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Abstract: Water-soluble CdTe quantum dots (QDs) have been utilized as photoluminescence
probes for the detection of metal ions such as Pb?*, Hg?*, Cd?*, etc. We initially developed highly
photoluminescence (PL) Zn-doped CdTe for toxic ions detection. A study on the changes of
optical properties of Zn-doped CdTe and CdTe QDs when exposed to Pb?* suggested that Pb?*
could act as a surface passivating agent to reduce Te? dangling bonds while Zn?* dopant stabilizes
the QDs surface against ambient oxidation. The results demonstrated herein provide useful
understandings of the interactions between water-soluble QDs and metal ions. These results
suggest further applications of QDs in sensing metal ions.
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1. Introduction

CdTe quantum dots (QDs) are typical
water-soluble QDs that have been deployed as
photoluminescence (PL) probes for diverse
applications including metal sensing [1-4], cell
imaging [5, 6], and pesticide detection [7, 8]. In
those applications, the PL intensity of QDs
under constant excitation conditions usually
decreases simultaneously with the concentration
of the analyte. In the case of metal ion sensing,
PL quenching by the ions has been widely
reported and rationally attributed to
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photo-induced electron transferring from QDs
to the ions [3, 9, 10] or surface capping ligand
detachment [4]. To be applicable as a PL probe,
QDs must have stable PL quantum vyield and
suitable conduction band energy level (CBE).
To the first issue, CdTe QDs are usually
passivated with an inorganic shell to increase
the stability toward environmental oxidation
and a durable capping layer which is normally
composed of thiolate or bidentate ligands. The
inorganic shell could be a thin CdS layer that is
grown by post-illumination deposition or
thermal decomposition [11-14] or be CdS/ZnS
multiple layers [15, 16]. To the second issue,
CBE can be varied either by tuning the QDs
size thanking to the quantum confinement effect
or employing a capping ligand having different
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hybridization with the frontier orbital of QDs
[17, 18].

Based on the above considerations, we
initially  developed  water-soluble, highly
photoluminescence, and small-sized CdTe QDs
for toxic metal ions detection. Zn?" ions
incorporated into CdTe QDs by using a mixture
of Cd?" and Zn?* as metal resources were found
to enhance the PL of QDs. Pb?* was selected as
a model ion for the study because according to
the national technical regulation on drinking
water quality (QCVN 01:2009/BYT), the
permissible concentration of Pb is the third
lowest value i.e., just below Hg and Cd among
mentioned metals. Unexpectedly, Pb* with a
concentration varying in nM to uM scale did
not alter significantly the PL intensity of CdTe
QDs but enhanced the emission intensity of
Zn-doped CdTe QDs. We proposed that Pb?
ions can act as Z-type ligands so that they can
increase the emission efficiency by passivating
surficial anions

2. Experimental Section
2.1. Chemicals

Chemicals including CdCl,.5/2H,0
(99.95%), Na,TeOs (99.9%), glutathione (GSH,
98%), ZnCl; (99.99%), and NaBH4 (98%) were
purchased from Aladdin Chemicals and used
without further purifications. Freshly prepared
double-distillated water was used for the
synthesis and dispersion of QDs while acetone
was used to precipitate QDs during the
purification process.

2.2. The Synthesis and Purification of
Quantum Dots

Telluride solution was first prepared in
No-filled flask by mixing 0.04 g of Na,;TeOs-
with 0.07 g of NaBH4 dissolved in 5 ml of
water. In a separated flask, 0.35 g of GSH was
added into 50 ml of CdCl, 0.02 M solution to
form a thiolate complex. After degassing the
thiolate solution via a Schlenk line system, the
telluride solution was then injected and the pH
of the combined solution was adjusted to 10.5

by adding NaOH 0.5 M solution. To prepare
Zn-doped CdTe QDs (hereafter denoted as
Zn-CdTe QDs), a mixture including 5 ml of
ZnCl; 0.02 M and 45 ml of CdCl, 0.02 M
solution was used. After pH adjustment, the
combined solution was heated rapidly and
refluxed for 10 minutes under N-filled
condition followed by swiftly quenched by an
ice bath. To purify QDs, acetone was added to
precipitate QDs which were then collected by
means of centrifugation before being dissolved
in water. The precipitation - redispersion cycle
was repeated three times followed by air drying
to obtain dried QDs, which were stored in a
refrigerator for further usages

2.3. Characterizations

UV-Vis absorption spectra of aqueous
solutions of QDs as well as mixture solutions of
QDs and Pb?* were recorded on a UV-2450
(Shimadzu) spectrometer. PL spectra were
carried out wusing a Nanolog (Horiba)
spectrometer  while transmission electron
microscope (TEM) images of QDs were
obtained on a JEM 2100 microscope.

3. Results and Discussion

TEM image of CdTe QDs is shown in Fig.
la. QDs exhibited spherical shapes with a
diameter ranging from 3 to 4.8 nm with an
average diameter of about 3.5 nm. UV-Vis
absorption spectra of CdTe and Zn-CdTe QDs
are shown in Figure 1 b. For comparison, those
two samples were selected so that they have a
similar excitonic peak by adjusting the
refluxing time, e.g. 7 minutes for CdTe QDs
and 10 minutes for Zn-CdTe QDs, respectively.
The first excitonic peak of CdTe QDs positioned
at 478 nm while that of Zn-CdTe QDs maximized
at 473 nm. The absorption spectra were normalized
to the first excitonic peak.

Obviously, the absorption coefficient at the
low-wavelength region, e.g. ~400 nm, which
was reported to be size-independent [19],
decreased when Zn?* was incorporated into
CdTe QDs Figure 1.
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The decreased absorption coefficient caused
by Zn?* incorporation could be explained as
follows. 4 s, 4 p, and 3 d electronic states of Zn
in the valence band of ZnTe have lower
energies than 5s, 5p, and 4d electronic states of
Cd in CdTe [20]. Additionally, electronic states
of Te including 5s, 5 p, and 5 s are lower in

ZnTe than those states in CdTe [20], probably
due to the higher dissociation energy of the
Zn-Te bond compared to the Cd-Te bond [21].
The changes in electronic states reduce the
density of state near the conduction band edge
of CdTe QDs, therefore reducing the absorption
cross-section as mentioned above.
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Figure 1. a) TEM image of CdTe quantum dots; b) UV-Vis absorption
and c) PL spectra (excited at 400 nm) of CdTe and Zn-CdTe quantum dots.

PL spectra of CdTe and Zn-CdTe QDs are
shown in Fig. 1c. Both types of QDs had a
bell-shaped emission spectrum, maximized at
ca. 512 nm, and did not exhibit surface-related
emission at long-wavelength regions. It means
that CdTe and Zn-CdTe QDs had good surface
passivation. For comparison, spectra shown in
Fig. 1c were obtained on two aqueous solutions
having the same optical density at 400 nm of
about 0.06. The emission yield of Zn-CdTe
QDs was about 1.3 times greater than that of
CdTe QDs. The effects of Zn?* incorporation on
PL enhancement of CdTe QDs have been
widely reported and can be rationally
summarized as follows:

Cd? +GSH —> Cd —GSH )
Zn* +GSH — Zn—-GSH (2)
Te? +Cd —GSH —Te—Cd —GSH 3)
Te* +Zn—GSH —>Te—Zn—GSH (4)
Te-Cd -GSH

—T¢ J{CdZnTe}-GSH (5
Te—Zn-GSH } } ®)

Cd?* and Zn?* react with GSH resulting in
thiolate complexes (eq. 1 and 2), which react
with TeZ forming molecular complexes where
Te? ions act as a ligand (eq. 3 and eq. 4). Under
refluxing conditions, those molecular

complexes condense to form QD nuclei (eg. 5),
which then grow to form QDs via Ostwald
ripening process. Because Te? ion reacts faster
with Cd-GSH than Zn-GSH [22] and the
concentration of Cd?* was much higher than
Zn?* the incorporation of Zn?" into the QDs
likely  took  place lately, resulting
Zn-doped CdTe QDs with in Zn-rich surfaces.
During the growth of QDs, the thiolate
complexes could be decomposed, releasing S*
ions that reasonably incorporate into CdTe
growing crystals. The incorporation of S* ions
made CdTe QDs be alike CdTe/CdS core/shell
QDs while the deposition of Zn* and S*
resulted in CdTe/ZnCdS core/multiple shell
structures [6, 22-24]. Since the dissociation
energy of Zn-X (X=Te, S) bonds are higher
than Cd-X counterparts the presence of Zn?* ion
stabilized the surface of CdTe QDs giving rise to
enhanced PL as aforementioned in Figure. 1 c.

To realize the application potential of CdTe
QDs as PL probe for Pb?* detection, we
prepared mixture solutions of QDs with Pb?* so
that the optical density of the solutions was
maintained and the concentration of Pb?* varied
around the permissible limit in drinking water,
e.g. 0.01 ppm (or 4.8x108M). PL spectra of
those solutions are compared in Figure 2. As
seen in Figure 2 a and 2 b, the presence of Pb?
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reduced the emission intensity of CdTe QDs by
about 15% and the PL reduction did not vary
linearly with Pb?* concentration. The PL
intensity of Zn-CdTe QDs changed slightly
with Pb?* of about 5 nM and it enhanced by
about 15% when the concentration of Pb?*

b)

9

increased to 10 or 100 nM. From the results
shown in Figure. 2, we suggest that CdTe and
Zn-CdTe QDs could be used as PL probes for
the qualitative detection of Pb?" in water by
observing PL quenching or PL enhancement,
respectively.
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Figure 2. Effects of Pb?* on the PL spectra (a): CdTe, b): Zn-CdTe) and the absorption spectra,
(c):CdTe, d): Zn-CdTe) quantum dots. In c) and d) the concentration of Pb?* was 1 mM
and the spectra were recorded after 2 hours of reaction.
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Figure 3. Proposal interaction mechanism between Pb?* ions and quantum dots.

Because PbTe has a much lower bandgap
than CdTe, the incorporation of Pb?" into the
CdTe QDs via the cationic exchanging process
must red-shift the position of the first excitonic.
As shown in Figure 2 ¢ and 2 d, the first
excitonic peaks of CdTe and Zn-CdTe were
negligibly changed. Therefore, we discarded the
PL changes observed in Figure 2 a and 2 b due
to cation exchange. To explain the effects of
Pb?" ions on the PL of QDs we proposed a
tentative mechanism as cartooned in Figure 3.
During the storage state, QDs were partially
oxidized [25]. The incorporation of Zn?* and S*
into the surfaces of QDs results in Zn-CdTe
QDs that have a structure similar to

CdTe/ZnCdS  core/multiple  shells, which
reduces the oxidation of Zn-CdTe as compared
to CdTe QDs. Upon exposure to Pb?* solution,
unoxidized Te* or S on the surfaces of
Zn-CdTe QDs can be coordinated by Pb?* ions
(denoted at Pb—> in Figure 3). In this case, Pb?
jons act as a Z-type ligand, additional
passivating the QDs’s surfaces to enhance the
emission intensity as mentioned in Figure 2 b
[26, 27]. Additionally, due to the higher affinity
of Pb? to the thiol functional group than Cd*
or Zn*, Pb?* ions could also take some
passivating GSH ligands of QDs leaving QDs’s
surfaces with unpassivated cations, which cause
PL to decrease. These two opposite effects of
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Pb?* on the PL of QDs rationally explain why
PL did not vary linearly with Pb?* concentration
as shown in Figure 2 a and 2 b. In the case of
CdTe QDs, since Te* ions were partially
oxidized, the PL enhancement induced by
Pb?* coordination was not very manifest as in
the case of Zn-CdTe QDs. Consequently, the
PL quenching effects of Pb? ions were
dominant so that PL of CdTe QDs decreased as
mentioned previously in Figure 2 a.

4. Conclusion

Green-emitting CdTe and Zn-CdTe QDs
have been synthesized for Pb?* ion detection.
Optical characterizations revealed that Zn?* ions
incorporated into CdTe lattice to stabilize the
surfaces of QDs and reduce the absorption
coefficient at the short-wavelength region, i.e.
around 400 nm. CdTe and Zn-CdTe QDs
exhibited opposite PL respond to Pb?* ions with
a concentration about the permissible limit in
drinking water. Pb?" could act not only as
Z-type ligand coordinating to surficial Te? or
S% ions but also as GSH scavenger leaving
unpassivated Cd®* or Zn?*. Those two effects
caused PL decrease in CdTe QDs but PL
increase in Zn-CdTe QDs. The PL changes
observed in both types of QDs could be utilized
to detection of Pb?"ions in water.
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