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Facile synthesis and application of highly luminescent CdTe quantum
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An electrogenerated precursor has been developed for green
synthesis of highly luminescent aqueous CdTe quantum dots
(QDs) with unique quantum yield and strong electrogenerated
luminescence, which can access cellular targets via specific
binding and have potential application as biolabels in highly
sensitive biosensing and cell imaging.

CdTe quantum dots (QDs) are currently attracting enthusiastic
interest due to their unique size-dependent optical and electrical
properties for potential application in optoelectronics and
biolabeling. However, the low quantum yield (QY) and difficult
synthesis of aqueous CdTe QDs are hindering their application in
biological imaging'® and detection.'? Up to now three types of
tellurium sources, Te powders,z’3 Al,Tes lumps4 and TeO5>,>®
have been used for the synthesis of CdTe. Te powders, the most
popular source, must first be dissolved in high-boiling-point
solvents for nonaqueous synthesis,” or slowly reduced by NaBH,
to NaHTe**? or reacted with ammonia and aluminium to give
(NH,),Te* for aqueous synthesis under an inert atmosphere.
When humidity-sensitive Al,Te; lumps are used as a source of
NaHTe, the synthesis has to be performed with a Schlenk line.>*
Although TeOs” as an alternative Te source can be reduced for
preparing CdTe film® or nanowire arrays® by electrodeposition of
self-controlled atomic layer epitaxy, the products cannot be
converted to luminescent CdTe QDs.

Herein, we report a facile synthesis of highly luminescent CdTe
QDs in an aqueous system with a novel Te source to conveniently
produce a CdTe precursor using a cathodic stripping Te electrode.
The versatility of the present protocol has been validated by
preparing CdTe QDs with different functional groups using
mercaptoacetic acid (MAA) and N-acetylcysteine (ACYS) as
stabilizers. The luminescent behaviors of as-prepared QDs
investigated by photoluminescence (PL) and electrogenerated
luminescence (ECL) show their potential application in optical
and ECL biosensing with high sensitivity. The as-prepared CdTe
QDs were successfully labeled to antibody for access to cellular
targets for cell imaging.
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The Te disc electrode for cathodic stripping was prepared by
sealing a Te rod (4 mm in diameter) in a glass tube. The generation
of the Te precursor was carried out using an applied potential of
—1.05 V in the electrolyte containing 2.0 mM Cd>" and 4.8 mM
MAA at pH 11 adjusted with 0.05 M NaOH solution. The
reduction potential of [CA(MAA);]*~ was calculated to be —1.11 V
from the equilibrium constant of [CA(MAA);]*~, thus this applied
potential could avoid the deposition of Cd on the electrode (ESIT).
The CdTe precursor could be easily formed due to the favorable
thermodynamics’ in the presence of MAA at pH 11, accompanied
by a color change of the electrolyte from colorless to yellow and
finally to dark brown. The amount of Te precursor was controlled
by adjusting the charge consumed during cathodic stripping
according to Faraday’s law. Subsequently, the solution of CdTe
precursor was heated in a water bath at 80 °C under stirring, and
CdTe QDs were gradually crystallized. The size of the QDs could
be controlled by changing the heating time, which was monitored
by UV-Vis absorption with Peng’s empirical equations.®

The molar ratio of Cd to Te greatly affected the luminescent
behaviors of CdTe QDs at the same heating time, which could be
measured by inductively coupled plasma (ESIT). The optimal
molar ratio of Cd to Te occurred at 1 : 0.4, at which the obtained
QDs showed the strongest PL emission. As shown in Fig. 1 and
ESIt for MAA and ACYS stabilizers, all UV-Vis spectra showed
well-resolved maximum absorption of the first electronic transi-
tion, indicating a sufficiently narrow size distribution of the QDs.
The results were also confirmed from the PL spectra with a
FWHM less than 44 nm.
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Fig. 1 UV-Vis absorption (a) and PL spectra (b) of MAA-capped CdTe
QDs obtained at different heating times. The absorption peaks occur at
495, 506, 534, 547, 558 and 565 nm, and the PL emission peaks are at 530,
537, 562, 578, 598 and 609 nm (/e = 388 nm) for the heating times of 1, 2,
6, 8 14 and 20 h, respectively. The inset in (a) shows fluorescent
photographs of as-prepared CdTe QDs under UV irradiation.
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The fluorescent color under UV irradiation changed from green
to yellow, orange and finally red with increasing heating time (inset
in Fig. 1a). The red-shifts of the color, the absorption edge and the
maximum PL emission wavelength indicated the growth of CdTe
QDs during the heating treatment. The sizes of the QDs could be
estimated from the UV-Vis absorption spectrum by Peng’s
empirical equations® to be from 2.0 to 3.5 nm. This indicated
that the size of the QDs could be tuned simply by varying the
heating time in the bath. The PL emission intensity also depended
on the heating time (Fig. 1b). With the increase of heating time
from 0.5 h to 6 h, the PL emission intensity increased due to the
improvement of the crystallization and annealing effect of defects,
and the maximum PL emission occurred at 6 h. This result was
different from that observed previously® and could be explained in
terms of the mechanism of Ostwald ripening and defocusing.’
However, further heating resulted in a decrease in PL emission
intensity due to broad distribution and relatively small surface/
volume ratio of the obtained QDs.

The UV-Vis absorption and PL spectra of QDs obtained from
different synthesis batches showed close positions of absorption
and emission peaks, and the same sharp shapes, indicating the
similar size and good reproducibility of these as-prepared QDs.

With increasing heating time the QY of PL emission increased
markedly. The changes were different for MAA- and ACYS-
capped QDs (ESIf). The QY of MAA-capped CdTe QDs
increased from 10.8% to 63.8% as the heating time was prolonged
from 0.5 h to 8 h and then reached a maximum value of 77.3% at
20 h. The QY of ACYS-capped CdTe QDs also increased
markedly from 12.1% at 0.5 h to a maximum value of 79.0% at 8 h.
Further heating resulted in a slight decrease of QY. Such a
remarkable QY is comparable with that reported for nonaqueous
CdTe QDs (70%),* and much higher than those of CdTe QDs with
aqueous synthesis.” The luminescence efficiency was stable during
the storage of the CdTe crystallites at 4 °C over several months.
These results indicate that the as-synthesized CdTe QDs have high
QY and favorable stability. Thus, the proposed method to
electrogenerate the precursor was efficient for the synthesis of
highly luminescent CdTe QDs. The excellent photophysical
behavior of QDs allowed fine-tuning to select discrete emission
and excitation properties for biolabeling and imaging applications.

The morphology of the CdTe QDs was characterized with high-
resolution transmission electron microscopy (HRTEM). It showed
the lattice fringes of the particles with an average size of 3.2 nm
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Fig. 2 HRTEM image (a), Fourier transform pattern of the selected area
(b) and powder XRD spectrum (c) of MAA-capped CdTe QDs obtained
on heating for 6 h.

(Fig. 2a), indicating a highly crystalline structure of CdTe. The
average size was consistent with the result obtained from the UV—
Vis absorption. The predominance of edged rhombohedral and
tetrahedral crystallites seen from the HRTEM image indicated
that the shape of the QDs could not be considered as near
spherical * The Fourier transform pattern of the selected area
further confirmed the short-range ordering crystallinity of these as-
prepared QDs (Fig. 2b).

The heating time for obtaining CdTe QDs showed less influence
on the interplanar distances. The HRTEM image showed
interplanar distances of 3.57 and 2.13 A in two directions
(Fig. 2a), corresponding to those of 3.52 and 2.12 A for CdTe in
a hexagonal primitive-type structure (JCPDS 190193), which could
not present in a cubic face-centered or orthorhombic primitive
structure. The present CdTe QDs exhibited a structure different to
that of cubic zinc blende described in previous reports.*!® The
dense accumulation of hexagonal primitive could be the structural
origin of highly luminescent CdTe. As seen from Fig. 2c, the
powder X-ray diffraction (XRD) spectrum showed a strong
diffraction peak at the center of 25°. Several sharp diffraction
peaks at the 260 values of around 26.7° and 43.9° possibly came
from the CdS phase in a hexagonal primitive type structure
(JCPDS 010783), which was formed between MAA and the
surface of the CdTe to result in a core-shell heterostructure, and
usually found in mercapto-capped QDs.'! In contrast, no phase of
Cd(OH),, such as hexagonal primitive (JCPDS 730969), mono-
clinic end-centered (JCPDS 712137) or x-Cd(OH), (JCPDS
120062), was observed in the powder XRD spectrum, indicating
there was no hydroxide on the surface of the particles.

Information on the surface energy of the CdTe QDs could be
obtained from their ECL behaviors. Fig. 3 shows the cyclic
voltammograms (curve 1) and ECL curve (curve 2) of MAA-
capped CdTe QDs solution on a glassy carbon electrode. Three
small reduction peaks were observed at —0.43, —0.85and —1.33 V,
while two oxidation peaks appeared at —0.61 and +0.95 V,
respectively. These cathodic peaks can be attributed to the
reduction of Cd elements, CdTe and CdS phase, and atomic Te
in the QDs.'? The oxidation peaks resulted from the oxidation of
the reduced state of Cd and the injection of holes in the 1S,
quantum-confined orbital of the CdTe core,"? respectively.

Upon the potential scan a cathodic ECL peak was observed at
—0.61 V, which was 1.24 V more positive than that of the cathodic
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Fig. 3 Cyclic voltammograms (curve 1) and ECL curve (curve 2) of
MAA-capped CdTe QDs solution on heating for 6 h on a glassy carbon
electrode at a scan rate of 0.1 Vs~ ! in 0.1 M KCl as supporting electrolyte.
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Fig. 4 Confocal micrograph of peritoneal macrophage from mouse
incubated with CdTe QDs-labeled anti-MHC-II.

ECL emission of CdTe nanoparticles in organic media.'* This
emission cannot be explained by annihilation between redox
species of QDs due to the absence of the oxidized species of QDs
as electron acceptors. One possibility is that the emitter was
produced by other oxidized species as coreactants from the
supporting electrolyte or impurities.'>'* Meanwhile, the ECL
curve showed a strong anodic emission at +1.26 V. The anodic
ECL emission can be attributed to an annihilation process between
the holes-injected QDs and reduced species.'* The electrochemical
band gap between the two ECL peaks was 1.87 eV, which was less
than that of 2.21 eV (562 nm) from PL emission peaks. This could
be because the two ECL peaks are located at potentials inside the
valence band edge for electron and hole injections into the surface
traps of the particles."*!> The strong ECL behaviors further
confirm the high luminescence and the potential ECL biosensing
application of CdTe QDs synthesized with the electrogenerated
precursor.

To verify the benefits of the as-prepared CdTe QDs, the MAA-
capped CdTe QDs were employed to label a major histocompat-
ibility complex class 11 (MHC-II) antibody for cell imaging. The
avidin was conjugated to MAA-capped QDs via electrostatic self-
assembly. After removing the excess avidin with an ultracentrifuge
filter (MWCO 100 000 g mol ™), the conjugates were coupled with
anti-MHC-II vig an avidin bridge'® and then used for bioimaging
the skeleton of mouse peritoneal macrophage. The nonspecific
binding was effectively blocked by 1% bovine serum albumin
(BSA). Fig. 4 shows the confocal micrograph of peritoneal
macrophage from mouse incubated with CdTe QDs-labeled anti-
MHC-II at 25 + 1 °C, which is distributed in cytoplasm
surrounding the nuclei. The CdTe QDs-labeled anti-MHC-II

could specifically bind to cytoplasm immunogen of peritoneal
macrophage. The accessibility of QDs labeled antibody to MHC-
II in a cellular matrix illustrated the feasibility of using QDs for
biological tagging and cell imaging.

In summary, an electrogenerated precursor is designed firstly for
facile synthesis of highly luminescent CdTe QDs in aqueous
solution with ecological safety, cost-efficiency, humidity insensitiv-
ity, and favorable reproducibility. The obtained CdTe QDs have
good crystallizability, favorable monodispersity, high QY, strong
anodic ECL emission and good stability. The present approach
can be widely used in the preparation of CdTe capped with
different surface stabilizers or other telluride QDs. Moreover,
CdTe QDs can access cellular targets and stain the fine features
such as the cell nucleolus; they have potential application as
biolabels in sensitive biosensing and cell imaging.
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