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The enhanced dissolution of Se without organo-phosphines is a key issue in the synthesis of oil-soluble
selenide nanocrystals. In this article, the dissolution of Se powder was greatly promoted by addition of
1-dodecanethiol at 200-220 °C. This Se precursor was of high reactivity and was suitable for the

preparation of Se semiconductor nanocrystals. With this greener Se precursor, approximately spherical
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and large-sized Mn:ZnSeS quantum dots (QDs) could be prepared after multiple injections of the Zn

precursor, and the size of Mn:ZnSeS can reach over 8.5 nm after the tenth injection of the Zn precursor.
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1. Introduction

Semiconductor quantum dots (QDs) have been extensively
studied because of their flexible solution synthesis, excellent
optical properties and promising applications, such as biolog-
ical labeling, solid-state lighting, LEDs, etc."” However,
although a semiconductor QD material has high photo-
luminescence (PL) quantum yield (QY), with CdSe QDs as
a representative, it is a great threat to human health because of
its highly toxic heavy metal element (Cd), which has greatly
limited the application in many fields.? So far, colloidal semi-
conductor QDs have become an important research area in
chemistry and materials science because of their size-
dependent properties and promising applications.’

Wide band gap semiconductor nanocrystals, such as zinc
chalcogenide nanocrystals doped with transition metal, can
solve the above concern, which can maintain the advantages of
intrinsic nanocrystals and possess other unique properties,
such as larger Stokes shift, luminescence under high tempera-
ture, better photochemical stability.’*** Mn(Cu)-doped ZnSe
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The preparation of this novel selenium precursor is simple and convenient, and provides a meaningful
method for the synthesis and application of other selenium nanocrystals.

QDs (d-dots) without heavy-metal element are the most typical
representative, which have been widely studied.*>**"” Although
people have been able to synthesize the high-quality doped
metal selenium nanocrystals, but its synthetic chemistry is still
in its infancy mainly because of the lack of high reactivity,
stable, greener precursor.’® At present, the most synthetic
methods of selenide nanocrystals use the organo-phosphines as
the ligands to dissolve selenium powder."** Since 2005, many
chemists tried to find other substitutes to replace the Se-orga-
nophosphine precursor, including dissolving selenium powder
with 1-octadecene (ODE) or olive oil under high tempera-
ture,**?* using SeO, as selenium source,” recently dissolving
selenium powder by sodium borohydride and thiols.” In 2005,
Zou and co-workers reported that Se powder was first reduced to
H,Se and the long chain alkane was oxidized to alkene.** The
resulting H,Se gas was used as the selenium source to form the
CdSe QDs. In 2010, we reported that Se powder could react with
fatty amine at high temperature, such as oleylamine, and the
prepared Mn:ZnSeS QDs possessed pure doping emission and
luminous efficiency of 40-60%.'* However, in systematic study,
the activity of selenium precursor was very difficult to
control.’”** That was so because the H,Se gas was easy to be
formed during dissolving selenium powder. To date, the prep-
aration of spherical ZnSe nanocrystals with size up to 5 nm is
very difficult. The large-sized ZnSe nanocrystals are easy to
result in the formation of branched nanocrystals due to the
anisotropic growth.* It is not conducive to further the forma-
tion of a stable geometrical structure. Therefore, it is very
necessary to study the properties of Mn:ZnSe nanocrystals with
large size, good stability, and spherical morphology.

The Mn:ZnSe QDs synthesized by conventional organo-
phosphine methods have good stability and highly emission
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efficiency because the organo-phosphine is a reducing agent.”
Recently, Pradhan et al. reported that the luminescence was
easily quenched by dissolved oxygen in solution, and the
surface Se atoms of the nanoparticles are easily oxidized,
resulting in low luminescence efficiency and poor photochem-
ical stability.> DDT has also been using to synthesize chalcogen
nanocrystals based on phosphine-free synthesis.”’** These
shortcomings inspire us to find a greener and phosphine-free
synthesis method to prepare large-sized, spherical, and high-
quality Mn-doped nanocrystals.

In this work, the high efficient Mn-doped ZnSeS (Mn:ZnSeS)
nanocrystals were prepared using organic selenide salt as the
precursor, which was obtained by dissolving in the ODE in the
presence of alkylthiol (e.g., 1-dodecanethiol). Se powder was
firstly reduced by 1-dodecanethiol to generate an alkylammo-
nium selenide at (200-230 °C). This precursor not only induced
the growth of Mn:ZnSeS alloyed nanocrystals beyond 8 nm, but
also manipulated incorporation of Mn ions in the center of the
host cores, leading to highly luminous efficiency and excellent
photostability.

2. Experimental section

2.1. Chemicals

Manganese acetate (MnAc,), zinc acetate (ZnAc,), manganese
chloride (MnCl,-4H,0, =99%), 1-dodecanethiol (DDT, 98%),
selenium powder (200 mesh, 99.999%), oleylamine (=70%)
were purchased from Aldrich. Oleic acid (OA), 1-octadecene
(ODE, 90%) was purchased from Alpha Aesar. Manganese
stearate (MnSt,) was purchased from City Chemical. All chem-
icals were used without further purification.

2.2. Preparation of stock solutions

The manganese precursor solution was prepared by dissolving
MnSt, (0.03 g) or the same amount of MnAc,/MnCl, in 2.5 mL of
ODE and heated to 100 °C after being degassed with Ar gas. The
zinc precursor solution was prepared by dissolving ZnAc,
(0.5 mmol) and OA (2 mmol) in 2 g of ODE, and then heated to
160 °C until the solution turned clear.

2.3. Typical synthesis of Mn:ZnSeS d-dots

Selenium powder (0.0237 g), DDT (0.4 mL), and ODE (3 g) were
loaded into a 25 mL three-neck flask and degassed at 80 °C for
10 min under Ar flow. The reaction mixture was then heated to
210 °C and kept this temperature until the Se powder was
completely dissolved, then increased the temperature to 290 °C.
The manganese precursor solution (0.2 mL) was rapidly injected
into the reaction flask at 290 °C. After that, the 0.2 mL of OLA
was quickly added 1 min later, an additional 0.3 mL of OLA was
added quickly and the reaction mixture was allowed to cool to
278 °C. Subsequently, the reaction temperature was set at
260 °C with the injection of zinc precursor (the first layer,
0.1 mL) and reacted for 5-8 min for growth of ZnSeS shell. The
reaction temperature was kept at 260 °C for further growth of
the ZnSeS shell (the second to eighth layer, 0.1 mL). A desig-
nated amount of oleylamine (about 0.1 mL) was injected into
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the reaction mixture to active the zinc precursor. The growth
process was monitored by UV-vis and PL spectroscopy by taking
aliquots. Finally, the reaction was cooled to room temperature
and purified using ethyl acetate for further characterization.
Mn:ZnSeS QDs synthesized by this method typically had PL QY
up to 50%.

2.4. Characterizations

Room temperature absorption spectra and PL spectra were
recorded with the UV-2450 and F-6000 fluorescence spectro-
photometers, respectively. The PL QY of d-dots was determined
by comparing the integrated emission of the d-dots in solution
with that of a fluorescent dye (rhodamine 6G in ethanol or
rhodamine 101 in 0.01% HCI ethanol solution) with an iden-
tical optical density. Transmission electron microscopy (TEM)
images were taken on a Tecnai F30 transmission electron
microscope with 200 kV acceleration voltage. High resolution
transmission electron microscopy (HRTEM) images were
recorded using a JEM-2100F electron microscopy. Phase deter-
mination of the samples were performed on a X-ray diffrac-
tometer (Bruker AXS D8) using Cu-Ko, radiation (A = 1.5418 A).
The PL decay was performed with a single photo-counting
spectrometer (TCSPC, Horiba Jobin Yvon Fluoromax-4P). FTIR
spectrum was performed on an IRTracer-100. X-ray photoelec-
tron spectroscopy (XPS) was performed on a Kratos Axis Ultra X-
ray photoelectron spectrometer with an Al Ka source.

3. Results and discussion

3.1. Structural characterization of Se-organic complex

In our experiments, we found that DDT could greatly promote
the dissolution of selenium powder. This new synthetic system
seems to have a new formation mechanism, and DDT was used
as a major reducing agent. To confirm this hypothesis and know
the bonding nature, FTIR spectra of DDT, the mixture of DDT
and ODE, and the corresponding dissolved products were
measured (Fig. 1). As shown in Fig. 1, the FTIR spectra showed
that the characteristic peaks of the vinyl group of ODE were at
the 906.7, 991.6 cm ™, and the peaks located at 1639.4 cm™*
should be attributed C=C stretch, and the peak at 3079.2 cm ™
was from C-H stretch. It should be noted that the new
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Fig.1 FTIR spectra of the mixture obtained by dissolving Se powder in
DDT and ODE (red), (a) 800-1700 nm, (b) 2700-3400 nm. For
reference, FTIR spectra of DDT (black) and the mixture of DDT and
ODE (blue) are also provided. Note: the dashed purple lines are only
used as a guide.
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characteristic peak appeared at 958.9 ecm ™, which should be
from the product of Se powder dissolving in DDT and ODE. This
confirmed that a new Se-DDT precursor was formed because of
the addition of DDT. In order to investigate the nature of the
precursor in our experiments, we tested the UV-vis absorption
and PL spectra in addition to FTIR spectra. As indicated in
Fig. S1 (ESI),T the absorption spectra of the three precursors are
very different. In the range of 300-450 nm, the absorption of
Se-DDT-ODE precursor is between those of Se-ODE and
Se-DDT. In the synthetic protocol, we just used 0.4 mL of DDT,
but 3 g of ODE (about 4.5 mL). That is to say, DDT only acts as an
auxiliary solvent. Due to the large amount of ODE in the
synthesis, ODE should play a great role in the dissolution of Se
powder. The PL spectra also indicated that the three organics do
not show PL property (ESI, Fig. S27).

3.2. Selection of synthetic strategies

The doping strategies mainly include the nucleation-doping
and growth-doping.”” The previous reports indicated that
resulting doped nanocrystals with nucleation-doping possessed
higher PL QY than those with growth-doping.”> For the
nucleation-doping strategy, the energy transfer and emission
process can occur at the interface between the crystal nuclei
containing the impurity ions and the host material, with the
dopants act as the emissive center and the shell as the
absorption zone. Based on this consideration, the emphasis of
this work is to control the size of the crystal nuclei containing
impurity ions as well as the interface of the crystal nuclei and
the host shell. Therefore, controlling the size of the crystal
nucleus is a prerequisite for the preparation of high-quality
luminescent QDs. If the small-sized crystal nucleus will
perfectly place the impurity ions in the center of nanocrystals, it
will make the impurity ions from the surface as far as possible.
Thus, the influence of surface defect states will be minimal,
which is conducive to improve the emission efficiency. There-
fore, the nucleation-doping was adopted in our study.

3.3. Effects of manganese precursor on the optical
properties

The reaction activity of Mn precursor was the key to prepare
small-sized crystal nucleus. The reactivity should be high
enough to ensure the formation of the crystal nuclei, but also
low enough to avoid the formation of the large-sized nucleus at
high temperature.” The balance of reactivity was achieved by
using different manganese precursors. In our experiments, DDT
could be used as a ligand, and excess DDT actually became
a sulfur source, resulting in the formation of the MnSeS-alloyed
crystal nucleus and ZnSeS-alloyed host shell (see the following
XRD spectrum of the alloy structure). As shown in the Fig. 2a-c,
with ZnSeS shell growth, high dopant emission was observed
for all three manganese precursors. However, compared with
the MnSt, and MnAc, precursors, the resulted Mn:ZnSeS QDs
with MnCl, exhibited obvious band edge emission of ZnSeS at
420 nm. This was probably due to the higher reactivity of the
MnCl, precursor. Thus, the larger MnSeS cores were formed at
high temperature, resulting in the separate nucleation of ZnSeS

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 PL spectra of Mn:ZnSeS nanocrystals with MnSt; (a), MnAc; (b),
and MnCl; (c) as the manganese precursors. Changes of PL intensity of
Mn:ZnSeS nanocrystals with different manganese precursors (d).

nanocrystals. Fig. 2d shows the evolution of PL intensity of
Mn:ZnSeS QDs with overcoating of the ZnSeS shell using the
different manganese precursors. The reaction activity of the
MnSt, and MnAc, precursors was almost identical, so the
luminous efficiency of the resulting d-dots was relatively close.
However, it should be noted that the d-dots synthesized by
using MnCl, possessed distinctly lower PL QY compared to
those by using the MnSt, and MnAc, precursors due to signif-
icantly high reactivity of MnCl,. The highest PL QYs of
Mn:ZnSeS QDs prepared using MnSt,, MnAc,, and MnCl, are
79.8%, 69.4%, and 21.6%, respectively.

3.4. Effects of growth time of MnSeS cores on the optical
properties

The stable and small-sized MnSeS crystal nucleus is a prereq-
uisite for the preparation of high-quality Mn:ZnSeS QDs based
on the nucleation-doping strategy.”> The size of MnSeS cores
was found to be difficult to be definitely confirmed because the
size was too small (about 2 nm) and could not be observed by
TEM. Therefore, the optimized size of MnSeS cores was indi-
rectly determined through the changes of normalized PL
intensity of the resulting d-dots. Form the absorption spectra of
MnSe core with different growth time (ESI, Fig. S37), the outline
is very similar for the growth time of 10 s, 30 s, and 1 min due to
the protective effect of DDT. As indicated in Fig. 3a, if the other
experimental conditions were unchanged, the PL intensity of
prepared d-dots increased with formation of the MnSeS
nucleus, and reached maximum value at about 10 s. Then with
further increasing the MnSesS size, the PL QY decreased grad-
ually. This was mainly because the large-sized MnSeS nuclei
made dopants closer to the surface of the d-dot, thus the
luminescence was quenched by surface defects in part. The
relationship between the PL intensity and the growth time is
shown in Fig. 3b. If not specified, the MnSeS growth time
mentioned in this article was 10 s.

RSC Adv., 2017, 7, 44867-44873 | 44869
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Fig. 3 PL spectra of Mn:ZnSeS d-dots using MnSt, as the manganese
precursor (a) and the corresponding evolution of PL intensity (b).

3.5. Effects of amounts of DDT on the optical properties

Due to the strong coordination ability of DDT to the surface free
metal ions of MnSeS crystal nuclei, DDT can effectively limit the
growth of nanocrystals and obtain the small size of MnSeS
crystal nuclei.*® Thus, the amount of DDT has a great influence
on the optical properties of the resulting d-dots.

From the UV-vis absorption spectra, the absorption bands
of d-dots with different dosages of DDT are close (Fig. 4a),
which indicates that the resulting d-dots have the close size.
However, the different amount of DDT will lead to the
difference of reactivity of Mn-DDT- and Zn-DDT-precursors,
which may make the Mn ions in the different radial posi-
tion of d-dots. The difference of the emission from the Mn
ions was resulted by the surface defect state. As shown in the
Fig. 4b and ¢, when the amount of DDT was 0.4 mL, the d-dots
have the highest PL QY. This also meant that the Mn dopants
were in the most central position, and the emission was least
affected by the surface defect state. However, the specific
radial position of Mn ions was still unclear and needed
further study.

PL-decay has important value in the study of PL lumi-
nescence mechanism. The decay kinetics of Mn-doped QDs
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Fig. 4 UV-vis absorption (a) and PL (b) spectra, the change curve of
normalized PL intensity (c), and PL decay (d) of the Mn:ZnSeS d-dots
with different amount of DDT.
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Table 1 The time constants of the Mn:ZnSeS/ZnS d-dots
Amount of Ty T, Tav
DDT Ay (ns) 4y (ns) (ns)
0.2 mL 0.34504 418 0.6575 64 339
0.3 mL 0.44295 587 0.52729 103 504
0.4 mL 0.50125 648 0.50157 122 565
0.6 mL 0.48363 637 0.50099 111 559
0.8 mL 0.4806 625 0.51425 103 547

treated with different DDT amounts were measured (Fig. 4d).
For all the five samples, the amount of DDT was 0.2 mL, 0.3
mL, 0.4 mL, 0.6 mL, and 0.8 mL, respectively. The decay curve
was fitted by the biexponential function of I(t) = y, + As-
exp(—t/t4) + A, exp(—t/t,), where 7; and 7, are the time
constants, and A; and A, are the normalized amplitudes of
the components. The average lifetime was calculated by the
formula of 1, = (417, + A,7,°)/(A4171 + A,7,). The time
constants of the decays are shown in Table 1. As seen from
Table 1, the slower time constants of the two components
were to be on the scale of hundreds of us, which is attributed
to the d-d transition of the electrons in the host conduction
band." The faster one should be from the non-radiative
decay. The average lifetimes of the five decays 1, are
339 ps, 504 ps, 565 ps, 559 ps, and 547 ps, respectively, which

PL Intensity (a.u.)

Od4—= / T
01234567829
Batches of Zn precursor

400 500 600

Wavelength(nm)

700

Fig. 5 PL spectra (a) and evolution of PL intensity (b) of the Mn:ZnSeS
d-dots with addition of the Zn precursor. The digital picture (inset in
the right panel) was taken with the radiation of a hand-held UV lamp
(365 nm) at high reaction temperature.

Intensity (a.u.)

(220)

20 30 40 50 60 70
2 Theta (degree)

Fig. 6 XRD spectrum of Mn:ZnSeS d-dots. The labeled peak positions
correspond to zinc blende ZnSe (red) and ZnS (blue), respectively.
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are consistent with the reported results. As indicated in Table
1 and Fig. 6d, the DDT dependence of the PL lifetime agreed
with the PL QY of d-dots. Thus, increasing the PL QY should
come from the more central location of Mn dopants. The
results also showed that the PL lifetime of d-dots with 0.4 mL
DDT was longer than those of the other d-dots.

3.6. Effects of multiple injections of Zn precursor on optical
properties, morphology and crystal structure of nanocrystals

As we all know, the optical properties and the stability of QDs
are extremely sensitive to their surface chemistry and
external environment. In generally, this is an effective way to
cover the shell in QDs for increasing the luminescent prop-
erties and stability, especially, a thick shell is needed
indeed.** Here, the multiple Zn precursors were injected,
resulting in the formation of the ZnSeS shell with the excess
DDT and Se power. As shown in the Fig. 5a and b, with the
addition of Zn precursor, the PL QY increases gradually.
However, after growing of “thicker” shells (about 5 layers),

View Article Online
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the PL QY declined gradually. The increase in fluorescence
intensity should be due to a reduction in surface defects of
QDs. As Mn:ZnSeS QDs further grew, the shells become
thicker and more new structural defects were likely formed in
the host lattice. These new defects may dominate, leading to
decreasing of photoluminescence efficiency. The size of
Mn:ZnSeS can reach above 8.5 nm after tenth injection of Zn
precursor. The prepared QDs were of super high stability,
and the PL QY could be maintained more than 80% a year
later.

To further characterize the structure of Mn:ZnSeS core/
shell nanocrystals, the crystallographic structure was inves-
tigated by X-ray diffraction (XRD) (Fig. 6). The standard
powder diffraction pattern of zinc blende ZnSe (red) and ZnS
(blue) bulk crystals was shown in Fig. 6. Three broad
diffraction peaks correspond to the (111), (220) and (311)
crystal surface, respectively. As shown in Fig. 6, the peak
positions were located in the middle of the bulk ZnSe and
ZnS positions, which indicated the formation of host ZnSeS

Fig. 7 TEM images of Mn:ZnSeS d-dots with ZnS-1 (a, 2.5 nm), ZnS-4 (b, 6.0 nm), and ZnS-8 (c, 7.4 nm).
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Fig. 8 XPS spectra of the as-obtained MnSe cores and Mn:ZnSeS QDs, Mn 2p (a), S 2p (b), Zn 2p (c), and Se 3d (d).
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alloy structures.?* The resulted particle size was about 7.4 nm
according to the scherrer formula. TEM images were also
employed to study the morphology of Mn:ZnSeS core/shell
QDs (Fig. 7). It was clear that all the NCs were basically
spherical shaped and uniformly distribution. However, the
structure of core/shell is still difficult to observe. That is so
because lattice constants of and ZnSe and ZnS is similar
MnSe(Fig. S4, ESIt). The particle radius increased gradually
with deposition of the ZnSeS shell, and the size reached
about 7.4 nm when the shell reached the eighth layers from
the initial about 2 nm MnSeS core and the final particle size
was consistent with that obtained by XRD results.

To further obtain structural information of the Mn:ZnSeS
QDs, XPS analysis was performed. Fig. 8 reveals the presence
of Mn and Se in the MnSe cores and Mn, Zn, S and Se in the
Mn:ZnSeS QDs, respectively. Typical peaks of Mn 2d at 641.8
and 642.0 eV were attributed to Mn(u) of MnSe cores and
Mn:ZnSeS QDs (Fig. 8a),*®* which indicated that Mn was
successfully doped in the Mn:ZnSeS QDs. This result is in
agreement with previous reports. It should be noted that S
cannot be monitored in the MnSe cores (Fig. 8b), which is
due to the low reactivity and the short growth time. The peaks
at 1021.4 and 1044.5 eV were attributed the Zn of Mn:ZnSeS
QDs (Fig. 8c).** In Fig. 8d, Se was monitored in the MnSe
cores and Mn:ZnSeS QDs, which indicated the Se was always
involved in the reaction during the whole synthesis. In brief,
based on XPS results, the structure Mn:ZnSeS QDs was clearly
characterized, i.e., MnSe@ZnSeS core/shell structure.

4. Conclusions

In summary, the solubility of Se powder was greatly enhanced
by adding 1-dodecanethiol at high temperature (200-220 °C).
The highly emissive Mn-doped ZnSeS QDs was obtained using
this novel, greener and highly reactive Se precursor. After
multiple injections of Zn precursor, the approximately spherical
and large-sized Mn-doped ZnSeS QDs could be prepared, which
were of super high stability. Typically, the size of QDs could
reach 7.4 nm after the deposition of the eighth Zn precursor.
This phosphine-free synthesis is simple, greener, and conve-
nient, thus it should be extended to the synthesis of other
selenide nanocrystals and has important application value in
many practical fields such as light-emitting diode and photo-
voltaic devices.
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