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ABSTRACT: Highly emissive ultraviolet ZnSeS nanocrystals
(NCs), with a core−shell-like structure, were designed and
synthesized via a one-step noninjection approach in 1-
octadecene (ODE). These ultraviolet ZnSeS NCs exhibit
bright bandgap emission with high color purity and little trap
emission. With full width at half-maximum (fwhm) of ∼21 nm
only, photoluminescent (PL) quantum yield (QY) of ∼60%
was estimated for one ensemble dispersed in toluene exhibiting
bandgap absorption peaking at ∼380 nm and bandgap
emission at ∼389 nm. These alloyed ZnSeS NCs present a
cubic crystal structure consisting of a Se-rich core and a S-rich
shell. Such a gradiently alloyed structure was suggested by our
investigation on the temporal evolution of optical properties of the growing ZnSeS NCs monitored from 80 to 300 °C, together
with structural and compositional characterization performed with XRD, XPS, EDX, and TEM. This newly developed one-step
noninjection approach was achieved with zinc oleate (Zn(OA)2), diphenylphosphine selenide (SeDPP), and diphenylphosphine
sulfide (SDPP) as Zn, Se, and S precursors, respectively. ZnSe monomers mainly participated in nucleation at ∼120 °C, while
both ZnSe and ZnS monomers contributed to NC formation in later growth stages (∼160 °C and higher). 31P NMR study
demonstrates that SeDPP is more reactive than SDPP toward Zn(OA)2, and also supports such a model proposed on the
combination of ZnSe and ZnS monomers leading to nucleation/growth of ZnSeS alloyed NCs. The present study offers
conceptual methodology to various highly photoluminescent alloyed NCs with high quality, high particle yield, and high
synthetic reproducibility.
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1. INTRODUCTION

The bandgap engineering of colloidal semiconductor nano-
crystals (NCs) exhibiting blue or ultraviolet bandgap
absorption and emission via a noninjection approach has
received significant attention in our laboratories,1 due to their
technological potential in optoelectronics including light-
emitting diodes (LEDs) and laser diodes (LD).2−11 Short
wavelength emitters are in demand for high-performance light-
emitting devices, high-density compact-optical-storage-disk
systems, and laser printers. Storage density amplifies propor-
tionally to the square of light source wavelength, and the
density of printed dots increases with the decrease of the
wavelength of a laser used. Meanwhile, the endeavor of our
synthetic development via a noninjection approach1,12−17 is
concomitant with our fundamental interest in monomers and
their combination leading to nucleation and growth of colloidal
NCs.1,12−14,18−25

The use of secondary phosphine, diphenylphosphine (DPP),
has been acknowledged to promote particle yields since 2006.19

Recently, we reported the use of secondary phosphine,
diphenylphosphine (DPP), to promote the reactivity of
precursors for an enhancement of particle yields of small-
sized PbSe NCs and for the formation of alloyed PbSeS
NCs.12−14 For the latter, we used a low-cost and air-stable
thioacetamide (TAA) as a S source instead of expensive and air-
sensitive bis(trimethylsilyl) sulphide.14,26 Furthermore, we used
a low-temperature noninjection approach with long growth
periods such as 45 min at 60 °C instead of 90 s at 150 °C.14,26

The resulting PbSeS NCs were of high quality, as demonstrated
by Schottky-type solar cells fabricated with the PbSeS NCs as
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their active materials, exhibiting the highest power conversation
efficiency of 3.44% as compared to the same type of solar cells
with PbSeS NCs as their active layers.14,26 At the same time,
secondary phosphine selenide, diphenylphosphine selenide
(SeDPP), has been acknowledged to be more reactive than
tertiary phosphine selenide such as n-trioctylphosphine selenide
(SeTOP), with much more nanocrystals generated and was
used as a Se precursor to synthesize highly emissive Se-based
NCs.1,22,23,25

Bandgap engineering could be achieved via the control of the
size and composition of semiconductor NCs. The synthesis of
alloyed NCs, the bandgap of which could be tuned at a
constant size, is in its infancy.14−17,27−36 At the same time,
alloyed NCs were documented to exhibit better stability with
bright photoluminescence (PL) than binary and core−shell
systems, such as alloyed ZnCdSe versus binary CdSe and core−
shell CdSe/ZnS NCs.27,29

Until now, alloyed ZnSeS NCs exhibiting bandgap emission
have been reported scarcely.37−39 It is noteworthy that Zn is a
nontoxic element. Cubic zincblende ZnSe and ZnS are II−VI
semiconductor materials, with small exciton Bohr radii of 4.5
and 2.2 nm, wide band gap of 2.70 eV (∼460 nm) and 3.70 eV
(∼335 nm), and lattice constants of 0.5668 and 0.5406 nm at
room temperature, respectively.40−43 Such a small lattice
mismatch promises a practical way to position S into the
ZnSe lattice to form ZnSeS alloyed NCs with bright bandgap
emission in the ultraviolet region. However, it has been an
enduring challenge to prepare high-quality ZnSeS alloyed NCs
with bright bandgap photoemission.
Herein, we report a noninjection-based one-pot approach in

1-octadecene (ODE) to ultraviolet luminescent ZnSeS NCs
with a cubic structure and gradient distribution of elements
consisting of a Se-rich core and a S-rich shell. On the basis of
our noninjection approaches to ZnSe,1 PbSeS,14 ZnCdS,15 and
CdSeS,17 this newly developed synthesis used zinc oxide,
elemental selenium (Se), and elemental sulfur (S) as Zn, Se,
and S sources, respectively. DPP was employed to prepare
highly reactive Se and S precursors, SeDPP and diphenylphos-
phine sulfide (SDPP), respectively. Zinc oleate (Zn(OA)2) was
used as a Zn precursor. The addition of a mixture of the Se and
S precursors to a Zn precursor solution in ODE was typically
carried out at 80 °C with the growth in the temperature range
of 80−300 °C. The temporal evolution of absorption and
photoemission of growing NCs was monitored, indicating that
the nucleation/growth kinetics of the resulting ternary
ZnSe1‑xSx NCs, together with their composition and distribu-
tion of Se and S, were sensitive to experimental parameters
such as SeDPP-to-SDPP feed molar ratios. Structural and
compositional characterization by transmission electron mi-
croscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and energy-dispersive X-ray spectroscopy
(EDX) was performed. In addition, high-resolution 31P NMR
with 1H decoupling was carried out to investigate the reactivity
of SeDPP and SDPP as well as to bring insight into the
formation mechanism of ZnSeS alloys via the combination of
ZnSe and ZnS monomers, as shown in Scheme 1 and
Supporting Information Figure S1.

2. RESULTS AND DISCUSSION
In general, our noninjection one-pot approach features high-
quality ZnSeS NCs exhibiting bright ultraviolet bandgap
emission, with excellent synthetic reproducibility and readiness
to scale up. With a precursor feed molar ratio of 4Zn(OA)2−

0.7SeDPP−0.3SDPP and feed [Se + S] of 60 mmol kg−1, the
resulting ZnSeS alloyed NCs dispersed in toluene after their
growth at 300 °C exhibited sharp excitonic absorption (peaking
at ∼380 nm) and narrow photoluminescent (PL) emission
(peaking at ∼389 nm with 350 nm excitation) with full width at
half-maximum (fwhm) of ∼21 nm. As compared to 55%
quantum yield (QY) of quinine sulfate in 0.05 M H2SO4
presented in Figure 1, this ensemble exhibited photo-
luminescent (PL) QY of ∼60%. See Experimental Section for
experimental details.

The formation of a Se-rich core in the nucleation and early
growth stage followed by the formation of an outer layer with
an enhanced S amount (as compared to the core) seemed to be
a plausible alloying mechanism. Such an alloyed structure,
which is inhomogeneous and core−shell-like, was driven by the
larger amount of SeDPP used than that of SDPP, together with
a greater reactivity of SeDPP than that of SDPP. Subsequently,
the amount of ZnSe monomers produced is higher than that of
ZnS monomers. Accordingly, it seems reasonable that it is
primarily the ZnSe monomer that participates during the
nucleation stage (∼120 °C), while both the ZnSe and ZnS

Scheme 1. Schematic Drawing of the Formation of the
Alloyed ZnSeS NCs via the Combination of the Two
Monomers of ZnSe and ZnSa

aThe formation of Ph2P-PPh2 and DPP during the nanocrystal
formation is noteworthy. The combination of monomers leading to
nucleation and growth was proposed before for binary NC
systems.1,12,13,19−21,25,61.

Figure 1. Emission efficiency of ZnSeS QDs in toluene (sample 12 of
Figure 2 Batch 0.7SeDPP-0.3SDPP) is compared with that of a dye
quinine sulfate. The emission spectra (solid lines with excitation
wavelength of 330 nm, right y axis) and absorption spectra (dashed
lines, left y axis) are presented. The quantum yield (QY) of the ZnSeS
ensemble (with 3-day storage at −30 °C in dark after its synthesis) was
estimated to be ∼60% (based on this dye in 0.05 M H2SO4 (lit. QY
∼0.546)). TEM images of this ensemble are presented in Figure 4.
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monomers contribute during a later growth stage (∼160 °C).
The present study on the use of DPP to enhance precursor
reactivity to high-quality ZnSeS NCs via a noninjection-based
one-pot approach supports a hypothesis, which was proposed
based on monomer production rates and which suggests seeded
growth and/or nonhot-injection methods to be the strategies to
narrow size distribution via extended size focusing.24,44 Also,
the present study brings insight into monomer formation and
combination leading to nucleation/growth,19−25 providing
conceptual methodology to various alloyed NCs with high
quality, high particle yield, and high synthetic reproducibility.
Figures 2 and 3 demonstrate the temporal evolution of

absorption and emission, respectively, of growing ZnSe and
ZnSeS NCs from four batches with the feed molar ratios kept
as 4Zn(OA)2-to-1(SeDPP + SDPP) and [SeDPP+SDPP] of 60
mmol kg−1. SeDPP and SDPP stock solutions were mixed and

added at 80 °C followed by an addition of 4DPP at the same
temperature. Sampling began at 80 °C with subsequent samples
taken every 20 °C intervals up to 280 °C (Batch 1.0SeDPP)
and 300 °C (the rest three batches). The experimental
conditions of the synthetic batches addressed in the present
study are also summarized in Table S1 in Supporting
Information. Supporting Information Figure S2 shows the
comparison of absorption of the same-growth samples from the
four batches. Interestingly, nucleation/growth was observed at
100 °C (sample 2) for Batch 1.0SeDPP, 120 °C (Sample 3) for
Batch 0.7SeDPP-0.3SDPP, 140 °C (sample 4) for Batch
0.5SeDPP-0.5SDPP, and 160 °C (sample 5) for Batch
0.3SeDPP-0.7SDPP. Thus, the more Se precursor that was
present, the earlier nucleation took place. Afterward, the growth
of the NCs during the increase of the reaction temperature led
to the increase of bandgap emission and the decrease of trap

Figure 2. Temporal evolution of absorption (offset) of the as-synthesized ZnSe and ZnSeS NCs from four batches in ODE with the precursor feed
molar ratios of 4Zn(OA)2-1(SeDPP-SDPP). The different SeDPP-SDPP feed molar ratios are indicated. Here, the sample growth periods and
temperatures are 45 min/80 °C (sample 1), 15 min/100 °C (sample 2), 15 min/120 °C (sample 3), 15 min/140 °C (sample 4), 15 min/160 °C
(sample 5), 15 min/180 °C (sample 6), 15 min/200 °C (sample 7), 15 min/220 °C (sample 8), 15 min/240 °C (sample 9), 15 min/260 °C (sample
10), 15 min/280 °C (sample 11), and 15 min/300 °C (sample 12).
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emission, together with the redshift of the bandgap emission
peak positions. Such a pattern with an enrichment of bandgap
emission accompanied by reduction of trap emission signifies
the existence of an annealing process. Note that significant
blueshift of bandgap emission during growth was obvious for
other NCs, such as ZnCdSe,29−31 but was not in the present
system under the present synthetic condition.
The comparison of the emission peak positions of samples

10−12 (taken at 260−300 °C) from the four batches is shown
in Supporting Figure S3, suggesting that the ZnSeS NCs are
excellent candidates for the various applications.2−11 Mean-
while, the blueshift of the bandgap absorption and emission
peak positions of the NCs from the batches where SDPP was
present, as shown in Figures 2 and 3 and Supporting
Informtion Figures S2 and S3, specifies the formation of
alloyed ZnSeS NCs.
To further explore the synthesis-structure−property relation-

ships, structural and compositional characterization was
performed using TEM, XRD, XPS, and EDX to acquire
evidence about the nature of an inhomogeneous but layer-like
alloyed structure. Figure 4 shows a dark-field TEM image (top)
and a high-resolution TEM image (bottom) of the NCs
presented in Figure 1. On the basis of our examination of 278
particles, the diameter of the NCs was estimated to be 3.7 ± 0.3
nm with a size distribution of 8.0%. See Supporting Information
Figure S4 for the corresponding size histogram.
Figure 5 displays X-ray diffraction (XRD) patterns of four

samples obtained from another batch but with the identical
experimental condition as that of Batch 0.7SeDPP-0.3SDPP
shown in Figures 2 and 3. But this Figure 5 Batch was five times
larger in volume and only four samples were taken with 20 min
growth at 160 °C (Sample 1), 200 °C (Sample 2), 260 °C
(Sample 3), and 300 °C (Sample 4). The XRD patterns of
cubic zincblende bulk ZnS and ZnSe are also presented as
references, together with that of ZnSe NCs. For the two types

of crystal structures of bulk ZnS of hexagonal wurtzite and
cubic zincblende, the latter is the stable structure at room
temperature.45−47 The diffraction peaks are indexed, and the
ZnSeS NCs seem to have a zincblende cubic structure.
Also, the diffraction peak positions of the ZnSeS NCs are

between those of the binary ZnSe and ZnS materials, indicating
that the samples are ternary alloys. Concurrently, from samples
1 to 4, there is an obvious decrease in the fwhm of the
diffraction peaks such as (220), suggesting an increase in the
NC size. The ZnSeS NC diffraction peaks are fitted readily with
Gaussian line shapes because of their symmetry. For samples
1−4, their mean sizes estimated by the Sherrer equation (based
on their (220) diffraction peaks with a shape factor of 0.95) are
1.65, 2.04, 2.36, and 2.65 nm, respectively. It is noteworthy that
the diffraction peaks of Samples 1 to 4 exhibit very much
similar positions, such as (220) at 46.18 ± 0.14. Accordingly,
the four ZnSeS samples with the growth between 160 and 300
°C should be similar in composition. Such similarity in
composition could be readily understood by the above
illustration that, during the nucleation stage (∼120 °C), it is
the ZnSe monomer that participates mainly; at a later growth
stage (∼160 °C), both the ZnSe and ZnS monomers
contribute.
Figure 6 illustrates X-ray photoelectron spectra (XPS) of

Sample 4 shown in Figure 5, with a survey scan presented in
two parts, 0−270 eV (top-left) and 270−1100 eV (top-right).
This survey suggests a possible ternary alloyed nature of Sample
4 with significant amounts of Zn, Se, and S detected. In
addition, C and O are abundant, which might be the result of
oleic acid as surface ligands. Interestingly, the absence of P
implies that DPP should not be the surface ligands for this
purified sample, which should be free of any chemicals that are
not bonded to nanocrystals. Si was detected and is attributed to
our thin sample coverage on a silicon wafer substrate.

Figure 3. Corresponding emission spectra (normalized) of the NC samples labeled from the four batches shown in Figure 2. During the growth, the
increase of bandgap emission together with the decrease of trap emission is worthy of notice. See Supporting Information Figure S3 for the
comparison of emission peak positions of the last three samples from each of the four batches.
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Similar to that reported for CdSe NCs,48 the Se 3d region
(bottom-left) was fitted with two spin−orbit-split doublets by
Gaussian−Lorentzian (GL30) line shapes with 1.05 eV fwhm.
For the two sets of doublets fitted, they correspond to the
contribution from bulk (a lower binding energy Se 3d5/2 peak
at 54.4 eV, solid red and blue curves) and surface (a higher
binding energy Se 3d5/2 peak at 55.7 eV, dashed red and blue
curves). In a same way, the Se 3p and S 2p region (bottom-
right) was fitted with two spin−orbit-split doublets, corre-
sponding to Se 3p at 160.8 eV (solid red and blue curves) and S
2p at 162.0 eV (dashed red and blue curves). In these two
regions, the gray curves are experimental data, while the black
curves symbolize the envelopes of the fitted curves.
The Se 3d region (bottom-left) suggests reasonably the

presence of surface Se with a surface-to-bulk ratio of 0.30 for
this Sample 4 and 0.47 for Sample 3 (data not shown). In the
Se 3p and S 2p region, the Se 3p and S 2p are overlapped, while
our fitting seems to designate little or a very tiny surface shift
for the two levels. These levels are more deeply bound (with
binding energy of 160−168 eV) as compared to the relatively

shallow level of Se 3d (with binding energy of ∼55 eV). The
observed binding energy for Se 3d, Se 3p, S 2p, and Zn 2p
(shown in Supporting Information Figure S6A) are in
agreement with literature data.45,48−52

Supporting Information Figure S5B-right-top exemplifies the
dependence of the S atomic composition x of the four

Figure 4. Typical TEM images of the ZnSeS QD ensemble shown in
Figure 1 after purification. A HAADF-STEM image with a scale bar of
20 nm (top) and a HRTEM image with a scale bar of 5 nm (bottom).
The mean size was estimated to be 3.7 ± 0.3 nm.

Figure 5. Powder XRD patterns of four ZnSeS NC ensembles from
one synthetic batch with the precursor feed molar ratio of 4Zn(OA)2-
0.7SeDPP-0.3SDPP, together with those collected from cubic bulk
ZnS and ZnSe and ZnSe NCs. The growth temperatures are
designated. The optical properties of the four alloyed samples are
presented in Supporting Information Figure S5, demonstrating clearly
the redshift and increase of bandgap emission from samples 1−4
accompanied by the decrease of trap emission.

Figure 6. An example of XPS study of sample 4 shown in Figure 5.
The XPS study illustrates the presence of Zn, Se, and S, together with
C and O.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am3009828 | ACS Appl. Mater. Interfaces 2012, 4, 4302−43114306



ZnSe1−xSx samples addressed in Figure 5 on their lattice
constant a (in angstrom Å). The S compositions were
determined by both XPS and EDX, and the lattice constants
(a) were calculated from the (220) diffraction peaks shown in
Figure 5. The EDX results are consistent with the XRD results
with a small fluctuation in the S composition of 0.25 ± 0.02.
The XPS results for samples 3 and 4, ZnSe0.59S0.41 and
ZnSe0.60S0.40, respectively, also indicate little change in the S
composition. The discrepancy in the S composition from EDX
and XPS supports an inhomogeneous alloyed structure with
more S on the outer layer as compared to the center of a NC,
due to the fact that XPS is more sensitive to NC surface than
EDX. Meanwhile, homogeneous ternary alloys are acknowl-
edged to obey Vegard’s law, which displays a linear relationship
between alloy composition (expressed as atomic percentage)
and lattice parameter.14,15,17,29,53−55 Accordingly, the ZnSeS
QDs presented in Figure 5 are not homogeneous in
composition, neither are the other samples shown in Figures
1−3 and Supporting Information Figure S6B.
The optical properties of the four alloyed samples addressed

in Figure 5 are presented in Supporting Information Figure S5.
From 160 °C-growth sample 1 to 300 °C-growth sample 4
shown in Supporting Information Figure S5, the significant
increase of bandgap emission efficiency accompanied by
redshift and the decrease of trap emission is worthy of notice.
Such a development pattern of the optical properties should be
resulted from an annealing process and an increase in NC sizes.
These alloyed NCs, samples 1−4, consist of a Se-rich core and
a shell with an enhanced S amount.
Note that the EDX S atomic composition (0.25 ± 0.02) of

the four ZnSeS samples from the Figure 5 batch seems to be
slightly less than the S amount used with the feed molar ratio of
0.7SeDPP-0.3SDPP. Such a difference seems to be suggestive
of high reactivity of both SeDPP and SDPP toward Zn(OA)2
but with the former being more reactive. The combination of
the Se-to-S feed molar ratio and the reactivity difference led to
an inhomogeneous and core−shell-like structure with more S
on the shell as compared to that on the inner core. Such a
reactivity difference was investigated further by NMR, with 85%
H3PO4 used as an external standard.
Figure 7 gives out 31P NMR spectra with 1H decoupling

collected in the temperature range of 25−80 °C of the
precursors of SDPP (top), SeDPP (middle), and a SeDPP-
SDPP mixture (bottom). Toluene-d8 was used as the solvent.
Previous study suggested that elemental sulfur oxidized SDPP
leading to the formation of diphenyldithiophosphinic acid,
Ph2P(S)SH (∼54 ppm in CD3Cl and ∼56 ppm in
CH2Cl2);

56−58 in the present study, it was ∼-55 ppm in
toluene-d8 detected. Meanwhile, the 31P NMR spectra of
corresponding individual reactions between Zn(OA)2 with
SeDPP (top), SDPP (middle), and a SeDPP-SDPP mixture
(bottom) are presented in Figure 8. The chemical shift δ (ppm)
of the compounds labeled, together with that of literature
reported (ref 22), is 1 98.5 ppm (98.9 ppm), 2 76.5 ppm (77.1
ppm), 4 27.6 ppm (25.7 ppm), 5 22.3 ppm (22.0 ppm), and 7
−14.3 ppm (−14.5 ppm). Compounds 3, 3*, and 6 are
unknown. The complete absence of SeDPP at 25 °C in the
4Zn(OA)2-1SeDPP mixture is apparent, together with the
presence of SDPP at 25 °C in the 4Zn(OA)2-1SDPP mixture.
Accordingly, Figures 7 and 8 demonstrate the relatively high
reactivity of SeDPP as compared to that of SDPP toward
Zn(OA)2. Such difference in reactivity could be understood by

the fact that PS bond strength is usually stronger than PSe
bond strength.60

At the same time, it is worthy of notice that compound 7,
which is Ph2P-PPh2,

22,23 was detected to be much more from
the 4Zn(OA)2-1SeDPP mixture than that from the 4Zn(OA)2-
1SDPP mixture. Furthermore, compounds 1, 2, and 7 were
detected in the 4Zn(OA)2-1SeDPP mixture (Figure 8 middle)
but not in SeDPP (Figure 7 middle). Similarly, Compound 7
was observed in the 4Zn(OA)2-1SDPP mixture (Figure 8 top)
but not in SDPP (Figure 7 top). Subsequently, it seems that
there are no further reactions in the 4Zn(OA)2−0.7SeDPP−
0.3SDPP mixture (Figure 8 bottom), as compared to those of
4Zn(OA)2-1SeDPP (Figure 8 middle) and 4Zn(OA)2-1SDPP
(Figure 8 top) mixtures. The absence of the additional
reactions may be related to the absence of reactions between
SeDPP and SDPP; the NMR spectrum of Figure 7 bottom
(collected from a 1SeDPP-1SDPP mixture) illustrates a simple

Figure 7. 31P NMR spectra with 1H decoupling of ∼0.3 M SDPP
(top), ∼0.3 M SeDPP (middle), and one 1SeDPP-1SDPP mixture
(bottom) collected at the different temperatures indicated. For the two
compounds detected at ∼73 ppm and ∼83 ppm (middle), they were
identified according to previous work.59.
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superimposition of Figure 7 top (SDPP) and Figure 7 middle
(SeDPP). Similarly, the NMR spectrum in the bottom part of
Figure 8 seems to be a simply overlay of the top (4Zn(OA)2-
1SDPP) and middle (4Zn(OA)2-1SeDPP). Consequently,
Figures 7 and 8 convey valuable information on the formation
mechanism of the ZnSeS alloyed NCs, namely, the
combination of individually formed ZnSe and ZnS monomers
leading to nucleation/growth shown in Scheme 1 and
Supporting Information Figure S1.
Interestingly, Figures 7 and 8 seem to offer evidence on the

formation of compound DPP, during the reactions of Zn(OA)2
and SeDPP or SDPP, in addition to those labeled. Such an
observation on the increase of DPP amount seems to be
consistent with those reported before.19,22 Different opinions
on the formation mechanisms of monomers were expressed,
and the present study does not address further such a
complicated debate.19,20,22,23,25,61,62 However, it would be
helpful to point out that the formation of DPP together with
compound 1 could be resulted from a reaction between Ph2P−

PPh2 (compound 7) and one long-chain carboxylic acid
RCOOD, as presented in Figure 9A.63,64 Such an acid, oleic
acid, could be resulted from the formation of the monomers.
The two values of J(P−D) obtained, 74.5 and 33.3 Hz, from
Ph2P(O)D (19.9 ppm, triplet) and Ph2PD (−41.5 ppm,
triplet), respectively, are in agreement of literature reported

Figure 8. 31P NMR with 1H decoupling spectra collected from the
reactions of 4Zn(OA)2−1SDPP (top), 4Zn(OA)2−1SeDPP (middle),
and 4Zn(OA)2−0.7SeDPP-0.3SDPP (bottom).

Figure 9. Investigation on the formation of DPP. 31P NMR with 1H
decoupling spectra of (B) commercial Ph2P-PPh2 (Sigma-Aldrich,
Lot#47496MJV) in d8-toluene, (A) a mixture of Ph2P-PPh2 and
C17H33-COOD (oleic acid, 90%-d) with a 1-to-2 feed molar ratio in d8-
toluene at 80 °C for 15 min, (C) a mixture of Ph2P-PPh2 and SDPP,
and (D) a mixture of Ph2P-PPh2 and SeDPP. The NMR suggests the
formation of DPP from the three reactions of Ph2P-PPh2 + RCOOD
⇔ Ph2P-OOCR + Ph2PD, Ph2P-PPh2 + SDPP ⇔ Ph2P(S)PPh2 +
Ph2PH, and Ph2P-PPh2 + SeDPP ⇔ Ph2P(Se)PPh2 + Ph2PH.
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values.64 Here, Ph2P(O)H was found to be 22.6 ppm, while
Ph2PH −40.1 ppm. Also, the formation of DPP was found from
another two reactions, as shown by Figure 9C and 9D, the 31P
NMR spectra of which were collected from a mixture of Ph2P-
PPh2 and SDPP with a 1-to-1 feed molar ratio in d8-toluene at
room temperature for 5 h and from a mixture of Ph2P-PPh2 and
SeDPP with a 1-to-2 feed molar ratio in d8-toluene at room
temperature for 75 min, respectively. Here, Ph2P-PPh2 was used
without purification and its purity was estimated to be ∼60%.
See Figure S11 for 31P NMR of SDPP and SeDPP used for
Figure 9. For Figure 9C, 44.8 ppm and −13.5 ppm (estimated
due to the overlap with Ph2P-PPh2) are assigned to
Ph2P(S)PPh2 (Ph2P(S), 44.8 ppm, doublet; PPh2, −13.5
ppm, doublet) with J(P−P) of 246 Hz. Similarly, for Figure
9D, 37.0 ppm and −12.9 ppm are assigned to Ph2P(Se)PPh2
(Ph2P(Se), 37.0 ppm, doublet; PPh2, −12.9 ppm, doublet) with
J(P−P) of 254 Hz and J(P−Se) of 768 Hz. We have been examining
enthusiastically the formation mechanism of the ZnSe and ZnS
monomers, as shown in Scheme 1, involving the formation of
DPP.
Because of the formation of DPP during the reactions and

the presence of DPP in SeDPP or SDPP (as monitored by
NMR shown in Figures 7 and 8), the present study investigates
further the effect of the addition of DPP, as presented by
Supporting Information Figures S7 and S8. Basically, with and
without the addition of 4DPP, before, with, and after the
addition of the 0.7SeDPP−0.3SDPP mixture, the nucleation/
growth of ZnSeS NCs did not exhibit significant difference.
Also, the addition temperatures of 80, 200, 240, and 280 °C of
the 0.7SeDPP−0.3SDPP mixture did not seem to play an
important role on the optical properties of the 280 °C-growth
and 300 °C-growth ZnSeS NCs, as shown by Supporting
Information Figure S9. Accordingly, the present noninjection-
based approach provides a valuable window of experimental
conditions, featuring high-quality ZnSeS alloyed NCs exhibiting
bright ultraviolet emission with high synthetic reproducibility
and large-scale production capability, as shown in Supporting
Information Figure S10 with different feed concentrations of
the 0.7SeDPP−0.3SDPP mixture in range of 40−120 mmol
kg−1.

3. CONCLUSION
Highly emissive ultraviolet ZnSeS NCs were synthesized via a
noninjection one-pot approach in ODE. A secondary
phosphine, diphenylphosphine (DPP), was applied to form
Se and S precursors, SeDPP and SDPP, respectively. XRD,
XPS, EDX and TEM were performed for structural and
compositional characterization. A gradiently alloyed structure
with a Se-rich core and an enhanced S amount on the outer
layer (than in the center region) and is proposed, together with
a cubic crystal structure. Meanwhile, 31P NMR communicates
the high reactivity of both SeDPP and SDPP even at room
temperature, with the former higher than the latter toward
Zn(OA)2, as well as the formation of Ph2P−PPh2 and DPP
during the reactions. Furthermore, 31P NMR supports a model
proposed on the combination of ZnSe and ZnS monomers
leading to nucleation/growth of ZnSeS alloyed NCs. For the
present approach with 4Zn(OA)2−0.7SeDPP−0.3SDPP feed
molar ratios and 80 °C addition temperature (such as shown in
Figures 2 and 3), it is the ZnSe monomer that participates
mainly in the nucleation stage at ∼120 °C (due to its high
degree of supersatuation). Afterward, the growth of the ZnSeS
NCs at ∼160 °C and higher temperatures leads to an increase

in size but similarity in compositions, which could be described
by a core−shell-like structure with a Se-rich center and an
enhanced amount of S on the outer shell. Meanwhile, the
increase in bandgap emission with the decrease in trap emission
suggests the existence of an annealing effect via the addition of
both ZnSe and ZnS monomers. The present study on the
formation and characterization of ultraviolet emissive ZnSeS
NCs via a noninjection-based one-pot approach featuring high
synthetic reproducibility brings insight into the formation
mechanism of NC alloys such as ZnSeS via the combination of
ZnSe and ZnS monomers. Thus, the present study offers
conceptual methodology with high reactivity precursors to
various highly photoluminescent alloyed NCs with high quality,
high particle yield, and high synthetic reproducibility.

4. EXPERIMENTAL SECTION
4.1. Materials. All chemicals were commercially available and used

without further purification. The chemicals used for reactions include
zinc oxide (ZnO, 99.24%) from J.T. Baker Chemical Co. (Philipsburg,
NJ, U.S.A.), selenium powder (Se, ∼200 mesh, 99.999%, Alfa Aeser),
sulfur (precipitate, Anachemia), diphenylphosphine (DPP, 99%, Strem
Chemicals), oleic acid (OA, tech. 90%, Sigma-Aldrich), and 1-
octadecene (ODE, tech. 90%, Sigma-Aldrich).

Toluene (99.5%, ACS reagent, ACP in Montreal) was used for
optical characterization. Deuterated toluene (toluene-d8, 99.6 atom %
D, anhydrous, Sigma-Aldrich) was used for NMR studies. Solvents
used for purification were anhydrous, including toluene (99.8%),
hexane (≥99%), and methanol (99.8%), which were purchased from
Sigma-Aldrich along with acetone (99.5%, ACP in Montreal), which
was dried over 4 Å molecular sieves.

4.2. Synthesis of Nanocrystals. For a typical synthesis (such as
shown in Figures 1−3) with the precursor feed molar ratio of
4Zn(OA)2-0.7SeDPP-0.3SDPP and the feed [Se + S] of 60 mmol
kg−1, 1.839 g (1.205 mmol) Zn(OA)2 stock solution (in ODE with
0.6555 mmol g−1), and 3.036 g ODE were loaded in a 50-mL three-
necked round-bottom flask equipped with an air-condenser and a
thermometer. The mixture was heated to ∼100 °C under vacuum for
∼2 h. The temperature was adjusted to 80 °C (or otherwise specified).
A premixed solution, consisting of 0.70 mL (0.20 mmol) SeDPP stock
solution (0.29 M in toluene) and 0.12 mL (0.079 mmol) SDPP stock
solution (0.66 M in toluene), was then added into the flask. Toluene
was removed from the reaction mixture by ∼35 min vacuum. Under a
flow of purified N2, the flask was heated up from 80 to 300 °C, with 20
°C increments at a rate of ∼10 °C/min. Twelve samples (∼100 μL
each) were taken with their growth periods/temperature of 45 min/80
°C (sample 1), 15 min/100 °C (sample 2), 15 min/120 °C (sample
3), 15 min/140 °C (sample 4), 15 min/160 °C (sample 5), 15 min/
180 °C (sample 6), 15 min/200 °C (sample 7), 15 min/220 °C
(sample 8), 15 min/240 °C (sample 9), 15 min/260 °C (sample 10),
15 min/280 °C (sample 11), and 15 min/300 °C (sample 12). The
optical spectra were collected with a concentration of 10 μL per 3 mL
toluene (which means a 10 μL as-synthesized nanocrystal crude
solution in 3 mL toluene).

Preparation of Zn(OA)2 Stock Solution (0.6555 mmol g−1). ZnO
(1.1756 g, 14.34 mmol,), oleic acid (8.950 g, 29 mmol), and ODE
(12.008 g) were loaded in a three-necked 100-mL round-bottom flask.
The mixture was then heated under vacuum to ∼100 °C and degassed
for one hour. Then, the mixture was slowly heated to 280−300 °C
under a flow of purified nitrogen and stirring. The mixture was kept at
this temperature for ∼one hour to ensure a clear solution. Afterward,
the solution was cooled to ∼100 °C and degassed for one hour to
completely remove any possible moisture. Finally the stock solution
was cooled to room temperature under N2 and transferred into a
glovebox filled with N2. This stock solution was also used for NMR
study.

Preparation of SeDPP Stock Solution (0.29 M). In the glovebox, Se
powder (0.3556 g, 4.504 mmol) was mixed with DPP (0.80 mL, 4.6
mmol). The mixture in a vial was then heated on a heating mantle
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until Se was dissolved and a clear bright yellow liquid was obtained in
∼5 min. The vial was then removed from the heating mantle and a
white solid (crystal) was formed quickly. The solid was then gently
reheated to become liquid, and 15.0 mL anhydrous toluene was added
to get a clear solution.
Preparation of SDPP Stock Solution (0.66 M). In the glovebox, S

powder (0.2424 g, 7.560 mmol) was mixed with DPP (1.31 mL, 7.5
mmol). The mixture in a vial was then heated on a heating mantle
until S was dissolved and a clear light yellow liquid was obtained in ∼5
min. The vial was then removed from the heating mantle leaving a
clear viscous solution. Then, 10.0 mL anhydrous toluene was added to
get a clear solution.
Optical Measurements. Ultraviolet−visible (UV−vis) absorption

spectra were acquired with a Lambda 45 Perkin-Elmer spectropho-
tometer using a 1-nm data interval. Photoemission spectra were
collected with a HORIBA JOBIN YVON FluoroMax-3 spectrofluor-
ometer equipped with a Xenon arc lamp; usually, the increment of 1
nm was applied. The PL QY was estimated by comparing the sample
emission intensity with that of quinine sulfate dye in 0.05 M H2SO4
(lit. QY ∼0.546); the optical density at 330 nm of the dye and QD
dispersions were controlled to be ∼0.1, while the excitation
wavelength was 330 nm. The difference of the refractive index of
the two solvents was corrected for the estimation.
4.3. 31P NMR Experiments. 31P NMR was performed on a Bruker

AV-III 400 spectrometer operating at 161.98 MHz for 31P. An external
standard 85% H3PO4 was used when toluene-d8 was not sufficient,
namely for spectra examining the reaction between Zn(OA)2 and
SeDPP and/or SDPP. Six samples were prepared and the NMR
measurements were carried out in the temperature range of 25−80 °C.
Preparation of SeDPP Stock Solution (0.29 M). In the glovebox, Se

powder (0.0480 g, 0.608 mmol) was mixed with DPP (0.11 mL, 0.63
mmol). The mixture in a vial was then heated on a heating mantle
until Se was dissolved and a clear bright yellow liquid was obtained in
∼5 min. The vial was then removed from the heating mantle and a
white solid (crystal) was formed quickly. The solid was then gently
reheated to become liquid, and 2.0 mL toluene-d8 was added to get a
clear solution.
Preparation of SDPP Stock Solution (0.66 M). In the glovebox, S

powder (0.0482 g, 1.50 mmol) was mixed with DPP (0.26 mL, 1.5
mmol). The mixture in a vial was then heated on a heating mantle
until S was dissolved and a clear light yellow liquid was obtained in ∼5
min. The vial was then removed from the heating mantle leaving a
clear viscous solution. Then, 2.0 mL toluene-d8 was added to get a
clear solution.
For Figure 7-top SDPP NMR, 0.32 mL SDPP stock solution was

added to a 5-mm NMR tube, followed by the addition of 0.48 mL
toluene-d8, corresponding to a concentration of 0.26 M. For Figure 7-
middle SeDPP NMR, 0.80 mL SeDPP stock solution was added to a 5-
mm NMR tube. For Figure 7 -bottom NMR, a mixture of SeDPP and
SDPP was prepared by diluting 0.16 mL (0.11 mmol) of SDPP stock
solution with 0.24 mL toluene-d8 in a 5-mm NMR tube, followed by
the addition of 0.40 mL SeDPP (0.12 mmol) stock solution. Thus, the
concentration of [Se + S] was 0.29 M.
For Figure 8-top NMR, 0.8166 g (0.5353 mmol) Zn(OA)2 stock

solution (0.6555 mmol/g) in ODE was transferred into a 5-mm NMR
tube. 0.18 mL (0.12 mmol) SDPP stock solution was then added to
the NMR tube, leading to [S] of ∼0.10 M. For Figure 8-middle NMR,
0.5243 g (0.3437 mmol) Zn(OA)2 stock solution (0.6555 mmol/g) in
ODE was transferred into a 5-mm NMR tube. 0.27 mL (0.078 mmol)
SeDPP stock solution was then added to the NMR tube, leading to
[Se] was ∼0.10 M. For Figure 8-bottom NMR, 0.2577 g (0.1689
mmol) Zn(OA)2 stock solution (0.6555 mmol g−1) in ODE,
combined with 0.2543 g ODE, was transferred into a 5-mm NMR
tube. 0.10 mL (0.029 mmol) SeDPP stock solution combined with
0.02 mL (0.01 mmol) SDPP stock solution was added to the NMR
tube.
4.4. TEM, EDX XRD, and XPS Characterization. Intense

purification of our NCs was carried out for structural and
compositional characterization with transmission electron microscopy
(TEM), powder X-ray diffraction (XRD), and X-ray photoelectron

spectroscopy (XPS). All solvents used were anhydrous. A reaction
mixture was dispersed in toluene and then precipitated with the
addition of methanol (to a volume ratio of 1:1), centrifuged, and the
supernatant was discarded. Repeated once with 1:1 toluene/methanol
and once with 1:3 toluene/methanol, and a white solid was resulted.
The solid was dispersed in hexane to form a light yellow clear solution,
centrifuged, and the supernatant was collected into another centrifuge
tube. Afterward, acetone was added (with a volume ratio of 1:3
hexane/acetone), centrifuged, and the precipitated solid was dispersed
in a small amount of hexane. After overnight storage at −30 °C, the
solution was filtered to remove any appeared solids through a syringe
filter (0.22 μm pore-size) and then the cartridge was washed with ∼3
mL hexane (∼1 mL x 3 times). The filtrate was collected and
concentrated to ∼0.5 mL with a flow of N2.

TEM samples were prepared by depositing diluted NC dispersions
in hexane onto 400-mesh thin-carbon-coated Cu grids, followed by
drying in air. The samples were examined in a JEOL JEM-2100F field
emission source TEM equipped with a scanning unit (STEM)
operating at 200 kV. For the present study, high angle annular dark
field scanning TEM (HAADF-STEM) images (such as Figure 4-left)
were obtained using a Gatan ADF detector, and high resolution TEM
(HRTEM) images (such as Figure 4-right) were obtained using a
Gatan UltraScan 1000 CCD camera. The atomic composition of the
NCs was further studied by the energy dispersive X-ray spectroscopy
(EDX) in the STEM mode (STEM-EDX) using an Oxford INCA
Energy TEM 200 attached to the JEM-2100F. The NC size and
standard deviation were obtained by manually analyzing 278 individual
NCs.

Powder XRD patterns were recorded at room temperature on a
Bruker Axs D8 X-ray diffractometer using Cu Kα radiation in a θ−θ
mode. The generator was operated at 40 kV and 40 mA. Data were
collected in a range between 5° and 80° (2θ) with a step size of 0.1°
and a counting time of 5 s per step. An XRD sample was prepared by
depositing a concentrated NC dispersion in hexane on a low
background quartz plate.

XPS was performed using a Kratos Axis Ultra XPS equipped with a
monochromated Al Kα X-ray source. The instrument pressure in the
analysis chamber was 2.0 × 10−9 Torr during analysis. Survey scans
were conducted using a pass energy of 160 eV, while high resolution
scans were carried out at 20 eV using an analysis area of approximately
300 × 700 μm2. Peak fitting was performed using CasaXPS (ver.
2.2.107) data processing software. Shirley background correction
procedures were used as provided by CasaXPS. Curve fitting
procedures used for high resolution spectra presented in this report
employed a Gaussian−Lorentzian function. High resolution analyses
were calibrated to adventitious C 1s signal, at 285 eV. Quantification
was performed using sensitivity factors provided by CasaXPS’s Scofield
element library.
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