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ABSTRACT Through a series of carefully executed experiments,
we discovered the prevalence of anisotropic shell growth in many
upconversion NaREF, systems caused by a combination of factors:
selective adsorption of ligands on the core surface due to the core
crystal structure, ligand etching, and the lattice mismatch between
core and shell components. This could lead to incomplete shell
formation in core—shell nanocrystals under certain conditions. Shell
growth is always faster in the a and b crystallographic directions
than in the ¢ direction. In the case of a larger lattice mismatch
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directions resulting in an oblong core—shell structure. These findings are useful for rationalizing shell-dependent emission properties, understanding the

emission mechanisms in complex core—shell nanostructures, and for creating accurate models of core—shell designs for multifunctionality and optimal

performance in applications.
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here has been strong interest since

the past decade to use rare earth

(RE) upconversion (UC) nanocrystals
(NCs) for bioimaging, magnetic resonance
imaging (MRI) and photodynamic therapy
(PDT). Excellent luminescent properties en-
abling high contrast imaging and low cell
and tissue damages are the notable advan-
tages of RE-based UC NCs.'™2° Currently,
Yb3* and Tm3" (or Er*™") co-doped hexago-
nal NaREF, UC NCs are the most extensively
researched RE-based UC NCs for bioimag-
ing. For the continuing development of
RE-based UC NCs into multimode imaging
agents, further improvement of their lumi-
nescence performance and increase in color
variety are required, and core—shell (CS) con-
struction is the commonest means."'8~2°
The expected outcomes could only be deliv-
ered if the core and shell can be fabricated
exactly according to the design with
high crystallinity and precise composition
control. Moreover, the current understand-
ing of the emission mechanisms in complex
UC CS systems (having two and more
emitters) is mostly predicated upon some
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ideal core—shell features, e.g., complete
shell enclosure and uniform shell thickness.
If these assumptions are not borne out by
shell growth under practical conditions, the
theory may have to be revised suitably.
There are still many unanswered ques-
tions in current research: e.g., how does a
shell grow on a hexagonal NaREF, core?
What geometric model should be used for
calculating the amount of shell precursor to
grow to a given thickness? Why is lumines-
cence not effectively enhanced by a thin
shell?*?** Does the lattice mismatch be-
tween core and shell affect shell growth?
These questions have not been answered
because of the difficulty in synthesizing
high quality CS NCs thereby causing uncer-
tainties in the measurement of shell thick-
ness in different directions. The nucleation
of the “shell” as a separate phase, and the
disorder in the CS NC deposition on the
copper grid for TEM examination, could also
result in different “thickness” measure-
ments and erroneous conclusions. Besides,
most frequently reported UC CSs contain
quasi-spherical cores with shells of only a
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few nanometers. The accurate measurement of shell
thickness in different directions is difficult in this case.
Often the CS structure is inferred from changes in the
size of the core in a growth solution, assuming uniform
shell growth on the core. This assumption is not valid
except for an amorphous shell. Furthermore, anisotro-
py in the core NC, dissimilar surface energy of different
exposed faces, etching by ligands, and the lattice
mismatch between core and shell components can
also give rise to anisotropy in an epitaxially grown shell.
Unfortunately, shell anisotropy was largely overlooked
in many of the previous studies on CS UC NCs.
Although nonuniform shell growth had been observed
in some of these studies, it was often attributed
to some inadequacies in the synthetic procedures
and as such an annoyance not worthy of further
investigations.>*?” Anisotropic shell growth can only
be demonstrated in systems with certainty under very
stringent control of the synthetic procedures where
the more trivial causes for shell nonuniformities are
absent. The purpose of this study is to demonstrate the
universality of anisotropic shell growth and to show
that complete shell enclosure is not an experimental
certainty.

Shell growth was studied here by fine-tuning the
shell thickness of a number of CS and core—shell—shell
(CSS) nanostructures (NSs): NaYF,:Yb>*, Er¥* @NaYbF;
NaYF,Yb3t, Erf@NaYbF,Tm>™; NaYF,Yb®", Erff@
NaGdF,; NaYF,Yb®*, Er¥*'@ NaGdFiEu®t; NaYF,
Yb**, Er*"@NaYbF,@NaGdF,. These NCs with different
types of core and shell components were produced
by modifying a reference method (see Supporting
Information). CS NCs with both thin and thick shells
were prepared to contrast the comparison. By follow-
ing the evolution of these NCs carefully, it was con-
cluded that shell growth is highly anisotropic in the
oleic acid synthesis system: the shell tends to grow
from the six lateral faces than along the c axis, espe-
cially when the shell is thin. This preferential growth is
independent of the core morphology, shell composi-
tion (NaYbF, or NaGdF,), and reaction temperature
(from 280 to 320 °C). In addition, the lattice mismatch
between the core and shell also exerts significant
influence on the shell growth directions. Oblong CS
NCs with incomplete shell enclosure are formed if the
lattice mismatch is sufficiently large.

RESULTS AND DISCUSSION

A slightly modified reference method was used for
the syntheses of core NCs, CS and CSS NSs. Different
from the reference method which uses thermal de-
composition at high temperature and direct cooling
thereafter, an additional ripening process at 280 °C was
introduced after thermal decomposition at 320 °C to
improve the uniformity of the core NCs. In addition,
a slightly lower shell growth temperature (280 °C) was
also used to produce high quality CSs and CSSs and to
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minimize etching by ligands. It was found that oleic
acid etching occurred in the synthesis system,
although this was not mentioned in previous work.
Figure S1 shows the changes in the size and morphol-
ogy of the core (short hexagonal prismatic NCs) before
and after redispersion in the oleic acid -1-octadecene
reaction system and reheating at 300 °C for 20 min. The
treatment transformed the short rod-like hexagonal
NCs into ellipsoidal nanoparticles (NPs). In addition,
some small fragments were also found among the
etched NCs. Besides the morphological changes, there
was also a slight decrease in the average length of the
NCs in the (0001) direction. This indicates that oleic
acid etching of the NCs is orientation selective and is
faster in the c axis than in the lateral directions. The
observed selectivity in ligand etching is not surprising
since ligand adsorption on NCs is known to be highly
selective in most cases. Etching was minimized in the
modified reference synthesis method but was not
completely eliminated. Consequently, ligand etching
could still occurr during epitaxial shell growth. The
competition between ligand etching and shell deposi-
tion was expected to be more acute when the shell
was thin.

The study of shell growth behavior in CS UC NCs
through accurate measurements of the increase in
shell thickness in all directions began with the pre-
paration of uniform hexagonal rod-like NaYF4:20%
Yb3*, 2% Er** NCs with aspect ratio (AR) of ~1.5 (See
TEM images in Figure 1a—d. The low-magnification
TEM images in Figure S2 show the uniformity of the
NCs by sampling over a large area). The growth of
NaYbF, shells was studied first as an example of closely
matched core and shell components (Y3* and Yb>" are
similar in size and NaYF, and NaYbF, have closely
matched lattice parameters). After the growth of a thin
shell to thickness of 1 and 2 nm (Figure 2a,fk, and b,g,),
the NCs became ellipsoidal in shape. The morphologi-
cal change was caused by ligand etching under
the condition of a low shell precursor concentration
(better uniformity of CS NSs was obtained under this
condition). Careful examination of these CS NCs re-
vealed practically no shell growth in the {0001) direc-
tion when the shell on the lateral faces was 1 nm thick
or lower. Shell growth along the ¢ axis, however, did
occur to a thickness of 0.35 nm, when the shell thick-
ness on the lateral faces was increased to 2 nm. The
presence of Yb®T in both core and shell regions and the
thinness of the shell made it difficult to analyze aniso-
tropic shell growth in thin CS NCs by energy dispersive
spectroscopy (EDS). XPS, which has a sampling depth
of only several nanometers, was used instead. In the
XPS spectra of core NCs in Figures $3 and 54, the Y3 3d
and 3p peaks are more intense than the Yb®" 4d peak.
After the deposition of a 2 nm NaYbF4:1% Tm>" shell,
the intensity of Yo" 4d peak was elevated to the level
of the Y>* 3d peak. Further shell growth to 10 nm
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Figure 1. (a) TEM images of self-assembled (on a TEM Cu grid) rod-like hexagonal prismatic NaYF;:20% Yb3", 2% Er3* NCs
with aspect ratio of 1.5 standing on their lateral faces. (b) HRTEM images of rod-like NCs in the (0100) direction; the inset is a
schematic of their atomic structure. (c) TEM images of self-assembled (on a TEM Cu grid) rod-like hexagonal prismatic
NaYF,:20% Yb>", 2% Er>" NCs with aspect ratio of 1.5 standing on their (0001) faces. (d) HRTEM images of rod-like NCs in the
{0001) direction; the inset is a schematic of their atomic structure. (e) Unit cell of NaYF,. (f) XRD patterns of NaYF,:20% Yb3",
2% Er** NCs (black), NaYF4:20% Yb>", 2% Er** NCs@3 nm NaYbF, (red), and NaYF,:20% Yb>*, 2% Er>** NCs@10 nm NaYbF,

(blue).

Figure 2. TEM images of rod-like hexagonal prismatic NaYF4:20% Yb>*, 2% Er* " @NaYbF, with different shell's thickness: (a, f,
and k) 1 nm; (b, g, and I) 2 nm; (c, h, and m) 3 nm; (d, i, and n) 4 nm; (e, j, and 0) 12 nm. (a—e) Views from the (0100) direction.
(f—j) Views from the (0001) direction. (k—o0) TEM images of CS NSs when sampled over a large area of the Cu TEM grid.

witnessed the diminishment of the Y>* 3d and 3p
signals to almost the background level. These results
confirmed the formation of CS NSs. Larger NCs were
also prepared since anisotropic shell growth should be
easier to detect in CS NCs with larger cores. These NCs
could also provide information on the dependency
of anisotropic shell growth on core size (~31.7 (length,
along caxis) x 21.5 nm (diameter) and ~43 x 27.5 nm).
Figure 2c—e, 2h—j, and 2m—o are the TEM images of
NaYF,:20% Yb*", 2% Er¥*@NaYbF, CS NSs with 3, 4,
and 12 nm shells, respectively (see Table S1 for more
details of these NCs). Anisotropic shell growth in this
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case could be detected by TEM as morphological
changes between the top and side views of NCs with
different shell thicknesses. The growth rates of the six
lateral faces were higher than that in the (0001)
direction. Anisotropy was also confirmed by the EDS
analysis of NaYF4:20% Yb>", 2% Er*T@NaYbF, CS NSs
with 4 and 12 nm thick shells standing on their (0001)
face and lateral faces (Figure S5 and Figure 3,
respectively). The spatial relationship between the core
and shell obtained by comparing the element maps of
Y3+ and Yb*" in the (0001) direction and normal to the
lateral faces (Figure 3b,c,e,g) also implied the higher
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Figure 3. (a) TEMimage of NaYF;:20% Yb3*,2%Er** @12 nm NaYbF,. (b and c) The component element maps (colored) from a
CS NS standing on its lateral face; orange and blue indicate ytterbium and yttrium, respectively. (d) STEM image of the CS NSs.
(e—g) The component maps (colored) from CS NSs standing on (0001) faces, blue, orange, and green indicate ytterbium,

fluoride and yttrium, respectively.

growth rates of the lateral faces. XRD provided yet
another evidence for the anisotropic growth of the CS
structure. The XRD patterns of the CS NCs (Figure 1f,
all of them are indexable to JCPDF: 28-1192) are all
consistent with the anisotropy in shell thickness: in-
crease in the thickness of the epitaxially grown shell
also increased the relative intensity of the (100) diffrac-
tion peaks. This is because anisotropic shell growth
resulted in a higher number of atomic layers in the
lateral directions, as well as more CSs standing on their
(0001) faces. It can therefore be concluded from these
observations that the growth of NaYbF, on NaYFy:
Yb3T, Er¥T is highly anisotropic.

For the study of the effects of morphology on aniso-
tropic shell growth, small quasi-spherical NPs (~20 nm
in length, Figure 4a) and large hexagonal prisms
(~72 nm in diameter and 66 nm in length, Figure 4f)
were used as the cores for the growth of NaYbF, shells.
These NCs, together with the rod-like NCs, constitute
the three most common morphologies that can be
formed in an oleic acid synthesis system. Anisotropic
shell growth also occurred in both cases, as shown in
the TEM images in Figure 4 (more details in Table. S1
and Figure S6). For the growth to a 5 nm NaYbF, shell
on quasi-spherical cores, higher growth rates (more
than 3 times of that along the c axis. The growth
rates were estimated by counting the number of
atomic layers in the shells) were detected in the
(1010, (1100), YO170), (1010), {1700), and (0110)
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directions. The anisotropic shell growth became more
conspicuous with the increase in shell thickness.
Preferential shell growth in specific directions also
prevailed in CS NSs with large prismatic cores, as
shown in Figure 4f—i. The increasing diffraction inten-
sities of the (100) planes relative to the other planes
again correlated well with the shell thickness on
the large hexagonal prisms from 5 to 20 and 25 nm
(as shown in the XRD patterns in Figure S7), demon-
strating once more the higher growth rates in the
lateral directions. The observed anisotropic growth
could not be eliminated by reaction temperature
adjustments within the controlled range of experimen-
tal conditions.

NaYF, based UC NCs with NaGdF, shells are cur-
rently the most studied UC CS NS because of their
ability to support dual model imaging and tuning
of upconversion."*?® A good understanding of the
anisotropic epitaxial growth in these CS NCs is parti-
cularly important for Gd** based MRI and migration-
mediated upconversion. The emission mechanisms in
complex CS NS are very different in the presence of
absence of a complete shell. For MRI applications a
thick shell is not helpful. These considerations under-
line the importance of an accurate geometric model for
the precision fabrication of these NCs. We observed
that the deposition of a NaGdF, shell on NaYF4:20%
Yb3*, 2% Er*" resulted in nearly no growth in the
(0001) direction. Figure 5a,d, and b,e are the TEM
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Figure 4. TEMimages of 20 nm NaYF4:20% Yb>®", 2% Er*" quasi-spherical NCs and large hexagonal prisms and the CS NSs with
5 nm NaYbF, shell for each: (a) quasi-spherical NCs; (b—e) quasi-spherical NCs with a 5 nm NaYbF, shell; (f) large hexagonal

prisms; (g—i) large hexagonal prisms with a 5 nm NaYbF, shell.

Figure 5. TEM images of NaYF4:20% Yb3™, 2% Er*™ NCs with different NaGdF, shells: (a and d) 4 nm NaGdF, shell; (b and e)
8 nm NaGdF, shell; (cand f) 10 nm NaGdF;:10% Eu?" shell. (a—c) Views from the (0100) direction. (d—f) Views from the (0001)

direction.

images of the CS NCs with 4 and 8 nm-thick NaGdF,
shells, respectively (low magnification TEM images
showing the same CSs sampled over a larger area are
given in Figure S8). The CS structure of these NCs was
confirmed by the XRD and EDS data in Figures S9 and
$10. Interestingly, unlike the NaYbF, shell, NaGdF, only
grew on the side faces regardless of the shell thickness.
This extreme anisotropic growth was caused by the
relatively large lattice mismatch (2.6%) between the
(0001) planes of the NaGdF, shell and the NaYF, core,
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as well as the different ionic radii of Y>* and Gd*"
(Table S2). For small lattice structure and ionic radius
mismatches, initial shell growth will follow the lattice of
the core. The shell gradually relaxes into its own lattice
structure with the buildup in shell thickness. The lattice
strain at the interface causes significant stresses in the
core and the shell. The shell then grows in a way to
share as few common interfacial ions along the c axis as
possible.?*>° This hypothesis was tested by doping the
NaGdF, shell with Eu*>", an even larger ion (Figure 5¢/f,
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Figure 6. Schematic of anisotropic shell growth in UC CS NSs.

Figure S8, and Table S2), to increase the interfacial
strain. The shell in this case shared fewer atoms with
the core along the ”c” axis. There was more deforma-
tion in the shell as evinced by the appearance of some
partially twinned structures. Not limited to the CS NSs,
CSS NCs of this UC system also exhibited similar
anisotropic shell growth. In the TEM images of
NaYF;20% Yb3*, 2% Er*@2 nm NaYbF,@10 nm
NaGdF,4 NSs in Figure S11, the CSS structure could be
easily identified from the EDS results in Figure S12.
Twins along the (0001) planes were formed in the
NaGdF, shell due to the stress from lattice mismatch.
Hence lattice mismatch is another important contribu-
tor to the anisotropic growth of a NaREF, shell.

These results suggest that anisotropic epitaxial shell
growth applies to all core morphologies. Anisotropy is
caused by the combination of several factors: the
selective adsorption of oleic acid on specific faces of
the core NCs due to the crystal structure of the latter
(Figure 1e and insets in Figure 1b,d), the etching action
of the oleic acid capping agent, and the lattice mis-
match between core and shell components. Figure 6
shows the proposed mechanism for the epitaxial
growth of NaREF, shells in UC CS NSs. The specific
adsorption of oleic acid on NCs faces is the major
cause of anisotropic growth. It is postulated that oleic
acid adsorbed preferentially on the {0001} faces,'>2
thereby slowing the growth in the (0001) direction.
The evidence for this hypothesis could be drawn
from previous studies: the most thermally stable mor-
phology in a prolonged oleic acid synthesis is large
flat hexagonal nanoplates.”** The deposition of the
NaYbF, shell in our experimental system is expected to
follow the Franck-van der Merwe single layer epitaxial
film growth because of the small lattice mismatch (see
Table S2) between the core and shell. The faces were
covered with adsorbed ligands (oleic acid) in dynamic
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equilibrium with the free ligands in the growth
solution.®* Oleic acid etching of the deposited shell
should be quite prevalent at the high temperature
used for shell growth.3>*3¢ The affinity of oleic acid
for the {0001} faces also resulted in an accelerated
etching of the {0001} faces. The competing processes
of deposition and etching occurred for all thickness.
In the fabrication of CS NCs with thinner shells (<2 nm),
the etching action was barely compensated by the
deposition of the NaYbF, shell due to the low shell
precursor concentration used in the experimental
system. Etching occurred on all faces especially in the
{0001) direction. Therefore, the shell grew only notice-
ably on the lateral faces leaving the core {0001} faces
exposed. In the case of thicker shells, etching was
partially compensated by NaYbF, deposition thereby
enabling some growth in the (0001) direction. The CS
NSs in this case tend to be “fatter” than “taller”. For the
growth of shells with a large lattice mismatch with
the core, such as NaGdF, and Eu** doped NaGdF,, no
growth along the ¢ axis was possible. This is because,
for a thin shell, while the shell would initially grow
to follow the lattice of the core, ligand etching, which
was greatest in the ¢ direction, would negate any shell
growth along the c axis. On the other hand, a relatively
thick shell would relax into the lattice structure of
NaGdF, instead of following that of the core. The strain
between the mismatched core and shell was largest in
the (0001) direction and this was relieved by sharing as
few layers as possible in the c axis; thus, incompletely
enclosed CSs were again formed.

The CS structure has been used in the UC NC design
to enhance luminescence and introduce multifunc-
tionality. It is commonly accepted that an appropriate
shell would enhance the emission of the core by
suppressing surface ion quenching or by harvesting
more energy from the shell. 23738 The effect of NaYbF,
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Figure 7. (a) UCluminescence spectra of NaYF;:20% Yb3*,2%Er3* (black) and corresponding CS NSs with 1 nm (red) and 2 nm
(blue) NaYbF, shell; the inset shows the intensity ratios of the NSs relative to the core. (b) Power dependent UC emissions of
NaYF4:20% Yb3*, 2% Er** with 10 nm NaYbF4:1% Tm>3* shell under laser powers of 50 mW (black), 100 mW (red), 125 mW

(blue), and 150 mW (magenta).

shell thickness on the emission of a NaYF,;:20% Yb3*,
2% Er** core was therefore also investigated in this
study (Figure 7a). All of the samples in this study
emitted bright green emission after excitation by a
980 nm laser. The three characteristic emission bands
could be indexed to the 2Hg/s—*l15/2, 2H11/2: *S3/2— 11572,
and “*Fg;,—*1;5/» transitions of Er* ions. The inset in
Figure 7a shows the relation between shell thickness
and emission intensity. The experimental results
indicated that a thin shell (1 nm) was not effective in
enhancing Er*" emission. It is known that surface-
related vibrations of organic species can cause the
luminescence quenching of RE ions.>® Such quenching
can in theory be reduced by the deposition of a shell.
Since a thin shell (e.g., the 1 nm) is unlikely to provide a
complete shell closure and it is also more susceptible
to remnant surface defects or new defects introduced
by ligand etching, the reduction in quenching-causing
surface-related vibrations and surface defects was
only realized with an increase in shell thickness. This,
together with the effective energy transfer to Er** via
neighboring Yb*" ions in the core and the shell, yielded
enhanced emission which was maximized at a thick-
ness of ~3 nm. Above this thickness, the enhancement
effect was gradually reduced. This result is significantly
different from the observation of a previous study
based on the NaYF,:Yb,Er@NaYF, CS NS, where inten-
sity increased monotonously with shell thickness.*®
The different shell component in our design could be
the main reason. It is hypothesized that a thicker shell
(NaYDbF,) limited the absorption of light by Yb** in the
core, thereby reducing the energy transferable to Er*™.
Furthermore, a thicker shell also tends to grow into
its own crystal habit than to follow the lattice of the
core component. The strain at the interface (between
the NaYF,; core and NaYbF, shell) could also have
impacted the core emission negatively. Therefore,
enhanced emission performance was only achievable
within a narrow range of shell thickness and not all CSs
could deliver an enhanced performance relative to the
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cores. This is an important finding for understanding
the shell thickness effect in enhanced emission as well
as for the optimization of the CS NS design for perfor-
mance enhancements.

These new findings are valuable to the design
and fabrication of UC CSs. Extending the diversity of
color output and introducing new functions (such as
optical switching) are always the developmental goals
for NSs."'® Figure 7b shows the power dependent
emission of NaYF;:20% Yb>", 2% Er¥*@10 nm-thick
NaYbF4:1% Tm>" (the cores were the 20 nm quasi-
spherical NCs shown in Figure S13). NIR emissions from
Tm*" (®H,—3He) and a weak green emission from Er>*
were detected at low laser powers. With the increase
in laser power, both emissions from core and the
shell were mutually enhanced, especially the 'D,—>F,
and 'G,—>Hg transitions of Tm>* (shown in the plots of
normalized emissions in Figure S14). The emission in
the visible light region then turned to blue instead of
green (see the CIE chromaticity diagram of Figure S15).
Therefore, color variations were clearly a possibility
with these CS NSs. More color outputs in CS NSs could
then be designed based on the knowledge of aniso-
tropic shell growth.

CONCLUSIONS

In summary, the anisotropic growth of NaREF, shell
was revealed by studying a series of precision prepared
CS NSs. The epitaxial growth of the shell layer was
found to be faster in the lateral directions than in
the (0001) axial direction in the oleic acid synthesis
system (the most common route to preparing UC NCs).
In some cases, a complete shell enclosure could not
even been formed. This was most evident in CS NCs
with thin shells or CS NCs with a large lattice mismatch
between the core and shell components. This was
caused by the strong competition between ligand
etching and epitaxial shell growth, especially when
the shell was thin. The lattice mismatch between the
core and shell also significantly affected epitaxial shell
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growth. A greater lattice mismatch would promote
oblong shell growth instead of conformal surface
coverage. These new findings should be highly useful

MATERIALS AND METHODS

Materials. Yttrium oxide (Y,0s), ytterbium oxide (Yb,0Os), er-
bium oxide (Er,05), thulium oxide (Tm,053), gallium oxide (Gd,03),
europium oxide (Eu,03), trifluoroacetic acid (CF3COOH), sodium
trifluoroacetate (CF3COONa), 1-octadecene (ODE), and oleic acid
(OA) were purchased from Aldrich. Hexanes, ethanol, and metha-
nol were purchased from Merck.

Preparation of RE (CF;C00); Precursor. In a typical synthesis,
0.005 mol RE,O; was added to a glass bottle (volume =
15 mL) containing 2 mL of deionized water and stirred for
20 min to form a slurry. After introducing 0.033 mol CF;COOH to
the slurry, the glass bottle was sealed and stirring continued at
85 °C for 24 h, which completely turned the slurry into a clear
solution. The clear filtrate obtained from filtering by a micro-
porous membrane was heated (with stirring) at 60 °C for 24 h to
evaporate excess CF3COOH and water. The final solid products
was dried under vacuum at 50 °C for another 24 h and then
stored in a desiccator.

Preparation of Quasi-Spherical NCs. A total of 0.25 mmol RE-
(CF3COO0)s3 (RE =Y, Yb, Er, Tm) and 0.46 mmol NaCF;COO were
introduced to a three-necked flask (25 mL) containing 4.5 mL
of ODE and 1.5 mL of OA at room temperature. The mixture
was stirred under vacuum for 30 min at room temperature and
then slowly heated to 120 °C. It was kept at this temperature
for another 20 min under vacuum and magnetic stirring to
remove residual water and oxygen. The mixture was then
heated to 320 °C in an Ar protecting atmosphere and kept at
this temperature for 3 min and then cooled to 280 °C quickly. It
was kept 280 °C for another 10 min to ripen the NCs. Thereafter,
the mixture was allowed to cool to room temperature naturally.
Twenty-five milliliters of absolute ethanol (or methanol) was
added to precipitate the oleic acid-capped NCs. The resulting
mixture was collected by centrifugation and then washed and
centrifuged twice by a mixture of ethanol and hexanes. The NCs
prepared as such were then dispersed in 10 mL of hexane for
further use.

Preparation of Big Prisms. A total of 0.5 mmol RE(CF3COO)3
(RE=Y, Yb, Er, Tm) and 1.0 mmol NaCF3;COO were introduced to
a three-necked flask (25 mL) containing 3 mL of ODE and 3 mL of
OA at room temperature. The mixture was stirred under vacuum
for 30 min at room temperature and then slowly heated to
120 °C. It was kept at this temperature for another 20 min
under vacuum and magnetic stirring to remove residual water
and oxygen. The mixture was then heated to 320 °C in an Ar
protecting atmosphere and kept at this temperature for 10 min
and then cooled to 280 °C quickly. It was kept 280 °C for another
10 min to ripen the NCs. The following steps are the same.

Preparation of Rodlike NCs (~32 x 21 nm). A total of 0.5 mmol
RE(CF3CO0)s (RE=Y, Yb, Er, Tm) and 0.88 mmol NaCF;COO were
introduced to a three-necked flask (25 mL) containing 3.5 mL of
ODE and 2.5 mL of OA at room temperature. The mixture was
stirred under vacuum for 30 min at room temperature and then
slowly heated to 120 °C. It was kept at this temperature for
another 20 min under vacuum and magnetic stirring to remove
residual water and oxygen. The mixture was then heated to
320 °C in an Ar protecting atmosphere and kept at this
temperature for 8 min and then cooled to 280 °C quickly.
It was kept 280 °C for another 10 min to ripen the NCs. The
following steps are the same.

Preparation of Rodlike NCs (~43 x 27.5 nm). A total of 0.5 mmol
RE(CF5COO)5 (RE=Y, Yb, Er, Tm) and 0.88 mmol NaCF;COO were
introduced to a three-necked flask (25 mL) containing 3 mL of
ODE and 3 mL of OA at room temperature. The mixture was
stirred under vacuum for 30 min at room temperature and then
slowly heated to 120 °C. It was kept at this temperature for
another 20 min under vacuum and magnetic stirring to removal
residual water and oxygen. The mixture was then heated to
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320 °C in an Ar protecting atmosphere and kept at this
temperature for 8 min and then cooled to 280 °C quickly.
It was kept 280 °C for another 10 min to ripen the NCs. The
following steps are the same.

Preparation of NaREF, (S NGs. In a typical synthesis, 2 mL of the
core NCs solution in hexane was participated by adding ethanol
followed by centrifugation at 12000 rpm and drying at 60 °C.
The collected powder was used to calculate the amount of
NaREF, core (a constant of 0.9 was used; the calculated amount
of cores was signed as X). For the growth of thin shells, the cores
were regarded as cylinders for calculating the amount of
shell precursor (Y) to use. The following formula was used,
Y/X = {7(r + n)*h — zr*h}/mr*h (where n is the shell thickness, r
is the NC radius, and h is the NC length). Y mmol RE(CF3COO0)3
and 1.8Y mmol NaCF;COO were added to a 25 mL three-
necked flask containing 3 mL of ODE and 3 mL of OA at room
temperature. After injecting 2 mL of the core NCs solution, the
mixture was stirred at 60°C for 3 h under argon protection to
remove hexane from the mixture. The mixture was heated to
120 °C slowly and kept at this temperature for another 30 min
under vacuum and magnetic stirring to remove residual water
and oxygen. The mixture under Ar protection was then heated
quickly to 280 °C and kept there for 20 min before it was allowed
to cool to room temperature naturally. Twenty-five milliliters of
absolute ethanol (or methanol) was added to precipitate the
oleic acid capped NCs. The resulting mixture was collected by
centrifugation and washed and centrifuged twice by a mixture
of ethanol and hexane. The CS NSs prepared as such were then
dispersed in hexane.

Characterizations. The morphology and size of the as-
synthesized NSs were examined by a JEM-2100 transmission
electron microscope operating at 200 kV. Energy Dispersive
Spectroscopy (EDS) was recorded by an Oxford INCA attach-
ment. The structure and the phase purity of the as-synthesized
products were determined by X-ray diffraction (XRD) on a
Buruker D8 diffractometer using Cu Ko radiation (1 = 1.5418 A).
X-ray photoelectron spectroscopy (XPS) spectra were performed
with a Kratos AXIS Ultra®™®, using a mono Al Ka X-ray source
(1486.71 eV). Up-conversion luminescence was measured using
a Hitachi F-500 fluorescence spectrophotometer equipped with a
commercial CW IR laser (980 nm).

UC Luminescence Measurements. The recovered as-synthesized
CS NCs were dispersed in 5 mL of hexane. For comparison, 2 mL
of the corresponding core solution was also diluted to 5 mL.
For UC detection, 3.5 mL of solution of each specimen was
excited by a 100 mW, 980 nm laser.
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