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A green route for the synthesis of high quality zinc blende CdSe nanocrystals has been
successfully established by using phosphine-free Se precursors combined with a cadmium
precursor injection method. The effects of using different Se precursors, and adjustment
of the molar ratios between the Cd and Se precursors have been investigated in detail to
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optimize the synthesis conditions. Absorption and photoluminescence (PL) spectra,
X-ray diffraction (XRD), and transmission electron microscopy (TEM) were used

for the characterization of synthesized CdSe nanocrystals. High brightness with the
photoluminescence quantum yields up to 50% and narrow size-distribution with the
full width at half-maximum (FWHM) below 24 nm were obtained under the optimized
conditions. More than 5 g of high quality CdSe nanocrystals have been synthesized in

one large scale reaction.

Introduction

Since the concept of the ‘“‘size quantization effect” was
introduced in the 1980s,' colloidal CdSe nanocrystals have
become the most investigated object among inorganic semi-
conductor nanoparticles, partially because the emission color
of CdSe nanocrystals spans almost all of the visible range.
Using the attractive size-dependent optoelectronic properties,
practical applications of CdSe nanocrystals in solar cells,>’
bioimaging,** sensors,® ™ light-emitting diodes’ and lasers'®!!
have been proposed. Many very successful preparation
methods have been established for the synthesis of high quality
CdSe nanocrystals, including the organometallic precursor
route,'>* the alternative route,’” " the single molecule
precursor route,’*?? the microwave irradiation route,>>** etc.
Most of these methods involve the use of alkylphosphines
(such as trioctylphosphine (TOP) and tributylphosphine
(TBP)) to prepare complex precursors between Se and TOP
or TBP,>>?° but TOP and TBP are hazardous, unstable and
expensive materials, and generally a glove box is required for
their use. With the concept of ‘“‘green chemistry’”, some
phosphine-free methods are welcomed as alternative routes
to synthesize high quality CdSe nanocrystals. The Zou*® and
Mulvaney®! groups have synthesized CdSe nanocrystals using
elemental selenium dispersed in paraffin liquid or 1-octadecene
(ODE), but the quality of the synthesized CdSe nanocrystals is

Key Laboratory for Special Functional Materials of Ministry of
Education, Henan University, Kaifeng 475004, P. R. China.

E-mail: Isli@henu.edu.cn; Fax: +86 378-3881358;

Tel: +86 378-3881358

1 Electronic supplementary information (ESI) available: Temporal
evolution of absorption spectra of synthesized CdSe nanocrystals
using Se-OA-ODE and Se-ODA-ODE as the Se precursor. See
DOI: 10.1039/b9nj00212j

not very good and only a small amount of CdSe nanocrystals
was synthesized in their report.

Most recently, we have reported a ‘‘green” method to
synthesize high quality CdSe nanocrystals using phosphine-
free Se precursors.’? In this previous work, a Se precursor
solution was used as the injection solution. However, the
solubility of Se in ODE is generally low, and the nucleation
and growth stage of nanocrystals must be separated by the
swift injection of precursors for the synthesis of high quality
nanocrystals. As such, the volume of the Se precursors cannot
be large, in order to facilitate the injection, and the amount of
Se molecules that participate in the reaction is limited by the
small volume of the Se injection solution. In this report, the Se
powder was directly dissolved in ODE at elevated temperature
to act as the reaction solution. CdO and oleic acid reacted in
ODE to form Cd—OA complex solution, which acted as the
injection solution. This is different from the traditional injec-
tion method, where the chalcogen precursors are usually used
as the injection solution and the solution with the Cd pre-
cursors usually acts as the reaction solution, so our method
was termed as the “inverse injection method”. Using this
approach, the Cd-OA complex has a high solubility in
ODE, so the amount of Cd precursors injected into the
reaction solution can be very large, which, together with the
large amount of Se molecules dissolved in the large volume
reaction solution, has led to the large scale synthesis of CdSe
nanocrystals being conducted successfully. The effects of
different Se precursors and Se : Cd molar ratios were
investigated in detail to optimize the synthesis conditions.
Three different Se precursors, Se-ODE, Se-OA-ODE and
Se—-ODA-ODE, were used for the synthesis of CdSe nano-
crystals. Se : Cd molar ratios of 0.9 : 1, 1.8:1,3.6:1,7.5: 1,
9.9 : 1 and 15 : 1 were tested. It was found that high quality
CdSe nanocrystals were obtained with the Se : Cd molar ratios
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of 7.5: 1 and 9.9 : 1, and by using Se-ODE or Se-OA-ODE
as the Se precursors.

Experimental section

All reagents were used as received without further experi-
mental purification. Cadmium oxide (CdO, 99.99%, powder),
selenium (Se, 99.99%, powder), 1-octadecene (ODE, 90%)
and oleic acid (OA, 90%) were purchased from Aldrich.
Hexanes (analytical grade), toluene (analytical grade) and
methanol (analytical grade) were obtained from Beijing
Chemical Reagent Ltd., China.

Solution of Cd precursor: the molar concentration of the Cd
precursor was 0.1 mmol mL™'. CdO (0.1284 g, 1 mmol),
OA (0.846 g, 3 mmol) and ODE (9.05 mL) were loaded into
a 25 mL three-neck flask, and heated to 240 °C under a
nitrogen flow to obtain a clear colorless Cd precursor solution.

Stock solution of Se-ODE: the molar concentration of the
Se-ODE precursor solution was 0.15 mmol mL™'. 3 mmol
(0.237 g) of Se powder was mixed with 20 mL of ODE, loaded
into a 50 mL three-neck flask and degassed. The mixture was
heated to 100 °C, maintained for 20 min, and subsequently
heated to 220 °C and maintained for 3 h. During this period,
the color of the mixture changed from transparent to orange
and red, and finally turned yellow.

Stock solution of Se-OA-ODE: the molar concentration of
the Se-OA-ODE precursor solution was 0.15 mmol mL ™',
3 mmol (0.237 g) of Se powder was mixed with 9 mmol
(2.538 g) OA and 17.8 mL of ODE, loaded into a 50 mL
three-neck flask and degassed. The mixture was heated to
100 °C, maintained for 20 min, and subsequently heated to
220 °C and maintained for 3 h.

Stock solution of Se-ODA-ODE: the molar concentration
of the Se-ODA-ODE precursor solution was 0.15 mmol mL™".
3 mmol (0.237 g) of Se powder was mixed with 9 mmol (2.426 g)
ODA and 17.2 mL of ODE, loaded into a 50 mL three-neck
flask and degassed. The mixture was heated to 100 °C,
maintained for 20 min, and subsequently heated to 220 °C
and maintained for 3 h.

In the series experiments of CdSe synthesis, for each reaction,
0.5 mL (0.05 mmol Cd-OA) of the Cd precursor injection
solution was injected into the reaction solution composed of
Se precursor solution and ODE solvent. The total volume of the
reaction solution was kept at 5 mL. That means, when the molar
ratios of Se : Cd changed from 0.9 :1t01.8:1,3.6:1,7.5:1,
9.9 : 1 and 15 : 1, the composition of the reaction solution
changed from 0.3 mL of Se precursor solution and 4.7 mL of
ODE, 0.6 mL of Se precursor solution and 4.4 mL of ODE,
1.2 mL of Se precursor solution and 3.8 mL of ODE, 2.5 mL of
Se precursor solution and 2.5 mL of ODE, 3.3 mL of Se
precursor solution and 1.7 mL of ODE, and 5 mL of Se
precursor solution, respectively. The reaction solution was
heated to 280 °C under a nitrogen flow; at this temperature,
0.5 mL of Cd precursor solution was injected into the reaction
solution, and then the temperature was reduced to 260 °C for
nanocrystal growth. Aliquots were taken at different time
intervals, and UV-vis and photoluminescence (PL) spectra were
recorded for each aliquot. The synthesized CdSe nanocrystals
could be dissolved in organic solvents like hexanes and toluene.

The samples used for optical measurements were prepared
without any size sorting. UV-vis absorption spectra and PL
spectra were recorded using an Ocean Optics spectrophoto-
meter (mode PC2000-ISA). PL spectra were taken using an
excitation wavelength of 365 nm. PL quantum yields (QYs) of
nanocrystals were measured relative to coumarin 540 (QY =
78% in ethanol) and rhodamine 590 (QY = 95% in methanol).
All the QY data of nanocrystals and dyes were collected
through SPEX F212. The optical density (OD) values of the
nanocrystal samples at the excitation wavelength were in the
range of 0.02-0.05. X-Ray diffraction (XRD) studies of
nanocrystals were carried out at room temperature with a
Philips X’ Pert Pro X-ray diffractometer using Cu Ko
radiation (4 = 1.54 A). Transmission electron microscopy
(TEM) studies were performed using a Jeol JEM-100CX II
microscope. TEM samples were prepared by placing a drop of
the nanocrystal solution onto a 400 mesh carbon covered
copper grid.

Results and discussion

In this report, firstly, a series of experiments were conducted to
investigate the influence of different Se precursors and reagent
molar ratios on the qualities of as-prepared CdSe nanocrystals
in order to optimize the synthesis conditions. Fig. 1 shows the
temporal evolution growth processes of CdSe nanocrystals
using the three kinds of Se precursors, with Se : Cd molar
ratios of 7.5 : 1 and 9.9 : 1. The absorption spectra were
vertically offset for clarity and the PL spectra were normalized
for clarity. As shown in Fig. 1, when using Se-ODE or
Se-OA-ODE as the Se precursor, CdSe nanocrystals could
grow to larger sizes compared with using the Se-ODA-ODE
precursor, as indicated by a red-shift of PL peaks to over
600 nm. Their qualities were also better, as indicated by the
observation of less than 30 nm full width at half-maximum
(FWHM), compared with as broad as 40 nm FWHM by using
Se-ODA-ODE as the precursor. At least three excitonic
absorption features appeared in almost every absorption
spectrum. Only at the very early stage of CdSe nanocrystal
growth (the samples obtained before 10 s under every condition),
did the unavoidable trap emission centered at ~650 nm
appear. The band-gap PL of as-prepared CdSe nanocrystals
synthesized using Se-OA—-ODE as the Se precursor span from
490 to 640 nm, almost covering the visible range. When
Se-ODA-ODE was used as the Se precursor, the CdSe
nanocrystals did not easily grow to large sizes and the quality
was poor, as indicated by fewer excitonic absorption features
and most of the PL spectra with trap emissions centered
at ~650 nm. The size distribution was broad for CdSe
nanocrystals synthesized using Se-ODA-ODE precursors,
indicated by the larger FWHM compared with CdSe
nanocrystals synthesized using Se-ODE and Se-OA-ODE
precursors, as shown in Fig. 2.

The growth speed of a nanocrystal is mainly determined by
the crystal size and the monomers supplied to the nascent
nanocrystal,®® or it can be say, that the growth speed of
nanocrystals in solution is determined by the difference
of chemical potential between the crystal surface and the
monomers.>* In realistic experiments, the growth speed of
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Fig. 1 The temporal evolution of absorption spectra and PL spectra of CdSe nanocrystals using different Se precursors (Se~ODE, Se-OA-ODE
and Se-ODA-ODE, respectively) with the Se : Cd molar ratios of 7.5 : 1 and 9.9 : 1. With the use of the Se-ODA-ODE precursor, trap emissions
appeared at about 650 nm in most of the spectra. The fractions of CdSe nanocrystals were diluted to a similar absorption intensity for the
measurements. Note that the spectra are normalized and shifted for clarity.
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Fig. 2 The relationship between the FWHM of CdSe nanocrystals and their corresponding PL peak positions with different Se : Cd molar ratios
using Se-ODE (a), Se-OA-ODE (b), and Se-ODA-ODE (c) precursors. The concentration of the Cd precursor was 0.0091 mmol mL~" and kept
same in all the reactions. When the Se : Cd molar ratios changed from 0.9: 1,to 1.8:1,3.6:1,7.5:1,9.9: 1 and 15: 1, the concentrations of the Se
precursor changed from 0.0082 to 0.0164, 0.0327, 0.0682, 0.09 and 0.136 mmol mL ™", respectively. All the reactions were conducted with an

injection temperature of 280 °C and a growth temperature of 260 °C.

the ensemble of nanocrystals in the reaction solution is
affected by many factors; in particular, the number of nuclei
formed in the nucleation stage would strongly affect the
growth speed in the growth stage of nanocrystals. If more
nuclei are formed in the nucleation stage, there are fewer
residual monomers, and the monomer supply in the growth
stage cannot afford a quick growth and vice versa. Shown in

Fig. 3 are the relationships between PL peak positions and the
nanocrystal growth times (the injection time is the time
started). Since the band-gap PL peak position is determined
by the nanocrystal size in the size quantization region, Fig. 3
roughly reflects the growth rate of CdSe nanocrystals in
different conditions. Fig. 3 compares the growth rate of CdSe
nanocrystals when different Se precursors were used under the
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Fig.3 The relationship between PL peak positions and the growth time of the CdSe nanocrystals using different Se precursors with Se : Cd molar
ratios of 0.9: 1 (a), 1.8 : 1 (b),3.6:1(c), 7.5: 1 (d) and 9.9 : 1 (e). The concentration of the Cd precursor was 0.0091 mmol mL~" and kept same in
all of the reactions. The concentrations of the Se precursor changed from 0.0082 (a) to 0.0164 (b), 0.0327 (c), 0.0682 (d) and 0.09 mmol mL~" (e).
All the reactions were conducted with injection an temperature of 280 °C and a growth temperature of 260 °C.

same Se : Cd molar ratio. In every comparison, only the Se
precursors were different; the amounts of Se and Cd, the
volume of the reaction solution, the Se : Cd molar ratios
and the injection/growth temperatures were all the same. In
the comparison of the growth speed, if there are more nuclei
formed in the nucleation stage, then more monomers are
consumed in the nucleation stage, so fewer residual monomers
are left in the reaction solution, and the monomer supply in
the growth stage may be not enough to maintain a fast growth
and so the growth speed is low. With the Se : Cd molar ratios
of 3.6 :1,7.5:1and 9.9 : 1, the fastest growth speed of CdSe
nanocrystals in the early growth stage is obtained when
Se-OA-ODE is used as the Se precursor, and the slowest
growth speed is obtained when Se-ODA-ODE is used. This
is in accordance with the previous results that more OA
molecules restricted the nucleation of nanocrystals because
the stronger complexation with Cd species,'® the more residual
monomers accelerated the growth of CdSe nanocrystals. For
the use of Se-ODA-ODE, because the activation of Cd—-OA
complex by the ODA molecules,? more nuclei were formed in
the nucleation stage, less residual monomers could not afford
the fast growth of CdSe nanocrystals. As shown in Fig. 3,
under almost all the Se : Cd molar ratios, CdSe nanocrystals
synthesized using Se-OA-ODE always have the biggest
size through the growth stage, compared with the use of
Se-ODE and Se-ODA-ODE precursors. This substantially
demonstrates that the existence of more OA molecules in the
reaction system limited the nucleation of CdSe nanocrystals,
and the more sufficient residual monomer supply can afford
the fast nanocrystal growth. This is in accordance with our
previous results that more OA molecules favor the growth
of large-sized CdSe nanocrystals using the traditional Se
precursor injection solution.*

It was clear that the band-gap emission of CdSe nano-
crystals could be detected even below 490 nm using all three
types of Se precursors with the Se : Cd molar ratios of 7.5 : 1
and 9.9 : 1. However, only PL peaks at 510 nm and higher
could be detected when the Se : Cd molar ratios were 0.9 : 1
and 1.8 : 1 in all the three types of Se precursors (except the
Se : Cd molar ratio of 1.8 : 1 using Se~ODA-ODE as the Se
precursor; no PL signal was detected). If the molar ratio
of Se : Cd was 15 : 1, only the use of Se-OA-ODE could
produce CdSe nanocrystals with band-gap emissions, though
the PL was only detected before 136 s (PL peak at 555 nm).
Maybe under this condition, the growth was too fast and the
good size-distribution was destroyed; such quick growth
would destroy the quality of the nanocrystal surfaces, so the
photogenerated excitons would relax through nonirradiation
surface defects *° and the band-gap emission could not be
detected any more. The absorption spectra are shown in
Fig. S1 in the ESIL.f A similar result was obtained when
Se-ODA-ODE was used as the Se precursor with the
Se : Cd molar ratio of 15 : 1; no emissions appeared even
though absorption spectra were relatively good. When
Se—ODE was used as the Se precursor with the Se : Cd molar
ratio of 15 : 1, neither absorption nor PL was detectable.

The temporal evolution of FWHM of as-synthesized CdSe
nanocrystals using different Se precursors and under different
Se : Cd molar ratios are shown in Fig. 2. FWHM is usually
used as a guide to measure the quality of nanocrystals because
it reflects their size-distribution; a narrow FWHM means a
narrow size-distribution. The quality of the CdSe nanocrystals
was not well controlled when Se-ODA-ODE was used
as the Se precursor (Fig. 2c), the FWHM was usually above
30 nm, ie. a broad size-distribution. When Se-ODE and
Se—-OA-ODE were used as the Se precursors, the quality of
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synthesized CdSe nanocrystals was well controlled. With the
Se : Cd molar ratios of 7.5 : 1 and 9.9 : 1, the FWHM was
almost always under 30 nm, and as narrow as 24 nm was
obtained. This indicates that the as-synthesized CdSe nano-
crystals had a very narrow size-distribution.

The size-distribution focusing and defocusing phenomena
with the use of Se-ODE as the Se precursor are shown in
Fig. 2a. Under the Se : Cd molar ratios of 7.5 : 1 and 9.9 : 1,
right after the injection of Cd precursors, the size-distribution
focusing occurred until the CdSe nanocrystal grew to a size
with the PL peak at 520 nm. After that, size-distribution
defocusing occurred, meaning that Ostwald ripening happened,
and the FWHM increased as the reaction proceed, until the
end of the reaction. This fitted well with the theory reported by
Peng et al.3® However, with the Se : Cd molar ratios of 0.9 : 1,
1.8 : 1 and 3.6 : 1 using Se—ODE as the precursor, the situation
is different. The size-distributions also focused after the
injection of Cd precursors until the CdSe nanocrystals grew
to a size with PL peaks at 550 nm, then, size-distribution
defocusing occurred, and the FWHM broadened until the
CdSe nanocrystals grew to a size with PL peaks at 580 nm.
After that, however, it is interesting that the size-distribution
refocusing occurred until the end of the reaction, with the final
FWHM of about 30 nm in all the three cases with Se : Cd
molar ratios of 0.9 : 1, 1.8 : 1 and 3.6 : 1, without the additional
injection of precursors. Peng et al. reported that additional
injection of precursors induced the size-distribution refocusing
during the Ostwald ripening,*® but in our results, size-distribution
refocusing happened without additional precursor injection.
In a previous report, size-distribution focusing also occurred
in the Ostwald ripening stage by Monte Carlo simulation
methods,>® but that occurred in the situation with a broad
size-distribution at the beginning of Ostwald ripening. In our
results, the size-distribution refocusing phenomenon without
additional injection of precursors in the middle stage of
Ostwald ripening is very difficult to understand. Recently,
Thessing et al. reported that maybe the interparticle inter-
actions would impact the size-distribution of nanocrystals in
solution, and the rapid and complete dissolution of small
nanocrystals would result in focusing the size-distribution of
the large size nanocrystals in the Ostwald ripening stage.’’
Maybe the dissolution of small CdSe nanocrystals produced
much more monomers in the defocusing stage, just like the
additional injection of precursors, caused the refocusing
phenomenon in the following stage, but this needs further
investigation. Size-distribution refocusing during the Ostwald
ripening stage also occurred by using Se-OA—-ODE as the Se
precursor with the Se : Cd molar ratios of 0.9 : 1, 1.8 : 1 and
3.6 : 1. By using Se-ODA-ODE as the Se precursor, the
size-distributions were large and disordered, indicating that
the quality of synthesized CdSe nanocrystals was not good.

CdSe nanocrystals synthesized using all the three different
Se precursors under different Se : Cd molar ratios have the
same zinc blende crystal structure. The Se precursors may
determine the crystal structure of the CdSe nanocrystals.
Waurtzite-structured CdSe nanocrystals were always obtained
when TBP-Se and TOP-Se were used as Se precursors. In a
previous report by Mulvaney group, wurtzite-structured CdSe
nanocrystals were also synthesized using phosphine-free
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Fig. 4 XRD patterns of synthesized CdSe nanocrystals by the use of
Se precursors of Se~ODE (A), Se-OA-ODE (B), and Se-ODA-ODE
(C) with the Se:Cd molar ratio of 7.5 : 1.

Se-ODE precursors and they argued that the TMPPA
molecules determined the crystal structures.>! However, only
zinc blende CdSe nanocrystals were obtained when phosphine-
free Se precursors were used in our syntheses, in the Se
injection precursor’? or current inverse Cd injection precursor
methods. The zinc blende structure facilitates the doping of
nanocrystals.*® Fig. 4 shows the typical X-ray diffraction
patterns of as-prepared CdSe nanocrystals using different Se
precursors. The peaks match well with the standard zinc
blende structure of CdSe crystals. According to Scherrer’s
formula, crystallite size t = KA/(B cos ), where K is the
Scherrer constant, A4 is the wavelength (1.54 A for Cu Ka
radiation), B is the FWHM of the XRD peak and 0 is the peak
position. For a perfect bulk crystal, the size is infinite and the
B value will be zero, so the diffraction patterns are lines. When
the crystal becomes smaller in size, B will have a larger value.
The peaks in our XRD patterns show broadening phenomena
because the synthesized CdSe nanocrystals are all below
10 nm. Shown in Fig. 5 are the typical TEM images of
synthesized CdSe nanocrystals using different Se precursors.
The narrow size-distributions of the samples are clearly

10 10 10

4 6 8 4 6 8 4 6 &
Diameter (nm) Diameter (nm) Diameter (nm)

Fig.5 TEM images of synthesized CdSe nanocrystals by the use of Se
precursors: Se-ODE (a), Se-OA-ODE (b), and Se-ODA-ODE (c),

respectively. d, e, and f are the corresponding size-distribution
histograms obtained from the TEM image a, b, and c, respectively.
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demonstrated by the corresponding histograms. The average
diameters are 6.20 (d), 6.53 (e) and 5.23 nm (f), after calculating
96 (a), 108 (b) and 78 (c) isolated nanocrystals, respectively.
It also shows the nanocrystals self-assembled into ordered
close packed arrays, although no attempt was made to
optimize the conditions for self-assembly.

The highest QYs of synthesized CdSe nanocrystals under
optimized conditions were between 50-60% according to the
method reported by Williams et al.*® The brightness of CdSe
nanocrystals synthesized by the inverse injection method here
was as high as that of the best quality CdSe nanocrystals
synthesized by the Se injection precursors reported before.*?
Using Se-ODE or Se-OA-ODE as the Se precursor, and
Cd-OA as the injection solution, a large scale synthesis of
CdSe nanocrystals could be easily conducted. More than 5 g of
high quality CdSe nanocrystals were easily obtained in one
synthesis using this inverse injection method. The largely
reduced material cost and highly improved synthesis scale
make this method especially useful in industrial applications.

Conclusions

In conclusion, CdSe nanocrystals have been successfully
synthesized with the inverse injection method using three types
of ““green” phosphine-free Se precursors. High quality CdSe
nanocrystals were obtained using Se-ODE and Se-OA-ODE
as Se precursors with the Se : Cd molar ratios of 7.5 : 1 and
9.9 : 1. The synthesized CdSe nanocrystals span almost all of
the visible range, and the narrowest FWHM was less than
24 nm with a quantum yield more than 50%. With these
“green”, low cost precursors, combined with the inverse
injection method, the total cost of the syntheses of CdSe
nanocrystals can be largely decreased 50% or more.
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