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Abstract
In this paper, microwave-assisted method was used for rapid synthesis of highly luminescent Mn-doped ZnSe/ZnS core/
shell nanocrystals in aqueous phase. A series of nanocrystals with different size was prepared in 1 h under proper condition. 
The as-prepared Mn-doped ZnSe/ZnS QDs exhibit the emission in the range of 565–602 nm and the highest photolumi-
nescence quantum yield reached up to 36.3% under the optimal reaction condition. The optical properties and structure of 
the Mn:ZnSe/ZnS QDs have been characterized by PL spectroscopy, UV–Vis, TEM, XRD and XPS. The effects of various 
experimental variables, including the reaction pressure, the pH value of reaction solution, the ratio of Zn to ligand (MPA), 
and the post-treatment on the optical properties of the Mn:ZnSe/ZnS QDs were investigated systematically. The as-prepared 
MPA coated Mn-doped ZnSe/ZnS colloidal nanoparticles was utilized to ultrasensitively and selectively detect Hg2+ ions in 
water, the result shows that the QD-based metal ions sensor possesses high sensitivity and selectivity, and could be applied 
for the quantification analysis of Hg2+ ions in water.

1  Introduction

Over the past two decades, semiconductor nanocrystals or 
quantum dots (QDs) have attracted considerable attention 
due to their potential applications in photoelectric devices 
and biological imaging and diagnosis, etc [1–6]. So far, cad-
mium-based semiconductor nanocrystals with highly photo-
luminescence quantum yield (e.g. CdS, CdSe and CdTe) can 
be successfully prepared by the organometallic or aqueous 
methods, and great progress has also been made in control-
lable synthesis of the core/shell structured QDs that have 
higher emission efficiency and better photostability com-
pared with the pure cores [7–10]. However, the inherent tox-
icity of Cd to both the living body and natural environment 

has made the cadmium-based QDs at a disadvantage in many 
practical applications [10–14].

In order to suppress the toxicity of Cd-based QDs, sci-
entists have developed many approaches to fabricate lower 
toxicity of the Cd-based QDs, such as coating the Cd-based 
QDs with nontoxic ZnS, SiO2 and polymer shell [15–17]. 
However, these efforts cannot prevent the leakage of the 
cadmium and completely eliminate the toxicity of cad-
mium. Doping of nontoxic Zn-based QDs is considered as 
a powerful technology to mitigate the toxicity problems. 
Incorporation of dopant ions can greatly alter the optical 
and electronic properties of host QDs. Compared with the 
pure QDs, doped QDs have some special advantages such 
as longer fluorescence lifetime and higher thermal stability 
[18–20]. Mn:ZnSe nanocrystals were first successful syn-
thesized using the organometallic hot injection method by 
Meijerink’s group in 2000. In 2005, Peng’s group developed 
so-called nucleation doping and growth-doping strategies for 
the preparation of Mn:ZnSe d-dots, and using the nuclea-
tion doping approach, high photoluminescent Mn:ZnSe 
nanocrystals were successfully prepared by the organome-
tallic hot injection method [18]. In order to apply semicon-
ductor nanocrystals to the biological system, it is necessary 
to directly synthesize the nanocrystals in aqueous phase. 
Compared to organometallic method, aqueous synthesis 

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s1085​4-018-8946-y) contains 
supplementary material, which is available to authorized users.

 *	 Limin Chang 
	 aaaa2139@163.com

1	 Key Laboratory of Preparation and Applications 
of Environmental Friendly Materials (Jilin Normal 
University), Ministry of Education, Changchun 130103, 
China

http://orcid.org/0000-0003-4140-5648
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-018-8946-y&domain=pdf
https://doi.org/10.1007/s10854-018-8946-y


9185Journal of Materials Science: Materials in Electronics (2018) 29:9184–9192	

1 3

method has been proved simpler, lower cost, more environ-
mentally friendly and better biocompatibility. In 2009, Wang 
et al. reported the first case of doped Mn:ZnSe QDs with 
3-mercaptopropionic acid (MPA) as the capping reagent in 
aqueous solution [18]. Later, Aboulaich et al. and Dong et al. 
reported the preparation of aqueous core/shell Mn:ZnSe/ZnS 
d-dots with improved photoluminescence efficiency and sta-
bility [21, 22].

Compared with conventional aqueous method, the syn-
thesis of nanocrystals by microwave irradiation was gen-
erally cheaper, less toxic, faster, simpler, and very energy 
efficient [23–25]. Some groups have reported about micro-
wave assisted synthesis Mn-doped and Zn-based nanocrys-
tals [26–28]. However, there is little report about a one-pot 
approach to prepare Mn:ZnSe/ZnS core/shell d-dots in 
aqueous solution. Meanwhile, the synthesis of Mn:ZnSe/
ZnS QDs usually spend a long time (several hours), the as-
prepared Mn:ZnSe/ZnS QDs have a low luminescent effi-
ciency (< 30%). In this paper, we report a one-pot synthesis 
water-soluble Mn:ZnSe/ZnS core/shell QDs by microwave-
assisted method using MPA as stabilizer. The experiment 
results proved that the reaction pressure, the pH value of the 
reaction solution, the ratio of Zn to MPA and the adsorption 
of oxygen on the surface have great influence on the optical 
properties. Under the optimal reaction condition, a series of 
Mn:ZnSe/ZnS d-dots was prepared in 1 h, the as-prepared 
QDs exhibit emission in the range of 565–602 nm and highly 
photoluminescence quantum yield reached up to 36.3%.

2 � Experiment

2.1 � Chemicals

Analytical grade Zn(Ac)2·2H2O and sodium borohydride 
were obtained from Sigma-Aldrich, 3-mercaptopropionic 
acid (MPA) was a product of Fluka, Rhodamine 6G was 
purchased from Sigma-Aldrich, and selenilum metal pow-
der was purchased from Shanghai Meixin. Hg(NO3)2·H2O, 
CoCl2·6H2O, AgNO3, Ni(NO3)2·6H2O, CuSO4·5H2O, 
CdCl2·2.5H2O, Pb(NO3)2, FeCl3·6H2O, CrCl3·6H2O, 
MgCl2·6H2O, ZnCl2 were purchased from Tianjin Recovery 
Fine Chemical Industry Research Institute (Tianjin, China). 
All the reagents were at least of analytical grade and were 
used as received without further purification. High-purity 
water (Pall Purelab Plus) with a resistivity of 18.2 MΩ cm−1 
was used for the preparation of all aqueous solution.

2.2 � Synthesis of Mn:ZnSe/ZnS QDs by microwave 
irradiation

A microwave digestion system (MDS-2003F) made by 
Shanghai SINEO Instruments was used for the preparation 

of Mn-doped ZnSe/ZnS core/shell QDs, which was equipped 
with controllable pressure units. The system can operate at 
0–4 MPa and work at 0–1000 W power. The reaction tem-
perature and time can be programmed by users. The synthe-
sis of nanocrystals was performed in lined digestion ves-
sels that are double-walled vessels consisting of a Teflon 
inner liner and cover surrounded by a high-strength vessel 
shell of Ultem polyetherimide. The volume of vessel used 
in the reaction was 60 mL. In general, the monomers solu-
tion occupied 1/6 volume of the vessel, and air filled the 
rest of the space. In a typical experiment, 0.2240 g Zn(Ac)2 
2H2O (1 mmol) was diluted to 90 mL with water, 3 mL of 
0.01 M Mn(Ac)2 and different volume of MPA were mixed 
together, the pH of the mixed solution was adjusted with 
1 M NaOH (7.3–12.3). After the purging of air by N2 bub-
bling for 15 min, sodium hydroselenide (prepared by mixing 
sodium borohydride and selenium powder in oxygen free 
water) was quickly injected into the solution. The molar ratio 
of Zn2+:NaHSe is 4:1, the MPA/Zn ratio was varied from 
4 to 8. Then Mn-doped ZnSe/ZnS core/shell QDs grew at 
microwave irradiation (0.6–1.0 MPa, 400 W). All the experi-
ments were repeated three times.

2.3 � Detection of mercury ion

5  mL different concentrations of mercury ion solution 
(0–20 nM) were prepared for further use. Different con-
centration Hg2+ ion solution was added into 1 mL of the 
as-prepared colloidal nanoparticles solution. After incubat-
ing for 30 s (by means of several measurements, 30 s as a 
response time is enough to obtain stable fluorescent data), 
the fluorescence emission spectra were measured at excita-
tion wavelength of 400 nm, each spectrum was collected 
repeatedly for at least three times. Therefore, PL intensity 
of probe solution at 582 nm as a function of time was meas-
ured after adding mercury ions. Experimental conditions for 
other ten heavy metal ions were the same as those for Hg2+ 
ions (20 nM).

2.4 � Sample characterization

X-ray diffraction (XRD) patterns were collected on a Rigaku 
D/max XRD with Cu KR radiation (λ = 1.5405 Å). The sur-
face morphology of the samples was measured on a Hitachi 
H-8100 transmission electron microscope (TEM) operated 
at an acceleration voltage of 200 kV. X-ray photoelectron 
spectra (XPS) were investigated by using an Escalab 250 
Xi spectrometer. Fluorescence spectra of nanocrystal sam-
ples in aqueous solution were obtained at room temperature 
with a FS900 steady-state fluorescence spectrometer with a 
450 W xenon lamp as excitation source. UV–Vis measure-
ments were performed on a Varian Cary-100 spectrometer.
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The fluorescence QY of nanocrystals was determined 
from the integrated fluorescence intensities of the nanocrys-
tals and the reference (Rhodamine 6G solution in ethanol, 
QY = 94.5% at 350 nm excitation).

where Fs and Fr are the integrated fluorescence emissions of 
the sample and the reference, respectively; As and Ar are the 
absorbance at the excitation wavelength of the sample and 
the reference, respectively; QYs and QYr are the quantum 
yields of the sample and the reference, respectively.

3 � Results and discussion

3.1 � Results of Mn2+‑doped ZnSe/ZnS core/shell 
quantum dots

Under optimal experiment condition, a series of Mn:ZnSe/
ZnS core/shell nanocrystals with different photolumines-
cence color were synthesized in 1 h by microwave-assistant 
methods. Figure 1a, b show the PL and UV–Vis spectra of 
the as-prepared Mn:ZnSe/ZnS core/shell nanocrystals, both 
the PL and absorbance peaks gradually red shift with the 
increasing of sizes, the absorbance edge change from 410 
to 450 nm, the as-prepared QDs exhibits emission in the 
range of 565–602 nm, the image shows the tunable lumi-
nescence color from yellow–green, orange to red, and the 
highest photoluminescence quantum yield can reach up to 
36.3%. To understand the crystal structure of the as-prepared 
Mn:ZnSe/ZnS QDs, the wide-angle XRD patterns were 
collected (Fig. 2). The three main peaks correspond to the 
(111), (220) and (311) planes (JCPDS Card No. 80-0021), 
respectively, showing that the as-prepared samples have a 
cubic zinc blend structure. Meanwhile, the diffraction peaks 
locate in between ZnSe (bottom) and ZnS (top), and gradu-
ally shift to wide angle region approached those of ZnS crys-
tals, which is attributed to the ZnS shell formation and the 
shell thickness gradually increasing.

(1)QYs = (Fs × Ar × QYr)∕(Fr × As)

TEM measurement was performed to understand the 
morphology of the Mn:ZnSe/ZnS QDs (Fig. 3). The TEM 
result shows that the as-prepared Mn:ZnSe/ZnS QDs are 
highly monodispered and homogeneous, and the size of the 
three representative samples are 3.6 nm (a), 4.8 nm (b) and 
6.4 nm (c), respectively, which are consistent with the XRD 
results calculated by the Scherrer equation. Meanwhile, the 
as-prepared QDs has good crystallinity as the HTEM image 
shown in Fig. 3d.

The different experiment condition have great influence 
on the optical properties of color-tunable Mn-doped ZnSe/
ZnS core/shell nanocrystals, to obtain high quality QDs, we 
systematically investigated the influence of different experi-
mental parameters, including the reaction pressure, the pH 
value, the molar ratio of Zn to MPA, and the adsorption of 
oxygen on the surface of QDs.

3.2 � The influence of microwave irradiation

The microwave irradiation plays an important role in 
one-pot aqueous synthesing Mn-doped ZnSe/ZnS core/
shell nanocrystals because it can provide higher reaction 

Fig. 1   The photoluminescence 
(a) and absorbance spectra (b) 
of as-prepared Mn:ZnSe/ZnS 
QDs with different size
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temperature and pressure. It is difficult to prepare high qual-
ity Mn-doped ZnSe/ZnS core/shell nanocrystals by using 
conventional aqueous method, the experiment results were 

shown in Fig. 4. The samples show stronger trapped emis-
sion between 400 and 500 nm and without Mn-doped center-
related emission in the beginning several hour. After heat-
ing for 5 h, the weakly Mn-doped center-related emission 
(565 nm) appeared and the PLQY is very low about 0.2%. 
The absorbance edge shows no obviously shift after heat-
ing 3 h, which illuminates the size of the particles does not 
increase with increasing the heating time. The XRD result 
(Fig. S1) shows that the as-prepared QDs was Mn-doped 
ZnSe nanocrystals rather than Mn-doped ZnSe/ZnS core/
shell nanocrystals due to the diffraction peaks are consistent 
with that of ZnSe nanocrystals.

Firstly, we study the effect of the microwave irradiation 
pressure on the experiment results. Figure 5a shows that the 
pressure of microwave irradiation (0.6, 0.8 and 1.0 MPa) 
have effects on the optical properties of Mn:ZnSe/ZnS QDs. 
The Mn:ZnSe/ZnS QDs was prepared under the same exper-
iment condition except for the pressure of microwave irradia-
tion. But the optical properties show great difference, the PL 
spectra red shift gradually with the increasing of the micro-
wave irradiation pressure. When the pressure is 0.6 Mpa, 
the sample shows stronger trapped emission between 400 
and 500 nm besides the Mn-doped center-related emission 
(565 nm). The as-prepared samples exhibit the maximum 
PL signal at 0.8 Mpa and PL peak locate at 575 nm, its PL 
spectra includes weak defects emission and strong intrinsic 
emission. When the pressure is 1.0 Mpa, the PL spectra of 

Fig. 3   TEM (a–c) and HTEM (d) images of representative Mn-doped 
ZnSe/ZnS core/shell nanocrystals

Fig. 4   PL and absorbance 
spectra of Mn-doped ZnSe 
nanocrystals prepared under 
100 °C oil bath
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Mn:ZnSe/ZnS QDs only shows the Mn-related emission 
without the defect emission. Meanwhile, the UV–Vis spectra 
of the Mn:ZnSe/ZnS QDs do not show any observable fea-
tures at visible wavelengths up to the UV region (350 nm) in 
accordance with the previous study (Fig. 5b), the absorbance 
edges of the samples also gradually red shift with enhanc-
ing the pressure, which illuminates the formation of ZnS 
shell on the un-doped partial of ZnSe host. There is a pos-
sibility that, the MPA ligands can decompose and release 
S2− ions as increasing the pressure, and the formation of 
ZnS shell can passivate the surface defects of ZnSe hosts, 
so the surface defects related-emission gradually decreased 
(from 0.6 to 1.0 Mpa). However, when the reaction pressure 
is too high, the more S2− releasing from MPA can produce 
S2− related defects on the surface of ZnS shell, which lead 
to the decrease of Mn-related emission (1.0 Mpa) [26–28]. 
Therefore, we can conclude that 0.8 Mpa is an appropriate 
reaction pressure, and we choose the pressure of microwave 
irradiation of 0.8 Mpa as the reaction pressure in the follow-
ing experiments.

3.3 � The effect of pH value

The pH value of the reaction solution has great influ-
ence on the optical properties of the Mn:ZnSe/ZnS QDs. 
Figure 6a, b show the optical spectra of Mn:ZnSe/ZnS 
QDs prepared under different pH value from 7.3 to 12.3. 
We found that the position of the emission peaks, the 
PL intensity of Mn-related and defects related-emission 

and the absorbance band edge all have great difference 
when increasing the pH value. The position of emission 
peaks gradually shift from 570 to 592 nm as the pH value 
changing from 7.3 to 12.3 (Fig. 6a, c), the absorbance 
band edge also gradually red shift from 425 to 450 nm, 
which illustrate the size of QDs gradually increase and 
the formation of ZnS shell as the increasing pH value, 
the absorbance band edge have a great lift at pH = 12.3 
because of the strong scattering form the reaction suspen-
sion (Fig. 6b). As shown in Fig. 6a, c, the PL intensity 
of Mn-related and defects related-emission dramatically 
enhance to the highest value at pH = 9.3, and then reduce 
to negligible at pH = 12.3. Based on the literatures, we 
suspected that the effect of pH value on optical prop-
erties mainly originate from two aspects. Firstly, the 
OH− can compete Mn2+ and Zn2+ with MPA, and activate 
Mn and Zn ions to form MnSe and ZnSe, and the opti-
mized parameter is 9.3, since sufficient OH− ions did not 
only lead to rapidly form small-sized MnSe cores, which 
was critically important to improve the PLQY, but also 
make the ZnSe on the surface of the MnSe diffused core, 
preventing the oxidation of Mn ions. When pH values 
increased further, the PL intensity decreased, we believed 
that a large excess of OH− ions may cause the formation 
of the manganese oxide or manganese hydroxide or zinc 
oxide, which were a disastrous influence on PLQY [29]. 
Secondly, the pH value influences on the decomposition 
rate of MPA ligands, and then affect the formation of ZnS 
shell. The scheme of decomposition of MPA was shown in 

Fig. 6   PL (a) and UV–Vis 
(b) spectra of Mn:ZnSe/ZnS 
QDs preparing at different pH 
values of MPA precursors, the 
PL intensity (c) and peaks (d) 
change as the pH values

0.0

2.0x105

4.0x105

6.0x105

PL
 in

te
ns

ity
 (a

.u
.)

wavelength(nm)

    pH
7.3
8.3
9.3
10.3
11.3
12.3

0.0

0.5

1.0

1.5

2.0

A
bs

 (a
.u

.)

Wavelength (nm)

     pH
 7.3
 8.3
 9.3
 10.3
 11.3
 12.3

565

570

575

580

585

590

595

W
av

el
en

gt
h 

(n
m

)

pH

350 400 450 500 550 600 650 700 300 350 400 450 500

7 8 9 10 11 12 137 8 9 10 11 12 13

0.0

2.0x105

4.0x105

6.0x105

PL
 in

te
ns

ity
 (a

.u
.)

pH

a b

c d



9189Journal of Materials Science: Materials in Electronics (2018) 29:9184–9192	

1 3

Scheme 1 (Supporting information). At the low pH value, 
the decomposition of MPA is relatively difficult, which 
is bad for the formation of ZnS shell, so the as-prepared 
Mn:ZnSe/ZnS QDs have strong defected-related emission 
and weak Mn-related emission. As the increasing of pH 
value, the decomposition of MPA become easier, which 
is good for the formation of ZnS shell, so the surface 
defects can be effectively eliminated, the defected-related 
emission dramatically reduce and the Mn-related emis-
sion become stronger. At higher pH value, the decomposi-
tion of MPA release too much S2− ions and thus produce 
the S-related defects on the surface of ZnS shell, which 
leads to the decrease of Mn-related emission. Meanwhile, 
there is the possibility of the formation of Zinc Oxide at 
higher pH value because the OH− ions can also react with 
Zn2+ at the same time, the formation of white suspension 
with strong scattering at pH = 12.3 proved this point of 
view [30]. The XRD data can prove the above point as 
shown in Fig. S1, all the as-prepared Mn-doped ZnSe/
ZnS nanocrystals under different pH have the same zinc 
blende structure. For the samples prepared at different 
pH values, the diffraction peaks gradually shifted to wide 
angle region, approach gradually to those of ZnS crys-
tals. The XRD results mean that the thickness of the ZnS 
shell gradually increase as the increasing pH value, which 
illustrate the MPA can easier decompose at higher pH 
value. The samples prepared at pH = 9.3 have the highest 
PL intensity, so we will choose pH = 9.3 as the reaction 
pH value in the next experiment.

3.4 � The influence of the ratio of MPA/Zn

The formation of ZnS shell have great effect on the optical 
properties of Mn:ZnSe/ZnS QDs, it is necessary to study 
the effect of amount of sulfur source MPA on the optical 
properties, so we investigate the influence of Zn/MPA ratio 
on the PL property of the prepared Mn:ZnSe/ZnS QDs. 
Figure 7a shows the PL spectra of the as-prepared samples 
under the same reaction conditions beside the Zn/MPA ratio. 
The Mn-related PL intensity of the prepared Mn:ZnSe/ZnS 
QDs firstly increased and then decreased with the MPA con-
centration increasing, and when the ratio of Zn to MPA is 
1:5, the PL intensity reached the maximum. The continuous 
decrease of the ratio of Zn to MPA will cause the decrease of 
the Mn-related PL intensity, but the defect-related emission 
gradually weakened to disappear. Meanwhile, the PL peaks 
red shift from 576 to 595 nm, and the absorbance band edge 
of all samples also show obviously red shift (Fig. 7b). This is 
due to the large amount S2− released from MPA will be good 
for forming ZnS shell, which have great influence on the PL 
properties. We know that as the increasing of MPA amount, 
the large amount of S2− released from MPA are good for the 
formation of ZnS shell, so the surface defects can be effec-
tively eliminated, the defected-related emission dramatically 
reduce and the Mn-related emission become stronger, when 
the ratio of MPA to Zn is five shows the maximum luminous 
efficiency. At higher MPA concentration, the decomposition 
of excessive MPA release too much S2− ions and thus pro-
duce the S-related defects on the surface of ZnS shell, which 
leads to the decrease of Mn-related emission. The XPS data 

Fig. 7   PL (a) and UV–Vis (b) 
spectra of Mn:ZnSe/ZnS QDs 
preparing at different Zn/MPA 
ratio, the PL intensity (c) and 
peaks (d) change as MPA/Zn 
ratio
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prove the above conclusion. Table 1 shows the XPS analy-
ses were employed to investigate the surface composition 
of the nanocrystals prepared under different Zn/MPA ratio. 
Three elements, Zn, Se and S, were observable in all the 
ZnSe samples investigated (see Supporting information Fig. 
S2). Contents of the elements were quantified based on the 
integration areas of the peaks as shown in Table 1. The Se/
Zn ratio in the as-prepared samples decreased from 0.42 to 
0.25 as the Zn/MPA ratio decreased from 1/4 to 1/8. It is 
noted that the S/Se ratio was 1.36 for the Mn-doped ZnSe 
samples prepared at Zn/MPA = 1/4, which increased to 2.97 
for the samples prepared at Zn/MPA of 1/8. It is obvious 
that there is lots of S element on the surface of the Mn-dope 
ZnSe nanocrystals prepared at excessive MPA ligands. It 
is supposed that ZnS shell was formed on the surface of 
the Mn-doped ZnSe nanocrystals, which eliminated the sur-
face defects and thus improved the PLQY of the Mn-doped 
ZnSe nanocrystals. However, too much S2− ions can produce 
S-related defect, and thus lead to the decrease of Mn-ralated 
emission. A typical PL and absorbance spectra Mn:ZnSe/
ZnS QDs prepared at pH = 10.3 and Zn:MPA = 1:6 were 
shown in Figure S4, both of the PL and absorbance spectra 
gradually shift to long wavelength region as the increasing 
of ZnS shell growth.

3.5 � The influence of adsorbed oxygen

Besides the effect of above factors on the optical properties 
of Mn-doped ZnSe/ZnS QDs, we find an interesting experi-
ment results that the PL quantum yield of as-prepared Mn-
doped ZnSe/ZnS nanocrystals is dramatic improved after 
aging samples some time (keeping samples in air for some 
time). With the increase of aging time, the luminescence 
intensity of quantum dots increases, which indicates that 
in order to obtain quantum dots with better luminescence 
intensity, the aging time should be increased as much as pos-
sible [31–34]. Figure 8 shows the PLQY change of samples 
preparing under different pH value, the PLQY of fresh sam-
ples (under pH 7.3, 8.3, 9.3, 10.3, 11.3, 12.3) are 3.1, 7.9, 
15.2, 9.3, 4.3 and 0.42, respectively. After aging 2 weeks, 
PLQY of all samples (4.5, 12.3, 36.3, 30.1, 22.6 and 1.8) 
are improved and up to maximum after 2 weeks. The typical 
PL spectra of Mn:ZnSe/ZnS QDs prepared at pH 9.3 and 

11.3 before and after aging 2 weeks are shown in Fig. 9, the 
positions of PL peaks are both no obviously changed, but the 
PL intensity are dramatically enhanced, the inset PL images 
obtained under 365 nm UV lamp irradiation show that the 
samples after aging become more bright. Previously stud-
ies prove that the dissolved oxygen tend to be absorbed on 
the surface of ZnS nanocrystals, especially on the surface 
defect sites [35]. As we all known, the surface defects play 
an important role in the optical properties of nanocrystals, 
when there is oxygen in the freshly samples solution, the 
dissolved oxygen tends to be absorbed on activated surface 
defect sites, and thus the surface defects will be blocked effi-
ciently, the nonradiative recombination will be suppressed 
because of the formation of oxide species, thus the lumines-
cence of the Mn-doped ZnSe/ZnS nanocrystals are greatly 
improved [29].

In summary, the pressure of the microwave irradiation, 
the pH values of the reaction solution and the ratio of Zn to 
MPA ligands have effect on the S2− release from the decom-
position of MPA and form ZnS shell on the surface of Mn-
doped ZnSe QDs, which are very important for the optical 
properties of as-prepared Mn-doped ZnSe/ZnS core/shell 
nanocrystals. Meanwhile, the oxygen in air may dissolve 
into the samples solution during the aging time, and will 
eliminate lots of surface defects, and it is good for improv-
ing PL efficiency.

3.6 � Application in selective detection of mercury 
in water

Mercury ions are one of the highly toxic heavy metal ions 
and environmental pollutants, extensively exist in a variety 
of water systems, and easily cause great permanent damage 
to human health and ecological environment even at a trace 
amount. Therefore, ultrasensitive detection of mercury is 
essential to provide evaluation criteria of mercury ions in 

Table 1   Surface atom ratio of Se/Zn and S/Se revealed by XPS analy-
ses of the MPA-capped Mn-doped ZnSe nanocrystals prepared under 
different Zn/MPA ratio

Zn/MPA ratio

1/4 1/5 1/6 1/7 1/8

Se/Zn 0.42 0.37 0.33 0.28 0.25
S/Se 1.36 1.72 2.04 2.53 2.97
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Fig. 8   PLQY of the samples prepared under different pH value before 
and after aging two weeks
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aqueous environment [36]. In this study, the as-prepared 
water-soluble Mn-doped ZnSe/ZnS QDs were successfully 
applied to detect Hg2+ in water samples with advantages of 
simplicity, rapidity, sensitivity, and high selectivity. Add-
ing different concentrations of Hg2+ ions into water-solu-
ble Mn-doped ZnSe/ZnS colloidal nanoparticles, we can 
observe the obviously change of the photoluminescence 
spectra (Fig. 10), which shows the fluorescence intensity of 
MPA-coated QDs in the presence of Hg2+ ions (0–20 nM) 
in the PBS (5 mM, pH = 7.4) buffer solution. The emission 
intensity of QDs was quenched obviously with the addition 
of Hg2+. Meanwhile, the clear solution rapidly became tur-
bid due to the aggregation of colloidal nanoparticles. The 
aggregation of colloidal nanoparticles is attributed to the 
separation of the ligands layer from the surface of colloi-
dal nanoparticles in the presence of Hg2+ ions because of 
the strong interaction between thiol(s) and mercury ions. 
The emission signal response to mercury ions could thus 
be utilized to detect mercury ions in aqueous solution. The 
limit of detection (LOD) of the as-prepared Mn-doped ZnSe/
ZnS chemosensor is 0.1 nM which is lower than those of 
QDs chemosensors reported by other research groups. Based 
on the data obtained using the above procedure, the linear 
range from 0 to 1.5 nM was linear fitted into the equation of 
I/I0 = 0.9744 − 0.5122 × C, where C is the concentration of 
Hg2+ ions in samples (Fig. 10b inset).

In order to investigate the selective interaction between 
colloidal nanoparticles and Hg2+ which is necessary for 
practical applications, the luminescence spectra of colloi-
dal nanoparticles were collected in the presence of other ten 
heavy metal ions besides Hg2+, including Ag+, Zn2+, Cd2+, 
Pb2+, Fe3+, Cr3+, Mg2+, Cu2+, Co2+and Ni2+. MPA-coated 
Mn-doped ZnSe/ZnS QDs did not show large responses 
to these metal ions (Fig. 11). The experiment result illus-
trates that these heavy metal ions only slightly quenched 

Fig. 9   PL spectra of Mn:ZnSe/
ZnS QDs after aging two weeks, 
a pH = 9.3 and b pH = 11.3. The 
inset pictures are PL photos 
under 365 nm UV lamp before 
and after aging
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Fig. 10   a Photoluminescence 
spectra of the Mn-doped 
ZnSe/ZnS QDs in PBS buffer 
(pH = 7.4) in the presence of 
different concentrations of Hg2+ 
ions (0–20 nM). b Calibra-
tion curve of the QD fluores-
cence at 582 nm vs. [Hg2+] 
(0–1.5 nM). The inset: a linear 
relationship between I/I0 at 
582 nm vs. [Hg2+] (0–1.5 nM), 
R2 = 0.98629
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the photoluminescence of QDs due to the weak interaction 
between the thiol functional group and these heavy metal 
ions. The as-prepared Mn-doped ZnSe/ZnS chemosensor 
shows a high sensitivity and selectivity to mercury ions, 
which indicates that it can be applied to the detection of 
mercury ions in water.

4 � Conclusion

In this work, water-soluble Mn-doped ZnSe/ZnS core/
shell QDs with MPA as stabilizer was fabricated by a rapid 
microwave method. It was found that the optical properties 
of the Mn:ZnSe/ZnS QDs can be affected by the reaction 
pressure, the pH value of reaction solution, the ratio of Zn 
to ligand (MPA), and the adsorption of oxygen on the sur-
face. By rationally changing the factors above, a series of 
highly luminescent and color tunable Mn:ZnSe/ZnS core/
shell QDs were prepared with the highest PLQY ~ 36.3%, 
the as-prepared high luminescent doped QDs have also been 
successfully used for ultrasensitively and selectively detec-
tion of Hg2+ ions in water, and this work will be helpful for 
the aqueous preparation of doped nanocrystals with high 
luminescent.
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