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ABSTRACT

In this work, we revisited the single-step synthesis of CdE (E = S, Se, and Te) quantum dots (QDs). Powdered CdO and
elemental chalcogen were directly used for heating-up synthesis. Firstly, the in situ dissolution of the solid precursors and related
QD formation channels were preliminarily investigated. In general, QDs were generated from homogeneous reactions between
dissolved cadmium and chalcogen precursors in bulk solution. We found that, during single-step synthesis, both the dissolution
of CdO and selenium proceeded faster than their ex situ dissolution respectively. To explain this result, we proposed the
existence of extra surface reaction channels for QD formation. That is, QDs could also be generated via on-surface reactions
between the solid precursors and the dissolved counter precursors (as “ligands”). The happening of these extra surface reactions
would increase the overall dissolution rate of CdO and selenium. Further, the circulation of oleic acid which is peculiar to such
single-step synthesis should also partly account for the accelerated dissolution of CdO. Finally, by comparing with two-step
synthesis using pre-dissolved CdO, we presented that such single-step synthesis was reliable in making uniform CdE QDs with
good reproducibility. Our work reaffirmed the great potential of this single-step strategy in cost-effective synthesis of
monodisperse QDs. Moreover, the ligand-promoted surface reaction channels would be applicable in solution-phase synthesis of
metal chalcogenide nanocrystals from solid precursors.
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[11,12]. On the other hand, heating-up (also known as
noninjection) techniques were pursued to achieve facile, up-
scalable yet high-quality synthesis [13-16]. Cao and coworkers 5
brought in the concept that nucleation can be tightly controlled by
carefully choosing precursors, reaction parameters, additional
initiators, etc. By doing these, heating-up synthesis can produce
high-quality QDs comparable to the best ones prepared by hot-
injection methods. Despite the achievements, current synthesis of
QDs is not yet mature, and studies on synthetic mechanisms have
significantly lagged behind. The molecular mechanisms taking
place in bulk solution [17-21] and QD surfaces [22, 23] can hardly
be accessible. Besides, the investigation of the reaction channels
pertaining to nucleation and growth of QDs is also a grand
challenge [24-29]. Lacking knowledge of these mechanisms
hampers attempts to control related processes thermodynamically
and kinetically for rational QD synthesis.

Previously reported works by Zhang et al. [30-32] inspired our
study. Pre-dissolution of CdO and elemental chalcogen are
routinely adopted preparatory steps in the injection-based or

1 Introduction

Colloidal semiconductor quantum dots (QDs) have great potential
in optical and optoelectronic applications [1-5]. The solution-
phase synthesis of QDs achieved great progress in the past three
decades [1,2,6]. In the pioneering work in 1993, Bawendi and
coworkers detailed the synthesis of CdE (E = S, Se, and Te) QDs
via a hot-injection route, where organometallic precursors such as
dimethyl cadmium and phosphine chalcogenide were rapidly
injected into a hot coordinating solvent, tri-n-octylphosphine
oxide (TOPO) [7]. One of the most important insights of this
work was to restrict nucleation to an initial burst (achieved by hot-
injection in their work), which was key to generating high-quality
QDs with a low size dispersion [2, 7]. Based on this hot-injection
organometallic route, the synthesis of QDs, presented by CdE
QDs, has been extensively studied. On one hand, greener synthetic
chemistries were introduced, enabling facile and environmentally
benign synthesis. The replacement of organometallic cadmium
precursors by CdO made cheaper and safer lab synthesis possible
[8]. The substitution of non-coordinating solvent, e.g, 1-

octadecene (ODE) for TOPO, combined with the introduction of
surface-capping ligands such as oleic acid (OA) and
alkylphosphonic acid, also brings in environmentally friendlier, yet
more controllable synthesis [9, 10]. The phosphine-free synthesis
of QDs also represents a great attempt toward greener synthesis

heating-up synthesis of CdE QDs. Particularly, one may take it for
granted that CdO should be dissolved to make a homogenous
cadmium precursor solution for the synthesis of CdE QDs. In
their reports, however, Zhang et al. demonstrated that CdS, CdSe,
and related core-shell QDs could be effectively prepared directly
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from CdO and elemental chalcogen via a single-step heating-up
method [30-32]. The preparatory steps of precursor solution
making are not trivial, but even more time- and energy-
consuming than QD synthesis itself. The dissolution of CdO in
oleic acid or alkylphosphonic acid generally requires heating at
temperatures of 200-300 °C [8-10, 12, 14]. The preparation of
phosphine-free selenium stock solution (in ODE, liquid paraffin,
etc.) also needs prolonged heating at around 200 °C, and may
suffer from loss of toxic H,Se gas [11,12,33]. Particularly, the
dissolution of elemental tellurium in organophosphines, the
mostly used way to a homogeneous tellurium precursor, is rather
difficult. Long time heating in an excessive amount of
organophosphine is generally needed for complete dissolution
[34-36]. Efforts have been made to find alternatives to these
precursors. Particularly, selenium powder or heterogeneous
Se-ODE dispersions were found to be very convenient yet
effective selenium precursors for the syntheses of CdSe QDs and
other selenide nanocrystals [14,37-39]. The direct use of both
CdO and elemental chalcogens presented by Zhang et al. further
simplified the synthetic operation and is amenable for large scale
and inexpensive QD synthesis. Despite effectiveness, the direct use
of CdO and chalcogen powders in liquid-phase synthesis will
introduce additional processes of precursor dissolving in situ,
which should exert influence on the synthesis of QDs. However,
mechanisms concerning the dissolution of the solid precursors
and the formation of the QDs thereof were not much discussed in
their reports [30-32].

To make an effort to fulfil the potential of this single-step
strategy, we revisited the single-step synthesis using CdO-derived
plain CdE QDs as model systems, with an emphasis on the in situ
dissolution of the solid precursors and their effects on synthesis.
We demonstrate that the direct use of these solid precursors
would not delay the QD synthetic progress, but can indeed make a
difference to QD synthesis. From the perspective of reaction rate,
we found that the dissolution of the solid precursors of CdO and
selenium during synthesis was faster as compared with their ex
situ dissolution respectively. To explain this result, we proposed
extra ligand-promoted surface reaction channels for the
dissolution of the solid precursors and the formation of QDs
thereof. We further demonstrated that CdS QDs could be
synthesized from solid CdO via a sole channel of ligand-promoted
surface reaction. Particularly, we proposed that “OA circulation”
during the single-step synthesis should at least partly account for
the accelerated dissolution of CdO. Finally, by comparing with
two-step syntheses using pre-dissolved CdO, we showed that
monodisperse CdS and CdSe QDs could be prepared by using this
single-step strategy. Our study reaffirmed the unique charm of the
single-step heating-up strategy. And importantly, our study
revealed hidden ligand-promoted surface reaction channels for
QD formation, which should be useful in nanocrystal synthesis via
nanoscale surface reactions.

2 Results and discussion

2.1 Co-dissolution of cadmium oxide and elemental
chalcogens is different

In this work, we investigated the single-step synthesis of plain CdE
QDs. Cationic and anionic precursors of CdO and chalcogen
powders, in addition to all other reagents, were directly introduced
into the reaction vessel at room temperature, and then heated up
for corresponding QD synthesis. The recipes were adjusted from
previous reports [9, 10,12, 14]. CdO, selenium (sulfur), and OA
were used for CdSe (CdS) synthesis. CdO, tellurium, OA or 1-
tetradecylphosphonic acid (TDPA), and trioctylphosphine (TOP)
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were used for CdTe synthesis. ODE was used as the solvent in
these syntheses. In the single-step syntheses, the solid-liquid
reaction mixtures were directly heated to the setting temperatures
for QD growth, without staying at a relatively low temperature for
complete dissolution of CdO and elemental chalcogen [40]. As a
result, the dissolution of these powdered starting materials was
partly integrated into the QD growth process. Qualitatively, we
explored the dissolution of the CdO and selenium during
synthesis by comparing with their ex situ dissolution respectively
(see Experimental), and found that the dissolution of both CdO
and selenium during single-step synthesis was accelerated (Fig. 1).

2.1.1 Accelerated in situ dissolution of cadmium oxide

We found that the dissolution of CdO in the presence of sulfur
was largely accelerated, as compared with the dissolution of CdO
alone. The serial pictures in Figs. 1(a) and 1(b) give a presentation
of CdO dissolution in the absence and presence of sulfur,
respectively, upon heating at 200 °C within 30 min. The reason for
the selection of a moderate temperature of 200 °C is such that the
dissolution is neither too time-consuming nor too fast to observe
the difference between the two cases. It appears that the CdO
powder in the presence of sulfur largely disappeared within
10 min, while it took more than 30 min for the CdO to dissolve
into a clear cadmium oleate solution in the absence of sulfur
precursor. Presumably, the accelerated dissolution of CdO is
partly attributed to “OA circulation” during single-step synthesis,
as illustrated by Reactions (1) and (2)

CdO(s) + HOA — Cd(OA), (1)

Cd(OA), + S(sol) — CdS + HOA 2)

The released OA during QD formation (Reaction (2)) will in turn
promote the dissolution of CdO (Reaction (1)). Compared with
the dissolution of CdO alone, a relatively higher concentration of
OA can thus be maintained and drive faster dissolution of CdO.
The release of carboxylic acid during QD formation has already
been reported for phosphine-free and phosphine-based synthesis
of QDs [18, 33, 41, 42].

A further comparison suggests that the acceleration effect of
CdO dissolution was more obvious in the presence of sulfur than
in the presence of selenium. In the presence of sulfur, as
demonstrated in Fig. 1(b), the CdO powder largely dissolved at
200 °C/10 min. In the presence of selenium, however, quite a bit of
CdO powder remained undissolved at the same stage (Fig. 1(c)).
This difference should be related to the much more readily
dissolution of sulfur powder than selenium in ODE. At
200 °C/10 min, sulfur had already dissolved completely, while
selenium was largely undissolved. Therefore, the OA circulation at
an early stage was faster in the presence of sulfur than in the
presence of selenium.

2.1.2  Accelerated in situ dissolution of elemental chalcogens

The dissolution of selenium was also accelerated during the single-
step synthesis of QDs. The serial pictures in Figs. 1(c) and 1(d)
give a presentation of selenium dissolution in the presence and
absence of CdO, respectively, upon heating at 200 °C within
30 min. Analogously, the in situ dissolution of selenium (Fig. 1(c))
was faster than its dissolution alone (Fig.1(d)). At 20 min,
significantly less undissolved selenium powders were observed in
the presence of the cadmium precursor. At 30 min, a portion of
selenium powders still remained undissolved in the absence of the
cadmium precursor; while no obvious selenium powders were
observed in the presence of the cadmium precursor.

The influence of the cadmium precursor was also verified in the
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Figure1 Digital pictures exhibiting the dissolution of CdO and selenium each respectively with and without counter precursors. Four mixtures of (a) CdO/OA/ODE,
(b) CdO/S/OA/ODE, (c) CdO/Se/OA/ODE, and (d) Se/OA/ODE were heated at 200 °C. Pictures were taken at 0, 10, 20, and 30 min, respectively.

case of tellurium dissolution. During the synthesis of CdTe QDs,
accelerated tellurium dissolution was also observed. Using TDPA
as ligand, tellurium and CdO remained almost unchanged and no
sign of CdTe generation was detected after heating at 220 °C for
30 min. However, if OA or myristic acid was used instead of
TDPA, significant dissolution of tellurium and the generation of
CdTe nanocrystals were already detected below 200 °C (Fig. S1 in
the Electronic Supplementary Material (ESM)). In the latter case,
the accelerated dissolution of tellurium should be related to the
relatively easier dissolution of CdO into the bulk solution in the
presence of the carboxylic acids than in the presence of TDPA
[10]. The above results suggest that the presence of the dissolved
cadmium precursors rather than solid CdO influenced the
dissolution of selenium and tellurium. It should be pointed out
that sulfur dissolution occurred quickly during the heating-up
process, and thus was not affected by the presence of CdO.

2.2 Ligand-promoted surface reaction channels for QD
formation

Under the present conditions, the dissolution of selenium in ODE
occurs far from thermodynamic equilibria [43]. Therefore, the
promotion of selenium dissolution via pulling the dissolution
equilibria can be excluded. The acceleration of selenium
dissolution implies that the dissolved cadmium precursor directly
participated in and promoted the dissolution process. To explain
the acceleration effect, we proposed the presence of an extra ligand-
promoted surface reaction channel involved with the dissolved
cadmium precursor, besides the direct dissolution of chalcogen
into the bulk solution. In such a channel, the dissolved cadmium
precursor initiated on-surface reactions with the chalcogen solid to
form QDs (Fig.2(a)). An analogous surface reaction channel
might also be applicable for the dissolution of CdO (Fig. 2(b)).
Taking the formation of CdSe QDs as an example, such channels
of precursor dissolution and QD formation can be depicted
in Fig. 2.

The proposed ligand-promoted surface reaction channels

ODE

(@  Cd(oA),
N —_— [CdSe],. —

e

(b) S\e (sol) Bl

\ —_— [CdSe],- —

Figure2 Schematic illustration of the formation of CdSe QDs via reactions on
the surfaces of bulk (a) CdO and (b) selenium, respectively. The reactions took
place on the surfaces of the solid, between (a) the cationic sites and the
solubilized anionic precursor or (b) the reverse. The surface reactions supply
[CdSe]; monomers to the bulk solution.

borrowed knowledge from mineral weathering [44-46]. The
reaction channels illustrated in Fig. 2 can be simply described as
follows. At first, the dissolved cationic and anionic precursors as
“ligands” were adsorbed respectively on the undissolved selenium
and CdO via surface complexation. Such complexation resembles
the “half-reactions” on QD surfaces [22,47]. Then, the complexed
cadmium or selenium center was detached and displaced into the
bulk solution to form [CdSe]; monomers [16, 21,48]. Finally, the
monomers nucleated to form CdSe QDs. OA complexation with
the same cadmium center promoted its detachment from the
CdO surface (Fig. 2(b)). ODE (for selenium) or phosphines (for
tellurium) as the major reducing agent also participated in the
surface reaction preceding the detachment (Fig.2(a)) [45,46].
Such surface reaction channels may also lead to OA circulation as
the homogeneous QD formation channel in the bulk solution
(Reaction (2)).

The proposed surface reaction mechanism in Fig. 2(b) can also
explain the faster dissolution of CdO in the presence of sulfur than
in the presence of selenium (Figs. 1(b) and 1(c)). First, the much
easier dissolution of sulfur than selenium facilitates faster surface
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complexation with CdO. Besides, the chemical affinity of the
dissolved chalcogen toward CdO surface should also influence the
surface complexation process. The reported bond dissociation
energies of Cd-S and Cd-Se bonds are 208.5 + 20.9 and 127.6 +
25.1 KkJ/mol, respectively [49], suggesting a stronger chemical
affinity of sulfur than selenium toward CdO surface.

The feasibility of QD formation via the ligand-promoted
surface channel was verified by further experiments. We carried
out three experiments to support the proposed channels. In
Experiment 1, oleyamine (OLA) was utilized to replace oleic acid
in the single-step synthesis of CdS QDs. A CdO/S/OLA/ODE
mixture was heated at 220 °C for 20 min, and then the
undissolved CdO was removed and discarded. For comparison,
we performed a similar experiment in two steps (Experiment 2).
In the first step, a CdO/OLA/ODE mixture was heated at 220 °C
for 20 min, and then the supernatant was isolated from
undissolved CdO. In the second step, the decanted supernatant
was mixed with sulfur, and heated to 220 °C for 20 min. For
further comparison with Experiment 1, another control
experiment was performed in the absence of OLA. See
Experimental for more details. The optical properties of the
resulting liquid phases in Experiments 1 and 2 (Fig. 3) indicate
that CdS QDs were produced in the single-step method but not in
the two-step method. In Experiment 3, no sign of CdS generation
was detected in the liquid phase or in the undissolved solid phase
(Fig. S2 in the ESM).

The reason for choosing OLA as ligand in Experiment 1 lies in
that OLA cannot dissolve CdO as OA does. The result of
Experiment 2 verified that CdO cannot dissolve into OLA under
the present condition. Therefore, the formation of CdS QDs via
homogeneous reactions between cationic and anionic precursors
in the bulk solution can be excluded in Experiment 1. It is safe to
decide that the generation of CdS QDs in Experiment 1 was
initiated by heterogeneous on-surface reactions with CdO. The
result of Experiment 3 further underlines the critical role of the
OLA ligand in the surface reactions. In the absence of OLA,
although sulfur easily dissolved in ODE and was reactive at the
experimental temperature, the reaction could not take place. This
is possibly because of high activation energies for the diffusion of
atoms and ions in bulk CdO [50]. The results of Experiments 2
and 3 indicate that OLA or dissolved sulfur alone cannot solubilize
CdO. Therefore, it is safe to conclude that OLA and dissolved
sulfur as ligands have a synergistic effect on the dissolution of
CdO in Experiment 1. Our results are reminiscent of previous

CdO, OLA, S, ODE
220 °C

—— Two-step
Single-step

Absorbance, PL intensity (a.u.)

—T r T 1 1t 1 T 17
300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 3 UV-vis absorption and PL spectra of samples prepared using CdO,
sulfur, OLA, and ODE. In the single-step synthesis, a CdO/S/OLA/ODE
mixture was directly heated up. In the two-step synthesis, a mixture of CdO,
OLA, and ODE was heated first; then the supernatant was decanted, remixed

with sulfur, and heated up.
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findings that thiol-amine can dissolve bulk meal oxide including
cadmium oxide [51,52]. Likely, the dissolved sulfur in ODE in
this work plays a similar role of thiols in those works. As a matter
of fact, the synergistic effects of different ligands have been widely
used in various applications [53, 54].

In our experiments with the CdO/S/OLA/ODE mixtures, we
found that the reactions were very slow and CdO could not
dissolve completely. We estimate that the proposed QD formation
channels illustrated in Fig. 2 also proceeded at a relatively slower
rate, and the channel via Reaction (2) in bulk solution is
dominant. It is easy to imagine higher reaction rates if nanoscale
surfaces are involved. Our study on the formation channels of
QDs is preliminary, and we could not give any quantitative
information about the reaction channels involved in the single-
step synthesis. We are doing further experiments to get to know
more about these channels.

Noteworthily, CdO may function as an important intermediate
in precursor conversion in some syntheses of QDs using
preformed cadmium carboxylate [42, 55]. Therefore, we estimate
that the surface reaction channel in Fig. 2(b) might also play a role
even in those syntheses. The direct use of CdO for synthesis is not
common so far; whereas, selenium powder and Se-ODE
heterogeneous suspensions have been widely used for selenide QD
synthesis [14,37,38]. We estimate that the proposed surface
reaction channel in Fig. 2(a) might be involved in the selenium
dissolution in those reported cases. For an amazing example,
selenium was directly used for one-pot synthesis of magic-sized
CdSe clusters at temperatures as low as 120 °C [56], despite the
report that selenium can hardly dissolve in ODE below 150 °C
[43]. We estimate that such synthesis should proceed, to a large
extent, via heterogenous reactions between bulk selenium surfaces
and the highly reactive cadmium precursor that readily formed
from cadmium acetate and fatty acid.

2.3 Single-step synthesis of CdE QDs

We characterized the single-step synthesis of CdE (E = S, Se, and
Te) QDs, as demonstrated in Fig. 4. For the synthesis of CdS QDs,
CdO (0.5 mmol), sulfur (0.25 mmol), and OA (3.5 mmol) were
mixed with ODE, heated up to 220 °C (ca. 10 °C/min), and kept at
this temperature for 30 min for the growth of QDs. Analogously,
CdSe QDs can be prepared by replacing sulfur with selenium
(0.25 mmol). In the case of CdTe QD preparation, tellurium
(0.25 mmol), TDPA (1.1 mmol), TOP (1.1 mmol), and ODE were
heated to a higher temperature of 290 °C. See Experimental for
more details.

The temporal evolution of ultraviolet-visible (UV-vis)
absorption and photoluminescence (PL) spectra during synthesis
suggest quite controllable growth of the CdE QDs (Fig. 4(a)). The
growth of the QDs in size mainly occurs within the first
10-15 min of the temperature-keeping stage. CdS and CdSe
samples exhibit clearly resolved absorption transitions in the
absorption spectra and give narrow band gap PL emission peaks,
with negligible trap emission. The optical property suggests that as-
prepared CdS and CdSe QDs were fairly monodisperse. Reaction
parameters, such as the temperature and the relative amount of
capping ligand, can be modified without undermining the quality
of the products (Fig.S3 in the ESM). Transmission electron
microscopy (TEM) images (Fig. 4(b)) of as-prepared CdE QDs
indicate uniform dot-shaped particles. After the heating-up
synthesis for CdS and CdSe QDs, the premixed solid-liquid
mixtures turned into clear colloidal dispersions, without
undissolved solids remaining (Fig. $4 in the ESM). Powder X-ray
diffraction (PXRD) patterns of the CdS and CdSe QDs also exhibit
no sign of impurities from undissolved precursors (Fig. S5 in the
ESM). The quality of the QD products can be further optimized
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Figure4 (a) UV-vis absorption (solid) and PL (dashed) spectra obtained during the growth of CdS, CdSe, and CdTe QDs. The setting temperature for QD growth
was 220 °C for CdS and CdSe, and was 290 °C for CdTe. (b) Typical TEM images of the QDs. (c) Temporal evolution of the first absorption wavelengths of the CdS
and CdSe QDs during synthesis. (d) A schematic illustration of the singe-step synthetic strategy, exemplified by the synthesis of CdSe QDs.

by carefully choosing acidic surfactant and reaction parameters.

The batch-to-batch consistency of the QD growth for this single-
step strategy was examined. Figure 4(c) exhibits the temporal
evolution of the first absorption maxima of CdS and CdSe QDs
based on five parallel syntheses. During synthesis, the fluctuation
in particle size appears in the initial rapid-growth stage, within
about 15 min. This fluctuation may be arising from sampling time
deviations and different dissolving rates of the powdered
precursors. The discrepancy in particle size is largely compensated
during the prolonged reaction. After 30 min of reaction, the
syntheses give products with very similar first absorption
wavelengths. This result indicates that the single-step synthesis,
although starting from a heterogeneous mixture (Fig.4(d)), is
controllable and reproducible, and is applicable for large-scale
synthesis of QDs with desired sizes.

CdO is a commonly used starting material for the synthesis of
CdE nanocrystals. Prior to the direct use of CdO for heating-up
synthesis by Zhang et al. [30-32], another cadmium source,
cadmium acetate, had also been used in the heating-up synthesis
of CdS QDs. In a report by Cao et al., cadmium acetate and sulfur
were directly used in the heating-up synthesis of CdS QDs with
the help of initiators [13]. It seems that cadmium acetate, more
readily dissolved with an acidic or basic surfactant, should be an
excellent cadmium source for single-step heating-up synthesis. But
as it happens, cadmium acetate is much less used for QD synthesis
than CdO. The main reason is the influence of acetate on
nanocrystal growth [57, 58]. In the report of Cao et al., though not
emphasized, prolonged vacuum degassing at about 120 °C was a
must to remove the nascent acetic acid [13, 57, 59]. This vacuum
procedure caused inconvenience and any presence of acetate in
the reaction mixture may cause poor reproducibility of synthesis.
Actually, cadmium acetate-based methods have been well known
for the synthesis of magic size clusters or nanoplatelets rather than
conventional QDs [48, 56, 60, 61].

24 Single-step synthesis vs. two-step synthesis

For comparison, we carried out two-step syntheses of CdS and
CdSe QDs, where sulfur or selenium was directly used but CdO
was routinely dissolved in advance. Under otherwise the same
conditions, such experiments were done to explore the effect of in

situ dissolution of CdO on the QD growth. See Experimental and
Fig. S6 in the ESM for more details and results. The analyses of
QD growth in typical single-step synthesis and the two-step
synthesis are presented in Fig. 5. The size and size distribution can
be judged by the location of first absorption and the full width at
half-maximum (FWHM) of PL peak, respectively. The QD
concentration was calculated using Peng’s equations [62]. The
CdS QDs prepared from the single-step approach generally have a
smaller size and slightly higher particle concentration than those
prepared with the two-step method (Figs. 5(a) and 5(b)).
Moreover, the results also suggest that the in situ dissolution of the
solid precursors would not delay the QD synthetic progress. The
PL FWHM of the CdS QDs in singe-step synthesis decreased
quickly at an early stage and then stabilized at ca. 19 nm, while the
value gradually increased from 16 to 21 nm during the two-step
synthesis (Fig. 5(c)). This result indicates that the single-step
method can produce CdS QDs with roughly similar quality to the
two-step method, but is more controllable in size dispersion.
Similar but much more obvious tendencies were observed in the
case of CdSe QDs. As demonstrated in Figs. 5(d)-5(f), the CdSe
QDs prepared with the single-step method have substantially
smaller sizes, higher concentrations, and narrower size dispersions
than those prepared with the two-step method. The yield of CdSe
QDs at an early stage of the two-step synthesis was higher than
that of the single-step synthesis, and then the yields of the two
synthetic methods tend to be similar at later stages (Fig. S7 in the
ESM).

The intrinsic conversion kinetics of the precursors has a more
profound effect on the nucleation and growth of QDs in the
heating-up synthesis compared with that in the injection-based
synthesis. Therefore, the judicious selection of precursors is of
paramount importance for the heating-up synthesis of high-
quality QDs [16]. The reason for the variation in growth kinetics
and QD quality of the two methods originates from the different
reactivity of CdO and the preformed cadmium oleate. Compared
with solid CdO, solubilized cadmium oleate should be more
reactive. In the two-step syntheses using cadmium oleate,
monomers were formed rapidly, resulting in rapid nucleation and
growth rates (Fig.S7 in the ESM). As soon as nucleation was
triggered, the nuclei grew rapidly by absorbing the monomers
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Figure 5 Comparison of typical single-step and two-step syntheses of CdS
((@)—(c)) and CdSe ((d)-(f)) QDs each respectively. Data were extracted from
the temporal evolution of the absorption and PL spectra at 220 °C: ((a) and (d))
first absorption peak wavelengths, ((b) and (e)) nanocrystal concentrations, and
((c) and (f)) widths of PL peaks. The data of the two-step synthesis were
extracted from the absorption spectra presented in Fig. S6 in the ESM.

quickly, which discontinued nucleation. Consequently, relatively
low nanocrystal concentrations and big sizes were obtained [16].
The relationship between precursor reactivity and nanocrystal
concentration was discussed in many reports. We noticed that our
results are consistent with those observed in heating-up syntheses
[13,14], but are opposite to what was observed in the hot-
injection syntheses [9,63-65]. These conflicting results are
surprising yet fascinating. In the hot-injection methods, nucleation
was restricted to an initial burst. Therefore, the injection of a more
reactive precursor would lead to a larger number of nuclei.

The results in Fig, 5 indicate that the direct use of CdO was able
to produce QDs with narrower size dispersions than those
prepared using preformed cadmium oleate. In the two-step
heating-up synthesis of CdSe QDs, nucleation occurred at a
relatively low temperature stage (around 170 °C) when selenium
powder remained largely undissolved. In this case, the relatively
large QD sizes with inhomogeneous distributions were caused by
the imbalance between nucleation and growth. In other words,
compared with preformed cadmium oleate, solid CdO has a better
matched reactivity toward selenium powder [13,14,16]. In the
case of CdS synthesis, however, sulfur already dissolved prior to
nucleation (around 210 °C). In the single-step synthesis, the
dissolution of solid CdO occurred quickly at this nucleation
temperature, and therefore was able to result in uniform QDs like
the two-step method.

3 Conclusions

By revisiting the single-step synthesis of QDs, our study provides
some insights into the solution-phase synthesis of cadmium
chalcogenides that directly utilizes CdO and/or selenium solid
precursors:

(i) The dissolution of CdO and chalcogens (selenium and
tellurium) during the single-step synthesis was accelerated,
compared with their dissolution respectively alone.

(i) Extra ligand-promoted surface reaction channels may exist
for the generation of QDs. In such channels, on-surface reactions
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occur between undissolved precursors and dissolved counter
precursors (as “ligands”) to generate [CdE]; monomers. In the
CdO/OA/Se/ODE reaction system, the surface reaction channels
should account for the acceleration of selenium dissolution, and
might also promote the dissolution of CdO. In another
CdO/OLA/S/ODE reaction system, the surface reaction channel
exclusively promoted the conversion of CdO into CdS QDs; OLA
and dissolved sulfur as ligands have a synergistic effect on the
dissolution of CdO. Such channels may find application in
material synthesis via nano-surface reactions.

(iii) In the single-step synthesis, the dissolution of CdO was
integrated into the QD growth process. The release of OA during
QD formation would in turn promote the dissolution of CdO.
The OA circulation should also partly account for the accelerated
CdO dissolution in the CdO/OA/S/ODE reaction system.

(iv) The direct use of CdO in the single-step synthesis was able
to produce QDs with even better quality than two-step synthesis
using preformed cadmium oleate. The pre-dissolution of CdO
proves not to be an intrinsic requirement for high-quality
synthesis. Single-step synthesis of QDs using CdO and chalcogen
has great potential to provide large-scale, cost-effective, yet high-
quality synthesis.

4 Experimental

4.1 Chemicals

CdO (99%, Adamas), OA (90%, Aldrich), OLA (70%, Aldrich),
TDPA (97%, Aldrich), TOP (90%, Aldrich), ODE (90%, Aldrich),
sulfur (99.5%, Chengdu Kelong Chemical), selenium (~ 325 mesh,
99.5% Alfa Aesar), tellurium (~ 325 mesh, 99.99% Alfa Aesar),
myristic acid (Tianjin Guangfu Fine Chemical Research Institute),
hexane (AR, > 95.0%), and absolute ethanol (AR, > 99.7%) were
used as received.

4.2 Single-step syntheses of CdS and CdSe QDs

CdO 0.064 g (0.5 mmol), sulfur powder 0.008 g (0.25 mmol), and
oleic acid 1.1 g (3.5 mmol) were mixed with ODE (total 10 g). The
mixture, under N, flow, was heated to 220 °C (ca. 10 °C/min). The
reaction was allowed to proceed at this temperature for 30 min.
Aliquots can be taken at different time intervals to follow the
reaction. During the heating up process, stirring should be applied
carefully to ensure all the solid starting materials were soaked in
the solvent. Experimental conditions can be modified to tailor the
QD size. Selenium powder 0.02 g (0.25 mmol) was used to replace
sulfur for the synthesis of CdSe QDs under otherwise identical
conditions.

4.3 Two-step syntheses of CdS and CdSe QDs

At first, 0.064 g of CdO (0.5 mmol), 1.1 g of oleic acid (3.5 mmol),
and 8.83 g of ODE were loaded into a 25 mL three-necked flask.
The flask, under N, flow, was heated to 220 °C and then
maintained for 10 min to make a clear solution. The solution was
cooled down and was mixed with 8 mg of sulfur powder
(0.25 mmol). The mixture, under N, flow, was heated to 220 °C
(ca. 10 °C/min). The reaction was allowed to proceed at this
temperature for 30 min. Aliquots can be taken at different time
intervals to follow the reaction. 0.02 g selenium powder
(0.025 mmol) was used to prepare CdSe QDs under otherwise
same conditions.

44 Single-step synthesis of CdTe QDs

0.064 g of CdO (0.5 mmol), 0.032 g of tellurium powder
(0.25 mmol), TDPA (1.1 mmol), and TOP (1.1 mmol) were
mixed with 9.15 g of ODE. The mixture, under N, flow, was
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heated to 290 °C (ca. 10 °C/min). The reaction was allowed to
proceed at this temperature for 30 min. Aliquots can be taken at
different time intervals to follow the reaction. However, a little
amount of tellurium was noticed to remain undissolved after the
synthesis. Myristic acid and oleic acid (3.5 mmol) were also used
to replace TDPA for the synthesis of CdTe nanocrystals at 180 and
200 °C, respectively.

45 CdO dissolution experiments

0064 g of CdO (0.5 mmol), 0.008 g of sulfur powder
(0.025 mmol), oleic acid (1.5 mmol), and 9.46 g ODE were loaded
in a 25 mL flask. The flask, under N, flow, was placed into a hot
oil bath at 200 °C. The mixture was stirred (at ca. 1,000 rpm) and
heated for 30 min. The reaction flask was withdrawn from the oil
bath to observe the dissolution of CdO at an interval of 10 min.
For comparison, another experiment without sulfur powder
addition was carried out under otherwise identical conditions.

4.6 Selenium dissolution experiments

0.02 g of Se (0.25 mmol), 0.064 g of CdO (0.5 mmol), oleic acid
(1.5 mmol), and 9.45 g ODE were loaded in a 25 mL flask. This
system was sonicated for 1-2 min. The flask, under N, flow, was
placed into a hot oil bath at 200 °C. The mixture was stirred (at ca.
1,000 rpm) and heated for 30 min. The reaction flask was
withdrawn from the oil bath to observe the dissolution of
selenium at an interval of 10 min. For comparison, another
experiment without CdO powder addition was carried out under
otherwise identical conditions.

4.7 OLA-promoted single-step synthesis of CdS QDs

CdO (0.064 g, 0.5 mmol), sulfur (0.008 g, 0.025 mmol), OLA
(1.34 g, 0.35 mmol), and ODE (8.6 g) were loaded in a three-
necked flask. Under N, flow, the flask was placed in an oil bath
already heated to 220 °C. Then the mixture was stirred (at ca.
1,000 rpm) and heated for 20 min. CdO remained largely
undissolved. The resulting suspension was centrifuged, and the
resulting supernatant and precipitate were used for further
characterization. For comparison, the synthesis was also tried in
two steps under otherwise same conditions. In the first step, CdO,
OLA, and ODE were heated at 220 °C for 20 min. Then the
mixture was centrifugated. In the second step, the supernatant was
decanted and mixed with sulfur in another flask, which was then
heated at 220 °C for 20 min. For further comparison, a mixture of
CdO (0.064 g, 0.5 mmol), sulfur (0.008 g, 0.25 mmol), and ODE
(9.86 g), without OLA addition, was treated under otherwise
identical conditions.

4.8 Characterization

UV-vis absorption spectra of the samples were collected using a
UV2310II  spectrophotometer ~ (Techcomp,  Shanghai).
Photoluminescence data were collected using a fluorescence
spectrophotometer F-380 (Tianjin Gangdong). For the absorption
and photoluminescence measurement, all the samples were
diluted in hexane. The TEM images of the quantum dots were
taken on a JEOL JEM2100 microscope at 200 kV. PXRD patterns
of the samples were recorded on EMPYREAN (with Cu Ka)
between 10° and 70°. The PXRD sample was prepared by
evaporating drops of concentrated nanocrystal solution in hexane
on a glass plate. The samples were purified using hexane/ethanol
before TEM and PXRD measurements.
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