic
property measurement system (MPMS-XL, Quan-
tum Design).

SUPPLEMENTARY DATA

Supplementary data are available at NSR online.
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