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ABSTRACT: From the perspective of practical applica-
tion, the development of fluorescent nanocrystals with low
toxicity and desirable optical properties is highly needed.
Here we report a new liquid—liquid interfacial synthesis of
single-crystalline ZnTe nanorods with high fluorescence.
With the use of long-alkyl-chain fatty acid as the capping
ligand, the reaction of zinc acrylate with NaHTe under a
moderate temperature (~90 °C) at the toluene/water
interface yielded high-quality ZnTe nanorods. The
preparation parameters and the growth mechanism were
thoroughly investigated. The as-prepared ZnTe nanorods
exhibited stable blue fluorescence with quantum yield up
to 60%. This bright and stable emission gives promise for
the use of these relatively benign nanorods in various
applications such as blue light-emitting diodes.

S emiconductor nanocrystals (NCs) have received consid-
erable attention over the past two decades, owing to their
unique optical and electronic properties and their promising
applications in optoelectronic devices, biological labeling, and
imaging.' > Zinc telluride (ZnTe), with a direct bandgap of
226 eV (~548 nm) at room temperature, is an attractive
semiconductor for optoelectronic applications, such as green
light-emitting diodes (LEDs) or solar cells.** Particularly,
compared with other semiconductor including cadmium
chalcogenides and lead chalcogenides, ZnTe is more desirable
for health and environment concerns without potential leakage
of heavy-metal ions. Nevertheless, rather few works of the
preparation of nanocrystalline ZnTe can be indexed,”*’
probably due to the lack of appropriate precursors and
synthetic approaches. Meanwhile, it is still a challenge to
prepare anisotropic shapes of semiconductor NCs.'°™'?
Although several 1D ZnTe NCs have been achieved in organic
solution by tuning the reaction conditions, they have diameters
much larger than the Bohr exciton radius of 6.2 nm and thus
fail to exhibit quantum confinement effects.>">~'" Most
recently, Zhang et al. successfully fabricated the wurtzite
ZnTe nanorods with smaller dimension (<7 nm), while no
photoluminescence (PL) was observed due to the longer-lived
charge separated state.®

We demonstrate the first interfacial synthesis of fluorescent
ZnTe nanorods possessing the following notable character-
istics: (1) facile generation at the liquid—liquid interface under
a moderate temperature of ~90 °C; (2) high-quality single-
crystalline nanorod structure; (3) bright blue fluorescence with
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good stability and highest quantum yield (QY, ~60%) reported
to date for ZnTe NCs; and (4) versatile application in such as
blue LED devices. The single-crystalline ZnTe nanorods with
remarkable quantum confinement effects are still scarcely
reported, and this work contributes an available low-temper-
ature synthetic strategy to prepare high-quality anisotropic
shapes of semiconductor NCs with desirable optical properties
potentially useful in optoelectronic, sensory, and biomedical
areas.

Synthesis of ZnTe nanorods proceeds via reaction of zinc
acrylate [Zn(AA),] with NaHTe in the presence of oleic acid
(OA) as capping ligand under 90 °C at the toluene/water
interface. A liquid—liquid interface is an ideal platform for
efficient fabrication of NCs with diverse structures driven by a
minimization of interfacial energy.”'* > Typically, OA (6
mmol) dissolved in toluene (20 mL) was added dropwise into
30 mL of toluene containing Zn(AA), (1 mmol) under
vigorously stirring for 1 h, followed by the addition of water (50
mL) to form liquid—liquid biphase system, which was degassed
with N, for 30 min. Then 1 mL of aqueous solution of fresh
NaHTe (0.5 mmol) was injected dropwise into the above N,-
saturated biphase solution. After stirring for additional 2 h, the
mixture was heated at 90 °C for 4 h to obtain OA-capped ZnTe
nanorods, referred to as ZnTe-OA nanorods.

The interfacial synthetic strategy allows the fabrication of
highly fluorescent single-crystalline ZnTe nanorods. Figure 1a,b
show the transmission electron microscopic (TEM) images of
as-prepared ZnTe-OA nanorods. Obviously, the resultant
product has rod-like nanostructure with the lengths of 10—20
nm and average diameter of ~3 nm. The selected area electron
diffraction (SAED) pattern indicates its typical single-crystalline
nature and can be indexed as the cubic structure of ZnTe
(Figure 1c). Careful examination of the corresponding high-
resolution transmission electron microscopic (HRTEM) image
of the ZnTe-OA nanorod reveals the well-resolved lattice
fringes with an inter plane distance of 0.31 nm (Figure 1d),
which matches well with the expected d-spacing of the (220)
crystal plane of cubic ZnTe crystal. Thus, the as-fabricated
single-crystalline ZnTe nanorods grow along the [200] crystal
direction. The X-ray diffraction (XRD) analysis further
confirms the cubic structure of ZnTe (JCPDS card no. 15-
0746, space group F43m [216], a = 6.103 A).° Significantly, the
as-prepared ZnTe-OA nanorods show good optical properties
(Figure 1f). Compared with bulk ZnTe with the band gap of
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Figure 1. (a) TEM and (b) HRTEM images and (c) SAED pattern of
ZnTe-OA nanorods. (d) HRTEM image of a single ZnTe-OA
nanorod indicated by the red circle in (b). (e) XRD pattern of ZnTe-
OA nanorods. (f) Absorption and emission spectra (4., = 380 nm) of
toluene solution of ZnTe-OA nanorods: fresh (solid lines) and stored
for one-half year (dashed lines). Inset: digital photographs of toluene
solution of ZnTe-OA nanorods taken under daylight (1) and 365 nm
UV light (2).

2.26 €V (548 nm), the ZnTe nanorods exhibit obvious blue
shift of the emission peak (423 nm), which should be ascribed
to quantum confinement effects. The QY was calculated to be
about 60%, which is the highest reported to date for fluorescent
ZnTe NCs. In addition, the sample showed no obvious change
in PL spectra after being stored under ambient conditions for 6
months (Figure 1f), revealing the good stability of fluorescence.
The excellent PL properties in terms of brightness and stability
are meaningful for further applications of ZnTe-OA nanorods.

To gain insight into the synthesis of NCs at the biphase
interface, the effect of the reaction variables on the formation
and the PL properties of ZnTe nanorods were systematically
investigated, including the excitation wavelength, the role of
OA, the species of zinc precursors, the injecting timing of
NaHTe, and the temperature and duration of heat treatment.
To investigate the role of OA in the formation of ZnTe
nanorods, a control experiment was conducted in the absence
of the stabilizing ligand. Upon injecting NaHTe into the
Zn(AA), solution, a large amount of black precipitates formed
immediately. Similar phenomena were also observed for the
thiolglycolic acid-capped CdTe NCs, owing to the detachment
of thiol ligands from the surface of NCs.”"** Nevertheless, the
deficiency of ligands may be the inherent reason for the
formation of black precipitates in our case. The black sample
was determined to be the insoluble Te powder possessing
spherical nanostructure with diameter of ~4 nm (Figures S2
and S3) rather than ZnTe NCs, owing to the rapid oxidization
of ZnTe NCs into Te species after exposed to the air.
Therefore, the stabilizing ligand unambiguously plays a great
role in the formation of ZnTe nanorods. Furthermore, only
moderate amount of OA (Zn(AA),:OA = 1:6 mol/mol) can
provide effective passivation for NC surface to give desirable PL
properties (Figure S4).

Six reagents including Zn(Ac),2H,0, Zn(NO;),-6H,0,
ZnS0,-7H,0, ZnCl,, Zn(AA),, and Zn[CH,(CH,),,CO0O],
[Zn(SA),] were chosen in our case to fabricate ZnTe NCs.
However, only successful synthesis of ZnTe NCs was realized
by using Zn(AA), as the zinc source. The reason might be
associated with the different solvency of these zinc sources in
water: ZnSO,7H,0 (Zn(NO;),-6H,0 and ZnCl,) > Zn-
(Ac),2H,0 > Zn(AA), > Zn(SA),. With the use of water-
soluble inorganic salts Zn(NO;),-6H,0, ZnSO,-7H,0, ZnCl,,
and Zn(Ac),-2H,O as zinc source, Zn>" reacts with HTe™ in
aqueous phase, resulting the similar phenomena as that in the
case of absence of OA described above. ZnTe NCs with
different shapes were synthesized by using Zn(SA), in organic
solution, while the dimension of the ZnTe nanorods is too large
to exhibit quantum confinement effects."® Zn(SA), is also not a
desired zinc source in water/toluene biphase system because it
never comes close to water phase. The key reason that
Zn(AA), can be used successfully in the interfacial synthesis
probably is its slight solubility in water enabling its slow
reaction with NaHTe in the water region of the interface. Then
small ZnTe clusters produced from slow nucleation are being
surrounded by OA and transported into the toluene phase by
interaction with OA. The organic ligand OA bound to the NC
surface can provide effective passivation for NCs, thus the
obtained NCs can be endowed with resistance toward
oxidation.

The injecting timing and the heat treatment conditions were
also investigated. By applying the conventional injecting timing
period for NaHTe,” the obtained ZnTe NCs display extremely
weak stability. The oxidation of ZnTe into the Te phase was
observed upon injecting NaHTe solution at 90 °C.
Alternatively, we injected the NaHTe solution at room
temperature. Although the obtained product shows weak PL
properties, the heat treatment of NCs at certain temperature
can improve their crystal degree and thus their PL properties.”®
The NCs heated to 70—100 °C for proper time show the
obviously improved PL properties in comparison with those at
room temperature (Figure SS). We noted that the decrease in
PL was observed when the heating temperature was increased
to 100 °C. Higher temperature might result in the detachment
of the excessive ligands from the NC surface and an increase in
the formation rate of complexes, which would cause an obvious
decrease in PL intensity.24 The PL intensity maximum appears
under heating duration of 4 h (Figure S6). Thus, the optimum
heating temperature and duration herein are 90 °C and 4 h,
which is significantly lower than those adopted in conventional
organic synthesis.”>”>*

TEM analysis on the products obtained at different time
intervals was further carried out to explore the formation
mechanism of the nanorods. At room temperature, the NCs
with the diameters of 1—2 nm are dominant in the obtained
sample (Figure 2a). Generally, for the NCs with cubic crystal
structure, it is difficult for them to form anisotropic
nanostructures in view of the classical Ostwald ripening
mechanism.'" Interestingly, only after heat treatment for 10
min, aggregated nanoparticles are formed along with some
nanorods with the diameters and lengths of 1-2 nm and 3-5
nm, respectively (Figure 2b). When the heating duration
exceeds 1 h, nanorods with diameter of ~3 nm and length >10
nm were obtained (Figure 2c). As the heating duration
increases to 12 h, the dimension of the nanorods elongates to
~12 X 150 nm (Figure 2d). ZnTe nanorods obtained after
refluxing for 12 h clearly show the single-crystalline feature
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Figure 2. TEM images of ZnTe-OA NCs obtained from different
synthetic stages: before heating (a) and after heating at 90 °C for 10
min (b), 1 h (c), and 12 h (d). (e¢) HRTEM image of a single ZnTe-
OA nanorod selected from the sample (d). (f) HRTEM image of the
region indicated by the rectangle in (e). Inset in (f) showing the
corresponding SAED pattern. (g) Schematic illustration of the
preparation route forming the ZnTe Nanorods. (h) Proposed
formation mechanism of the oriented aggregation of NCs into
nanorods.

(Figure 2e,f). Meanwhile, the adherence of OA on the surfaces
of nanorods can also be seen from Figure 2e,f. This peculiarity
undoubtedly confers ZnTe nanorods with improved stability.
Further investigation reveals that the pearl-necklace-like
nanostructures were obtained in the early stage of the
formation of ZnTe nanorods (Figure S7), wherein the nanorod
constituting several attached NCs can be clearly observed.
Recently, some cubic NCs, such as CdTe® PbSe,”” and
CdS,"®*® have been assembled into anisotropic nanostructures
based on the oriented attachment mechanism, in which the
dipolar—dipolar interaction is the most probable driving force
to induce the NCs to assemble into the chain-like micro-
structures. Besides, the anisotropic attractive interaction also
includes van der Waals interactions.””*° According to the
oriented attachment mechanism, the diameter of the nanorods
should keep uniformity with that of the attached nanoparticles.
However, in our case, on prolonging the duration of heat
treatment, both of the length and diameter of nanorods
increase. Obviously, Ostwald ripening simultaneously plays an
important role during the shape evolution process of NCs.
According to the above observations, a schematic illustration
to visualize the growth mechanism is displayed in Figure 2gh.
Upon injecting aqueous solution of NaHTe into the biphase
system, Zn(AA), reacts with NaHTe at the biphase interface.
Then the ligand molecule OA is adsorbed to the generated NC

surfaces, which drags the NCs into toluene phase due to
hydrophobicity of alkyl chain in OA. When NCs approach each
other closely under dipolar force and van der Waals
interactions, they can rearrange to realize the low-energy
configuration due to the tendency of minimizing their surface
areas associated with the high-energy facets. Then the NCs
aggregate into pearl-necklace-like chain due to oriented
attachment mechanism, through which the NCs almost end-
to-end fused along certain direction to form linear chains and
change from polycrystalline to single-crystalline structure.
Simultaneously, Ostwald ripening also plays a great role in
causing the growth of nanorods in both diameter and length.

It is worth noting that the preparation of fluorescent ZnTe
nanorods from the use of a long-alkyl-chain fatty acid as the
capping ligand at the liquid—liquid interface we proposed might
be versatile. The replacement of OA with undecylenic acid
(UA) and stearic acid (SA) also results in the successful
formation of ZnTe nanorods, referred to as ZnTe-UA and
ZnTe-SA nanorods, respectively (Figure 3). ZnTe-UA nano-
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Figure 3. TEM images of (a) ZnTe-UA and (b) ZnTe-SA nanorods.
(c,d) Absorption and emission spectra (4., = 380 nm) for toluene
solutions of (c) ZnTe-UA and (d) ZnTe-SA nanorods: fresh (solid
lines) and after storage for one-half year (dashed lines).

rods have the diameters of 3—5 nm and lengths of 10—20 nm
(Figure 3a), while the longer nanorods with the length up to
~70 nm are produced when longer alkyl-chain ligand SA is
used (Figure 3b). The UV—vis absorption and emission bands
significantly blue shift in comparison with those of bulk ZnTe,
demonstrating the occurrence of striking quantum confinement
effects, similar to those for ZnTe-OA nanorods (Figure 3c,d).
The absorption peaks are focused on ~390 nm for both ZnTe-
UA and ZnTe-SA nanorods. Both nanorods show high blue
fluorescence with emission wavelengths at ~422 nm. Addition-
ally, ZnTe-SA nanorods showed no obvious change in PL
spectra after being stored under ambient conditions for 6
months. Whereas, owing to increasing acidity trend of SA < OA
< UA, the adhesion strength of the three ligands to the NCs
follows the opposite trend, and hence the weaker stability for
ZnTe-UA nanorods in air was observed.

Finally, to make the best of these ZnTe nanorods with the
virtues of high QYs, good stability, and low toxicity, we
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employed the ZnTe-OA nanorods as color conversion material
for the construction of LED devices. Figure 4a shows the

Figure 4. (a) Photographs of the LED with ZnTe-OA nanorods. (b)
Emitted blue light of the LED device. (c) Placement of the ZnTe-OA
emission spectra on the CIE 1931 chromaticity chart.

structure of the nanorod-based LED lamp, in which the as-
prepared ZnTe-OA nanorods were employed as color
converter and a UV chip as excitation source. Thermal-curing
transparent silicone was also used to pack the blue emission
NCs onto the chip. As shown in Figure 4b, operated at the
current of 350 mA, the device provides bright blue illumination.
The emission color of ZnTe nanorods can be better quantified
with the Commission International d’Eclairage (CIE) 1931
chromaticity coordinates, which serves to specify how the
human eye perceives light with a given spectrum. As seen in
Figure 4c, the coordinates of the LEDs are located at (0.16,
0.11) belonging to the blue gamut. To the best of our
knowledge, the application of ZnTe NCs in blue LED devices
has not been reported before.

In summary, we report a new versatile interfacial synthetic
strategy for preparing single-crystalline ZnTe nanorods with
extremely narrow diameter of <6 nm under a moderate
temperature. The synergistic effect of the oriented attachment
and Ostwald ripening mechanism plays a great role in the
formation process of nanorods. The obtained ZnTe nanorods
exhibit bright blue fluorescence with good stability and high
QYs (~60%), making them promising building blocks for the
further development of nanodevices, such as LEDs or
nanosensors. This facile approach might be easily applied to
fabricate various high-quality semiconductor NCs with
anisotropic shapes and good properties.
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