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Colloidal heteronanocrystals have drawn tremendous atten-
tion in the last decade because they offer unlimited possibil-
ities in either promoting properties of their individual
components or integrating various functional components
within one single structure.[1–9] These tunable properties lead
to potential applications in diverse fields, such as catalytic
reactions,[10–12] solar energy harvesting,[13, 14] optoelectron-
ics,[15, 16] upconversion emission,[17] and biological applica-
tions.[18] A thorough understanding of their growth mecha-
nism is required to optimize their performance in various
applications. Most colloidal heteronanocrystals are synthe-
sized through epitaxial growth. Previous studies used the
growth model of multilayered thin films to illustrate the
epitaxial growth of colloidal heteronanocrystals.[7, 19–21] The
deposition modes for a secondary material onto a substrate
are described with Franck–van der Merwe, Volmer–Weber,
and Stranski–Krastanov models.[7, 20] The three modes will
result in continuous core–shell nanostructures, discontinuous
core–branch nanostructures, and intermediate nanostruc-
tures, respectively.

Solid–solution interfacial energies and solid–solid inter-
facial energy with the respective materials are the underlying
principles that determine which growth mode will be adopted.
For example, a stable solid–solid interface with relatively
unstable solid–solution interfaces favors the Franck–van der
Merwe growth mode. The interfacial energies, determined by
the lattice mismatch and interfacial bonding forces, are varied
by the different types of facets, which offer a broad way to
control the composition and overall morphology of the

heteronanocrystals. For instance, gold nucleated and grew
preferentially at a single tip of CdS nanorod, which was
proposed to be the sulfur-rich end.[22] The formation of the
CdS-gold heterostructures can also be understood as that the
cation compulsive force between Au3+ and Cd2+ prevents the
nucleation of gold on cadmium-rich surface. Furthermore, the
coordination between Au and S2� also stabilized the gold
atoms. Therefore, the interfacial energy between gold and
cadmium-rich surface is much more positive than that of the
gold and sulfur-rich surface, which can be found of impor-
tance in the growth of many metal-chalcogenide heterostruc-
tures.[23, 24] On the other hand, the role of anion compulsive
force for the different interfaces during the growth of
heterostructures has been seldom considered. The coordina-
tion environment, especially the coordination numbers of the
interfacial atoms also need careful investigations.

Herein we present the facet-selective epitaxial growth of
NaYF4 on NaCl nanocubes. Both NaYF4 and NaCl belong to
Fm3̄m space group. The NaYF4 nanocrystals have a calcium
fluoride type structure, where Na+ and Y3+ randomly form the
face-centered cubic stacking, and F� fill all of the tetrahedral
sites. For NaCl, Na+ form the same face-centered cubic
stacking while Cl� fill all the octahedral sites. The lattice
mismatch between those two materials is 2.8%, and both
materials contain Na+. Therefore, the growth of NaYF4 on
NaCl is believed to follow the Franck–van der Merwe mode.
However, structure studies reveal that the NaYF4 nano-
crystals preferentially grow at the eight corners of the NaCl
nanocube instead of the six facets of the cube, indicating
a preferential growth along the [111] direction. The resulting
heterostructure is a core–cage structure instead of a core–
shell structure. The NaCl nanocube then serves as a removable
template for the growth of the nanocage structure. Theoret-
ical calculations using density function theory (DFT) show
that both the anion compulsive force and the coordination
numbers of Y3+ determined the overall energy differences
between (100)/(100) interface and (111)/(111) interface. The
later interface was more stable than that of the former. Our
study reveals the complexity at the solid–solid interfaces and
suggests new ways of modifying the heteroepitaxial growth
modes.

The heterostructure synthesis was conducted under an Ar
atmosphere using a standard air-free Schlenk line technique.
A one-pot synthesis was adopted to avoid the possible
decomposition and dissolution of the NaCl nanocubes (see
the Supporting Information). The formation of NaCl nano-
cubes was realized by the injection of HCl into the growth
solution at 200 8C (Scheme 1). The as-formed NaCl nano-
cubes sequentially served as the seeds for the heteroepitaxial
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growth of NaYF4 at 310 8C. The NaCl nanocubes inside the
NaCl-NaYF4 core–cage structures can be removed by etha-
nol, resulting in pure NaYF4 nanocage structures.

To observe the formation of the NaCl nanocubes, 1 mL
growth solution was extracted from the growth solution with
a syringe at 200 8C with subsequent centrifugation and
transmission electronic microscopy (TEM) measurement.
The crystals had a cubic shape with the side length of about
18 nm (Supporting Information, Figure S1 a). High-resolution
TEM (HRTEM) and an energy-dispersive spectrum (EDAX)
confirmed the formation of NaCl (Supporting Information,
Figure S1 b–d). The crystals were unstable under the electron
beam and had low contrast under TEM. The pure NaYF4

nanocage structures had an average side length of (30� 4) nm
(Figure 1a,b). They exhibited a fourfold symmetry with four
NaYF4 corners and one squared hollow-center (Figure 1c).
HRTEM images of two different sides of a single NaYF4

showed the lattice fringes with a spacing of 0.200 nm, which
can be indexed as (220) crystal planes of cubic-phase NaYF4

(Figure 1d,e). The lattice fringes of two diagonal particles
were parallel, whereas the two adjacent particles are perpen-
dicular. Owing to the fact that (220) planes were decussate
squarely to each other, all of the NaYF4 corners inside one
nanocage took the same orientation. An electron diffraction
pattern (Supporting Information, Figure S2) also indicated
the same orientation of the NaYF4 corners within one
nanocage. To observe all of the eight nanocrystals in Fig-
ure 1c, the TEM sample stage was tilted by 158. At this angle,
all of the nanocrystals exhibit the same set of lattice fringe of
0.302 nm, which corresponds well to (111) planes of cubic
phase NaYF4 (Supporting Information, Figure S3). A power
X-ray diffraction (XRD) pattern (Figure 1 f) also confirmed
the cubic-phase NaYF4 structure (JCPDS: 06-0342) for the
nanocages (Supporting Information, Table S1).

Three HAADF-STEM images (Figure 2) of an individual
NaYF4 nanocage were recorded at different observation
angles to study their morphology and structures. Firstly, four
NaYF4 nanocrystals were recognized with fourfold symmetry
when observing the [001] axis (Figure 2a). One-eighth of each
nanocrystal was missing according to the relative contrast of
the image, leaving a cubic vacancy area located in the center.
When observed in the [011] direction, six nanocrystals were
revealed. The middle two were located at the nearest side
facing to observer, while the missing two nanocrystals were
concealed behind them at the back. Observing in the [111]
direction, seven nanocrystals were displayed with threefold
symmetry. The one in the center, which is located at the
nearest corner facing to the observer, was surrounded by six
others coming from two crystal planes. The missing one

should be located at the farthest point of the [111] cage. To
observe the overall rotating process, a nanocage in the [001]
direction was rotated horizontally from 0 to 458 to reveal the
image in the [011] direction. Then, a vertical rotation from 0
to 288 gave an image that was close to the observation in the
[111] direction (Supporting Information, Figure S4).

Scheme 1. The formation of a NaCl cube, a NaCl-NaYF4 core–cage
structure, and a NaYF4 nanocage. RE = Y, Yb, Gd, Er. See the Support-
ing Information for details.

Figure 1. Structure of NaYF4 nanocages. a) TEM image; b) high-angle
annular dark-field-scanning TEM (HAADF-STEM) image; c) TEM
image of a single nanocage; d), e) HRTEM images recorded from the
regions indicated by panels 1 and 2, respectively, in (c); f) XRD
patterns of a NaYF4 nanocage.

Figure 2. HAADF-STEM images and corresponding models of an
individual NaYF4 nanocage. a), c), e) HAADF-STEM images observed in
[001], [011], and [111] directions, respectively. b),d), f) Corresponding
3D models.
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Both NaCl and NaYF4 are face-centered cubic structures.
Their lattice constants are 0.564 nm and 0.545 nm, respec-
tively. Owing to the low solubility of NaCl in acetone, this
solvent was used instead of ethanol to precipitate the product
after the growth. Such treatment retained the NaCl nano-
cubes, which are located in the center of the nanocage
(Figure 3a; Supporting Information, Figure S5). The lattice

fringes in the center can be indexed to (200) crystal planes of
NaCl. Elemental line profiles across the NaCl-NaYF4 core–
cage structure and NaYF4 nanocage were recorded across the
center region of the nanocrystals along the direction that was
parallel to diagonal of the cubic structure. For the NaCl-
NaYF4 core–cage structure, the Y trace has two peaks,
whereas the Cl trace has only one peak (Figure 3b). The
position of the valley between the two peaks in the Y traces
corresponds well to the peak position of the Cl trace,
suggesting that the NaCl nanocube was in the middle of the
nanostructure. As for NaYF4 nanocage (Figure 3c), the line
profiles revealed that the Y trace still has two peaks whereas
Cl shows no signal, indicating the completely removal of the
NaCl nanocube with a simple ethanol treatment. The NaYF4

nanocages doped with Yb3+ and Er3+ behave a relative
increased transition of 2H11/2 and 4S3/2 to 4I15/2 (Supporting
Information, Figure S6), and an increased green to red
emission ratio of 2.27 was obtained (0.53 for nanospheres).[25]

The aforementioned studies of the NaCl-NaYF4 core–
cage structure indicate a preferential heteroepitaxial growth
of NaYF4 on the eight corners of the NaCl nanocubes. The
growth is therefore along the [111] direction. To elucidate the
facet selectivity, we performed DFT calculations on the
interfacial energy between the (100) and (111) interfaces of
NaYF4 and NaCl (Supporting Information, DFT calcula-
tions). NaCl has a sodium-rich (111) surface and a chlorine-
rich (111) surface. NaYF4 also has a cation-rich (100) surface
and an anion-rich (100) surface. Therefore, there are four
different interfaces, dented interfaces A, B, C, and D,
respectively (Supporting Information, Scheme S1). For each
case, we set up a slab containing three layers of NaCl and
three layers of NaYF4. The distributions of Na+ and Y3+ in the
NaYF4 crystals were randomly disordered. To minimize the
calculation process, we selected one Na/Y distribution state

for the calculation. 10 � vacuum layers were set up on the
every slab.

The interfacial energy can be determined by the deducing
the energies of NaCl and NaYF4 in the bulk crystals and the
respective energies of top and bottom surfaces. The energies
of the polar surfaces, the NaCl (111) surface and NaYF4 (100)
surface, were calculated based on a reported method.[26] The
interfacial energies were then plotted against E(Na) (Support-
ing Information, Figure S7), where E(Na) was the chemical
potential of the reservoir of Na atoms. The exact value of E(Na)

cannot be determined in the reaction system. Because no
other species were found besides NaCl and NaYF4, we set the
range from�5.088 eV to�1.458 eV (Supporting Information,
DFT calculations). The promising value of E(Na) in the
reaction system was located in the middle range between
�5.088 eV and �1.458 eV.

DFT calculations showed that the interface C has the
lowest energy with respect to the promising value of E(Na). A
close observation of the interfacial structure after relaxation
reveals that both the anion compulsion force and the
coordination numbers of Y3+ ions were important to the
stability of the interface (Figure 4). In the initiate state, the
Cl� ions were directly contacted with F� ions at interface A
(Supporting Information, Scheme S1 a), which pushes the F�

back into the anion layer of the NaYF4 crystals and the Cl�

back into the interior of NaCl crystals (Figure 4a). In the
relaxed state, the distance between Cl� and F� ions at
interface A is 3.38 �. The newly formed F�–Na+ layer was
crowed and unstable. A similar case is interface D, giving
close distances between Cl� and F� ions in the initiate state
(Supporting Information, Scheme S1d). After relaxation, the
distance between the interfacial Cl� and F� was only 2.99 �,
leading to a strong Coulomb repulsion (Figure 4 d). On the
other hand, the compulsive force between Cl� and F� ions was
minimized at interface B or C (Supporting Information,
Scheme S1b,c), with the tradeoff of low coordination number
of Y3+ ions at the interface. The coordination number of Y3+

ions in NaYF4 crystal is eight, with 4F� ions at the upper layer
and 4F� ions at the lower layer. At interface B, regarding the
(100) interface, the NaYF4 side still offer 4F� ions, while the
NaCl side can only offer one Cl� as the coordination anion
(Figure 4b). The interface with low coordination number of
Y3+ ion is also unstable. On the other hand, the coordination
number of the Y3+ ion at interface C is seven (Figure 4c),
which was close to the original coordination environment in
NaYF4. The interfacial energy of interface C is therefore the
lowest at the possible E(Na) range. The DFT calculations
showed that the interface C was the most promising to
stabilize during the heteroepitaxial growth of NaYF4 on NaCl.
Therefore, the NaYF4 preferentially grew along [111] direc-
tion of the NaCl nanocubes. The calculation results were in
good accordance with the aforementioned structural studies.

The synthesis can be extended to other NaREF4 nano-
cages, such as NaGdF4 (Supporting Information, Figure S8).
NaGdF4 also shared similar crystallographic parameters with
that of NaCl (Supporting Information, Table S1). The eight-
in-one NaGdF4 nanocages, with an average size of about
20 nm, also exhibit the fourfold symmetry. HRTEM image
reveals that the (111) lattice fringe with the spacing of

Figure 3. a) HRTEM image of a NaCl-NaYF4 core–cage structure.
b), c) HAADF-STEM image and elemental line profile of b) a NaCl-
NaYF core–cage structure and c) a NaYF4 nanocage.
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0.317 nm of cubic NaGdF4. The cage structure using NaCl as
the template is quite general for NaREF4, and may promising
for other nanocrystals with a similar crystallographic param-
eters and a comfortable interface.

In summary, a one-pot solution route to produce high-
quality NaYF4-NaCl core–cage structures and NaYF4 nano-
cages has been developed. The core–cage structures resulted
by the facet-selective heteroepitaxial growth of NaYF4 on
NaCl nanocubes. The energy difference in interfaces of
NaYF4 and NaCl directed the NaYF4 grew at eight corners
of the NaCl nanocubes to form an eight-in-one cage structure
instead of a core–shell structure. The NaCl nanocubes
functioned as the structure-directing template, which could
be removed after the heteroepitaxial growth. DFT calcula-
tions showed that the interfacial energies were decided by the
anion compulsion and the coordination numbers of interfacial
Y3+ ions. Our study on the ionic behaviors of the NaYF4–
NaCl interface is an important step in understanding the
heteroepitaxial growth and suggests new ways of synthesizing

heterostructures. Hollow structured luminescent nanocrystals
may not only lead to new luminescent behaviors but also can
find potential applications in targeted drug delivery.
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Figure 4. Diagrams showing the interfacial structures after relaxation.
a) Interface A : (100) NaCl facet and fluorine-rich (100) NaYF4 facet.
b) Interface B : (100) NaCl facet and cation-rich (100) NaYF4 facet.
c) Interface C : Sodium-rich (111) NaCl facet and (111) NaYF4 facet.
d) Interface D : Chlorine-rich (111) NaCl facet and (111) NaYF4 facet.
The interfaces A and B were viewed in the [010] direction; interfaces C
and D in the [1-10] direction.
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