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Janus particles, in which two distinct compositions are integrated, have attracted considerable interest for
their potential multi-functionalities and synergistic effects. Although seed-mediated growth appears to
be a suitable strategy that meets the stringent specifications for obtaining Janus particles, it is inapplicable
to guide the growth of two crystalline components with different crystal structures. Herein, the formation
of Janus particles via phase segregation is proposed. As proof-of-concept, promising photon conversion
materials, ScFs and lanthanide (Ln) fluorides, with great differences in structure, were chosen to build a
series of Janus particles. Interestingly, using heavy (Lu, Yb, Dy and Tb) and light (Pr, Nd, Sm, Eu and Gd)
lanthanides, ScFz—LiLnF, and ScFs—-LnFs were formed, respectively. Time-dependent reaction studies
indicate that phase segregation paves the way for the formation of these Janus nanoparticles (NPs), and
this speculation is further confirmed by in situ transmission electron microscopy observations. These
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Introduction

Heterostructured nanoparticles (NPs) with desired functional-
ities have become a hot topic in nanoscience."”” As the sim-
plest of heterostructures, Janus structure and core/shell (C/S)
structure have received extensive attention. Similar crystal
structures and closely matched lattice parameters (discrepancy
of usually <3%)>* between core and shell components are pre-
ferred for C/S structure fabrication, thus greatly narrowing the
selection of core or shell materials. In contrast, Janus structure
connects two components asymmetrically, partially relaxing
the lattice match requirement.> Owing to the exposure of two
different surfaces,® Janus structures can also act as platforms
for flexible surface functionalization” or various chemical reac-
tion possibilities.® Moreover, integrating different materials can
give rise to emergent properties and even synergistic effects,” as
reported for Au/CeO, Janus structures, for which good catalytic
performance was obtained due to the hetero-interface electron
transfer.'® In light of these advantages, Janus structures have
been studied for applications in heterogeneous catalysis,"" mag-
netics,'? electrochemical detection,"® and even nanomachines,*
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investigations provide new insights for the synthesis of heterostructured materials.
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bioimaging,"® and theranostics.
are synthesized using the seed-growth metho namely an-
isotropic nucleation on crystalline seeds,”® which limits the
integration of two building blocks with different crystal struc-
tures or/and guest building block with mismatched facets.>'**
Hence, an effective alternate synthetic route to seed-growth
method should be developed.

Lanthanide (Ln) fluorides are promising photon conversion
materials due to their narrow-band emission, high photo-
stability and long luminescent lifetimes.**** Heterostructured
lanthanide fluorides have attracted research interests in energy
transfer,”>?® bioimaging,”” theranostics,"" multicolor emis-
sion,”® and multiplexed detection.?® However, Janus structures
are rarely studied for these applications because of the hetero-
geneous isomorphism of lanthanide fluorides.® On account
of the lanthanide contraction and the varied structures that
come from vacancies, the synthesis for lanthanide Janus
particles has not been developed so far. Compared with
lanthanide elements, scandium features a distinct electronic
configuration and a smaller radius; thus, Sc**-based nano-
materials endow lanthanide ions with unique optical perform-
ances.’” Moreover, cubic ScF; has different crystal structure
from that of lanthanide fluorides, including LiLnF, and LnF;
(Tables S1 and S2 of ESIt). Therefore, it is desirable to investi-
gate the strategy for preparing Janus particles with scandium
fluoride and lanthanide fluorides as building blocks and the
effect on their intrinsic properties.

Herein, a phase segregation protocol is proposed to
fabricate a series of scandium fluoride-lanthanide fluoride

Typically Janus structures
d 18,19
)
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Janus structures. Interestingly, ScF;-LiLnF, and ScF;-LnF;
were formed using heavy (Lu, Yb, Dy and Tb) and light
(Pr, Nd, Sm, Eu and Gd) lanthanides, respectively. As demon-
strated in ScF;-LiYbF, NPs, a phase segregation process
is crucial for the formation of Janus particles as confirmed
via in situ TEM observations. These findings indicate that
this protocol could be a valuable supplement for multiple
heterostructures.

Results and discussion

The Janus structure NPs with a ScF;-LiYbF, hetero-interface
were synthesized by a modified thermal decomposition
method.** As shown in Fig. 1a and b, these highly uniform
Janus NPs are composed of a hemisphere with a diameter of
19.3 + 1.1 nm and a truncated cube with a side length of 23.4 +
2.3 nm. High-angle annular dark field-scanning transmission
electron microscopy (HAADF-STEM) image shows a distinct
contrast (Fig. 1c) and reveals the heterogeneous mass distri-
butions between these two regions. STEM-energy dispersive
X-ray spectroscopy (EDS) line scan result (Fig. 1d) and elemen-
tal mapping (Fig. 1e) further verify that scandium is mostly
present in the light grey truncated cubic region and ytterbium is
dominant in the bright hemi-spherical area. The X-ray diffraction
(XRD) patterns (Fig. 1f) illustrate that these NPs consist of cubic
ScF; (ICDD: 00-046-1243) and tetragonal LiYbF, (ICDD: 01-071-
1211). Collectively, these results indicate that the truncated cubic
region corresponds to cubic ScF; and the hemi-spherical area
corresponds to tetragonal LiYbF,. These results agree well with
legible lattice distances measured in the high resolution TEM
(HRTEM) images (Fig. 1g). In the light grey truncated cubic
region, the lattice distance of 0.41 nm can be measured, corres-
ponding to the {100} planes of cubic ScF;. Moreover, the lattice
distance of 0.46 nm measured in the hemispherical area can be
indexed to the {101} planes of tetragonal LiYDF,.
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Despite distinct crystal structures of ScF; and LiYbF,, the
synthesis of ScF;-LiYbF, Janus NPs was achieved by a one pot
reaction. To investigate the formation mechanism of these
Janus NPs, aliquots of reaction mixtures were taken at
different reaction times at 320 ©°C. Representative
HAADF-STEM and HRTEM images are shown in Fig. 2, high-
lighting the typical changes in the shape and structure of the
NPs.

At 8 min, the NPs are quasi-spheres with diameters of
2-8 nm (Fig. 2a). Inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) suggests that these NPs contain Yb®*/
Sc**/Li* with an average ratio of 0.10/0.24/1.00 (Table S3 of
ESIT). However, it is difficult to identify their structure due to
their poor crystallization (Fig. 2b and Fig. S1 red line}). At
10 min, they developed into composite nanoparticles (Fig. 2c)
with similar elemental distribution tendencies for ytterbium
and scandium (Fig. S2f). Significantly, the HRTEM image
(Fig. 2d) illustrates that these NPs are composed of multiple
separated crystal domains. The blue-stained central part is
assigned to be cubic ScF; and the surrounding parts stained
by yellow are likely to be intermediates. The three sets of
lattice fringes obtained in the yellow parts and the corres-
ponding diffraction (Fig. S1 orange linet) cannot be correlated
with any Sc or/and Yb-based species. At 11.5 min, a small
portion of products still retain polycrystalline domains and the
yellow parts show lattice fringes of 0.31 nm (Fig. S3a and bf).
Moreover, most of the NPs self-regulate via dissolution and
recrystallization as well as ionic exchange into Janus NPs
(Fig. 2e). A fraction of these Janus NPs have the same lattice
fringes of 0.31 nm as observed for the polycrystalline NPs
(Fig. 2f), implying the continuous evolution of the intermedi-
ates. At 13.5 min, almost all the particles evolve to Janus struc-
tures (Fig. 2g). Some can be identified as ScF;-LiYbF,; NPs
(Fig. 2h), while the others continue structure evolution and
coexist as intermediates and poorly crystallized portions

(Fig. S47).
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Fig. 1 (a, b) TEM images and (c) HAADF-STEM image of ScFz—LiYbF4 Janus NPs, (d) EDS line scan and (e) STEM-EDS elemental mapping of a single
NP, which indicates the Sc and Yb elements are located in the cubic and hemispherical region, respectively. (f) XRD patterns of as-synthesized
ScFz—LiYbF,4 Janus NPs, and (g) HRTEM image of ScFs—LiYbF, Janus NPs. Standard cubic ScFz (ICDD: 00-046-1243) and tetragonal LiYbF, (ICDD:

01-071-1211) patterns are also shown in (f).
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e) 11.5 min 4 [ g)13.5 min

Fig. 2 TEM images of the temporal evolution of samples during the isothermal process. (a) and (b), (c) and (d), (e) and (f), and (g) and (h) correspond
to HAADF-STEM image and HRTEM image of aliquots taken at 8 min, 10 min, 11.5 min and 13.5 min, respectively.

In order to elucidate the driving force for the transform-
ation from the nucleation products to Janus NPs, the sample
obtained at 8 min were separated from reaction solution and
heated to 320 °C by an in situ heating holder loaded on a TEM.
After 1 h, the NPs transform into Janus NPs (Fig. 3a), and the
corresponding HRTEM image identifies them as ScF;-LiYbF,
(Fig. 3b) although they are not uniform in size. Without
additional feeding of chemicals, the nucleation products still
transform into Janus NPs via in situ heating, implying that
heating-induced phase segregation is crucial for the formation
of these Janus NPs.**

The importance of phase segregation was further confirmed
by control experiments carried out using the seed-growth
method. As shown in Fig. S5,f with ScF; NPs (Fig. S5af) or
lithium containing ScF; NPs (abbreviated as ScFj(Li"),
Fig. S5b¥) as the starting seeds, isolated ScF; and LiYbF, NPs,
rather than Janus NPs, or core/shell NPs appeared as the final
products (Fig. S5c—f{) after adding the other precursors (Li*
and Yb*" or Yb®* only). Compared with the one pot reaction,
well-crystallized ScF; or ScF5(Li') with particular surfaces pose
a large barrier for the nucleation of another component.

Fig. 3 In situ (@) TEM image and (b) HRTEM image of the final NPs
after in situ heating the nucleation products (obtained at 8 min) at
320 °C for1h.
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LiYbF, inclines to nucleate separately®*?>

energy of the system.>® In contrast, the phase separation
induced Janus structure in the one pot reaction is unrestricted
by the exposed facets of seeds, hence making it easier to form
a hetero-interface.

For two building blocks having different crystal structures
and large lattice mismatch, the phase segregation-based proto-
col provides an effective way to construct Janus structures. To
understand the feasibility of the hetero-interface formed
between lattice-mismatched structures, we further investigated
the nature of the interface. Based on the hetero-interface
details in HRTEM image (Fig. 2h), {204} planes of LiYbF, are
parallel to the {110} planes of ScF;. From the geometry of the
crystal structures (Fig. S6a and S6bt), the distance between
two F~ is 1.475 nm in the {204} planes of LiYbF,, which is
1.5 times of that in ScF; {110} planes (0.982 nm). In addition,
the interplanar spacing of {204} facets is 0.184 nm for LiYbF,
(Fig. Séct), while that of {110} planes for ScF; is 0.284 nm
(Fig. S6df). The facet mismatch of |2d10y — 3d2043|/3d 204 is
2.9%, iLe., less than 5%. Moreover, this facet match can be
revealed from the fast Fourier transformation (FFT) patterns of
the overall ScF;-LiYbF, Janus nanoparticle (Fig. S7at), LiYbF,
(Fig. S7b¥) and ScF; (Fig. S7ct) domains. It can be seen that
spots 1 and 2, which correspond to the {204} plane of LiYbF,
and {110} plane of ScF;, respectively, are aligned across the
center. Collectively, these results indicate the well-matched
{204} planes of LiYbF, and {110} planes of ScFs.

Based on the abovementioned results, the formation
process of the Janus nanostructure is illustrated in Scheme 1.
The growth starts from homogeneous nucleation of mixed
cation species with thermolysis of metal trifluoroacetates, and
phase segregation causes further growth to form Janus NPs.?”
Throughout the process, phase segregation plays an important
role in integrating two distinct crystals.

In addition to those of Yb*', Janus NPs with other heavy
lanthanides, namely, Lu, Dy and Tb were also synthesized
(Fig. 4a, Fig. S8a and bf) and identified as ScF;-LiLnF,

to lower the total

This journal is © the Partner Organisations 2018
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Scheme 1 The formation mechanism of ScFz—LiYbF4 Janus NPs.
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Fig.4 The TEM images of TEM images of as-prepared scandium
fluoride—lanthanide fluoride Janus NPs, lanthanide = Lu, Gd, and Nd.

(Fig. S91). Interestingly, although the light lanthanides Pr, Nd,
Sm, and Eu and the borderline lanthanide Gd do not favor the
formation of tetragonal LiLnF,,*® Janus structures consisting
cubic ScF; and hexagonal LnF; were still formed (Fig. 4b, c
and Fig. S8c-ef), which was confirmed by XRD data
(Fig. S10a-et). The formation mechanism is similar to that of
ScF;-LiYbF, (Fig. S11}), as demonstrated in ScF;-NdF;. The
above results indicate that the phase segregation protocol is
applicable to Ln-based Janus NPs.

To study the optical performance of the Janus-structured
NPs, 2%Er’"/2%Ho0>"/0.5%Tm>" doped ScF;-LiYbF, Janus NPs
were prepared (Fig. S12f) and the corresponding optical
spectra were collected (Fig. $13%). Herein, Er*" doped ScF;-
LiYbF, Janus NPs were analysed as a typical example, and a
higher doping concentration of 6%, instead of the typical
doping of 2%, was chosen to clearly identify the distribution
of the dopant in a single ScF;-LiYbF, NP. In the entire Janus

2]
—

Intensity (a.u.)

500 600 1500 1600
Wavelength (nm)

Fig. 5 (a) The HAADF-STEM image (b) EDS line scan of a single Er®*
(6%) doped ScFz—LiYbF4 Janus NP, and (c) normalized upconversion and
near-infrared emission spectra of Er** (6%) doped ScFs-LiYbF, Janus
NPs. NPs are irradiated by 980 nm laser (24 W cm™3).

This journal is © the Partner Organisations 2018
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NP, Er’* and Yb®" are mostly present in the LiYbF, portion
(Fig. 5a and b). Under the 980 nm laser excitation, these NPs
yield typical upconversion and near-infrared emissions of
Er** (Fig. 5¢) with peaks located at 410 nm (*Hop, — ‘Iy55),
525 nm (*Hyy — Iis/), 545 nm (*Sz5 = Liss), 655 nm (*Fgjp —
M,5,)°% and 1530 nm (i3, — *1;5,).*" Furthermore, these
Janus NPs present a red-to-green ratio (R/G) of 1.32, which is
higher than that of 2%Er*" doped Janus NPs (Fig. S12a,} R/G =
0.84). This is probably attributed to the higher cross relaxation
rate at an elevated content of Er*".

Conclusions

A phase segregation-based protocol was presented to syn-
thesize Janus particles consisting of two parts with different
crystal structures. With this design, a series of scandium fluor-
ide-lanthanide fluoride Janus NPs were synthesized for the
first time. The formation of Janus NPs starts from homo-
geneous nucleation of mixed cation species, which undergoes
phase segregation for the further growth towards scandium
fluoride and lanthanide fluorides. Throughout the process,
the phase segregation is the crucial step for the formation of
Janus NPs. This synthetic method may provide new insights
into the synthesis of heterostructures.
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