
One-Pot Noninjection Route to CdS Quantum Dots via Hydrothermal
Synthesis
Abdelhay Aboulaich,†,‡ Denis Billaud,‡ Mouhammad Abyan,‡ Lavinia Balan,§ Jean-Jacques Gaumet,#

Ghouti Medjadhi,‡ Jaafar Ghanbaja,‡ and Raphael̈ Schneider*,†
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ABSTRACT: Water-dispersible CdS quantum dots (QDs) emitting from 510 to 650 nm were synthesized in a simple one-pot
noninjection hydrothermal route using cadmium chloride, thiourea, and 3-mercaptopropionic acid (MPA) as starting materials.
All these chemicals were loaded at room temperature in a Teflon sealed tube and the reaction mixture heated at 100 °C. The
effects of CdCl2/thiourea/MPA feed molar ratios, pH, and concentrations of precursors affecting the growth of the CdS QDs,
was monitored via the temporal evolution of the optical properties of the CdS nanocrystals. High concentration of precursors and
high MPA/Cd feed molar ratios were found to lead to an increase in the diameter of the resulting CdS nanocrystals and of the
trap state emission of the dots. The combination of moderate pH value, low concentration of precursors and slow growth rate
plays the crucial role in the good optical properties of the obtained CdS nanocrystals. The highest photoluminescence achieved
for CdS@MPA QDs of average size 3.5 nm was 20%. As prepared colloids show rather narrow particle size distribution, although
all reactants were mixed at room temperature. CdS@MPA QDs were characterized by UV−vis and photoluminescence
spectroscopy, powder X-ray diffraction, transmission electron microscopy, energy-dispersive X-ray spectrometry and MALDI
TOF mass spectrometry. This noninjection one-pot approach features easy handling and large-scale production with excellent
synthetic reproducibility. Surface passivation of CdS@MPA cores by a wider bandgap material, ZnS, led to enhanced
luminescence intensity. CdS@MPA and CdS/ZnS@MPA QDs exhibit high photochemical stability and hold a good potential to
be applied in optoelectronic devices and biological applications.
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■ INTRODUCTION
Semiconductor quantum dots (QDs) have attracted increasing
attention within recent years due to their promising
applications in optical devices, solar cells, biosensors, and
biological imaging.1−6 Luminescent QDs present many
advantages compared to organic fluorophores such as high
photoluminescence (PL) quantum yield (QY), tunable
emission wavelength, multiplexing capabilities, and high
photostability. Group II−VI semiconductor QDs, especially
CdS, CdSe, and CdTe, have been extensively studied because

of the ease with which their emission in the visible range can be
simply tuned by changing their diameter and the advances in
their preparation methods.
Among these materials, CdS is an important direct-band

semiconductor with a bandgap (Eg) of 2.42 eV. CdS QDs can
be used for photoelectric conversion in solar cells, in light-
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emitting diodes for flat-panel displays7−9 and for bioapplica-
tions.10,11 Because the unique properties of QDs are based on
diameter, controlling size and size distribution as well as
crystallinity and surface defects is crucial. Numerous methods
have been developed for the production of CdS QDs. The
organometallic approach and its alternatives, based on the high
temperature decomposition of organometallic precursors into
well-stirred and hot organic solvents, generally provide the best
quality QDs.12−17 However, for many biological applications,
the transfer of QDs to water through a capping ligand exchange
is necessary. Small thiol-based molecules are generally used to
replace hydrophobic capping agents like trioctylphosphine
oxide (TOPO) or long-chain amines used to control the
growth process at high temperature. In addition, some
chemicals used in this route are extremely toxic, pyrophoric
and/or expensive. Finally, the organometallic approach is highly
unsuitable in terms of scaling up for industrial production
because of the high energy requirement of the synthetic
process.
In parallel with the success of organic synthetic routes,

aqueous routes have also been developed to tackle problems
associated with phase transfer. The degradation in optical
properties (decrease of PL QY and of photostability) could be
avoided by direct synthesis in an aqueous medium. In the
aqueous synthesis of CdS QDs, small hydrophilic thiols such as
thioglycolic acid (TGA), 3-mercaptopropionic acid (MPA), or
thioglycerol (TG) are commonly used as a surface stabilizing
agent giving materials with good emission efficiencies.12,18−23

In both of these methods, nucleation takes place immediately
after the injection, and continues until the temperature and the
precursor concentration drop below a critical threshold.
Because of limitation of the precursor rate and quantity,
these methods are not suitable for large-scale preparation of
good-quality QDs and are poor in synthetic reproducibility.
New synthetic methods that do not require the injection of
precursors therefore have to be developed.
A few reports have recently detailed one-pot noninjection

routes to semiconductor nanocrystals either via the organo-
metallic method,24−28 in aqueous solution,29,30 or under
microwave irradiation.31 In this work, we developed a
convenient noninjection one-pot method for the synthesis of
good-quality CdS QDs in water by simply mixing CdCl2,
thiourea, and 3-mercaptopropionic acid. The synthetic
parameters affecting the growth and the optical properties of
CdS QDs, such as the Cd/thiourea/MPA ratios, precursor
concentrations, pH, and growth temperatures were thoroughly
investigated. Highly reproducible large-scale synthesis of CdS
QDs with good PL QYs could readily be achieved. The
obtained CdS QDs possess high crystallinity, a broad tunable
size range, and moderate to good PL QYs (11−20%). The
resulting CdS nanocrystals were subsequently overcoated with
a ZnS shell (type I QDs) using a mixture of zinc acetate and
MPA. During the shell growth, the PL QYs increased to values
of 22−23%.

2. EXPERIMENTAL SECTION
2.1. Reagents and Materials. The chemicals used in the

experiments included CdCl2. 2.5H2O (99%), 3-mercaptopropionic
acid (MPA, 99+%), thiourea (99%), and ethanol (HPLC grade). All
chemicals were used without further purification. The 12−14000
molecular weight cut off dialysis membrane tubing (Spectra/Por) was
used in the dialysis experiments. All solutions were prepared using
Milli-Q water (18.2 MΩ.cm, Millipore) as the solvent.

2.2. Synthesis of MPA-Capped CdS QDs. The Cd2+/thiourea
precursors solution was prepared by mixing CdCl2. 2.5H2O (40 mg,
0.175 mmol) and thiourea (22 mg, 0.289 mmol) in 14 mL of ultrapure
water. Twenty mL of an aqueous solution of MPA (42 mg, 0.395
mmol) were then added and the pH of the mixture was adjusted to 10
with 1 M NaOH. The typical molar ratio of Cd2+/thiourea/MPA was
1/1.7/2.3 in our experiments. The solution was deaerated with
nitrogen-bubbling for 30 min and transferred into a Teflon-lined
stainless steel autoclave with a volume of 125 mL. The autoclave was
maintained at 100 °C for a designed time and then cooled down to
room temperature. Because the reaction vessel was closed, pressure
was produced in this system.

2.3. Deposition of a ZnS Shell around CdS@MPA QDs. Ten
milliliters of a 0.1 M Zn(OAc)2. 2H2O aqueous solution and 0.35 mL
MPA were mixed in a flask. This solution was diluted to 98 mL with
water; the pH was adjusted to 10.3 with 4 M NaOH and saturated
with N2 by bubbling for 30 min. Besides this, CdS@MPA nanocrystals
were dispersed in water to obtain a Cd concentration of 0.01 mol/L.
Thirty mL of the CdS@MPA QDs solution were diluted to 130 mL
with water and purged by N2 for 30 min. Then, 20 mL of the solution
of the Zn2+-MPA complex was added dropwise to the diluted CdS
QDs solution and the mixture was heated to reflux for 4 h. After
cooling to room temperature, the reaction mixture was concentrated
to the half using a rotating evaporator (50 °C, 15 mmHg), QDs were
precipitated with ethanol and centrifuged. The nanocrystals were
further washed with ethanol and finally dried in vacuum at room
temperature.

2.4. Dialysis Procedures. Ten milliliters of the unpurified CdS@
MPA QDs were placed into the dialysis tubing, and then the solution
was dialyzed against ultrapure water for 4 h at room temperature.

2.5. Photostability of CdS and CdS/ZnS QDs. The photo-
stability of aqueous dispersions of CdS and of CdS/ZnS QDs was
investigated by irradiating the samples with a 180 mW Hg−Xe lamp
under open air condition at room temperature. The distance between
the sample solutions and the lamp was fixed to 20 cm. Aliquots of the
sample solution were taken out at regular intervals for PL
measurements and absorption characterization.

2.6. Instrument. Transmission electron microscopy (TEM)
images were taken by placing a drop of the particles in water onto a
carbon film-supported copper grid. Samples were studied using a
Philips CM20 instrument operating at 200 kV equipped with Energy
dispersive X-ray Spectrometer (EDS). Powder (XRD) analyses were
obtained using Panalytical X’Pert Pro MPD diffractometre using Cu
Kα radiation. Absorption spectra were recorded on a Perkin-Elmer
(Lambda 2) UV−visible spectrophotometer. Fluorescence spectra
were recorded on a fluorolog-3 spectrofluorimeter F222 (Jobin Yvon)
using a 450 W xenon lamp. The QY values were determined from the
following equation:

= F F A A n nQY(sample) ( / )( / )( / )QYsample ref ref sample sample
2

ref
2

(ref)

where F, A, and n are the measured fluorescence (area under the
emission peak), absorbance at the excitation wavelength and refractive
index of the solvent respectively. PL spectra were spectrally corrected
and quantum yields were determined relative to Rhodamine 6G in
water (QY = 94%).32

All mass spectrometry (MS) analyses on CdS QDs were performed
on a MALDI coupled to a time-of-flight (MALDI-TOF MS)
instrument (Reflex IV, Bruker) operated in positive ion reflectron
mode. A 337 nm N2 laser was used to create ions. The laser energy was
set within the range of 30−50% relative to the maximum energy of 1.5
mJ pulse−1. Dithranol was used as the matrix. CdS QDs were dispersed
in water mixed with solutions of the matrix, and spotted onto a target
plate before laser irradiation. For each sample, at least six mass spectra
were recorded to average the measures.

■ RESULTS AND DISCUSSION

In our approach, the synthesis of CdS QDs involved mixing
cadmium chloride, thiourea and 3-mercaptopropionic acid,

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am300232z | ACS Appl. Mater. Interfaces 2012, 4, 2561−25692562



followed by heating the reaction mixture in a sealed Teflon tube
at 100 °C (Figure 1).

Influence of Experimental Variables. Thiourea was
selected as precursor of sulfide ions because its decomposition
into sulfide or hydrogenosulfide in water at basic pH has a
relatively low activation energy,33−36 which is favorable for the
formation of nuclei and regular QDs. S2‑ or HS− anions formed
in situ react with the Cd2+ salt in the solution to form CdS
nuclei that grow by heating to form CdS nanocrystals. The
success of our strategy was found to strongly depend on the
experimental conditions. Preliminary experiments indicated
that CdS QDs could be prepared by using cadmium chloride
and a 1.7-fold-excess of thiourea. The samples prepared with
more thiourea show a much larger red shift in the PL peak
within the same reaction period but their PL QYs were modest
(less than 2%). Reactions were conducted at 100 °C in sealed
Teflon tubes because lower reaction temperatures were found
to favor the formation of nanocrystals with a wider tunable size
range.
Figure 2a shows the UV−vis spectra of CdS@MPA QDs

prepared using a Cd2+/thiourea/MPA molar ratio of 1/1.7/2.3
and Cd2+ concentration of 5 mM after various heating
durations (45 min, 1 h, 1.5 h, 2 and 3 h). The absorption
edge of bulk CdS is located at 515 nm.37 Excepted CdS QDs
obtained after 3 h heating, all samples showed well-defined first
excitonic peaks at respectively 363, 369, 382, 387, and 409 nm,
for 45 min, 1, 1.5, 2, and 3 h heating respectively, attributed to
1sh-1se excitonic transitions.38 These values indicate that the
shift in the absorption peak corresponds to the increase in
particle diameter of the CdS QDs with duration of the
hydrothermal process. The second, less defined feature at ca.
357 nm could be assigned to the higher spin−orbit component
of the 1s−2s transition.39 The higher energy excitonic
transitions are more obvious in the latter samples (the larger
particles). The sharp absorption features and the observation of
higher energy second excitonic transitions in the absorption
spectra are both indicative of monodispersed particles. The
variation of the absorption peaks indicates that the particles
grow rapidly as the reaction time increased, while the
absorption spectrum for the CdS sample (t = 3 h) is
broadened. The broadening indicates the onset of conventional

Ostwald ripening, which causes a slow defocusing of the size
distribution.15

The corresponding absorption edges (obtained by the
intersection of the sharply decreasing region of the spectrum
with the baseline40) are located at 390, 398, 407, 420, and 440
nm for reactions performed during 45 min, 1, 1.5, 2, and 3 h
heating, respectively, which corresponds to band gaps of 3.17,
3.11, 3.04, 2.95, and 2.81 eV, respectively. A comparison with
the value of bulk CdS having an absorption edge located at 515
nm (2.42 eV) indicates quantum confinement in all prepared
nanocrystals. Using these band gap values, the particles
diameters were calculated following the formula of Brus
based on the effective mass approximation,41−43

π
ε

= + ℏ + −
⎛
⎝⎜

⎞
⎠⎟E E

r m m
e
r2

1 1 1.8
g

2 2

2
e h

2

where Eg is the band gap of the bulk material (2.42 eV), ℏ is the
reduced Plank’s constant (6.58 × 10−16 eV), r the radius of
spherical nanocrystals, e is the charge of the electron (1.6 ×
10−19 C), ε is the semiconductor dielectric constant (5.7), me
and mh are effective masses of the electrons and holes,
respectively, and mo is the free electron mass (mo = 9.11 ×
10−28 g). With the effective masses of electrons (me = 0.19mo)
and holes (mh = 0.8mo), diameters of 2.5, 2.7, 3.1, 3.5, and 3.9
± 0.4 nm were found for CdS@MPA QDs obtained after 45
min, 1, 1.5, 2, and 3 h reaction, respectively. The deviation of

Figure 1. Synthesis of CdS@MPA QDs.

Figure 2. (a) UV−visible and (b) photoluminescence spectra of
CdS@MPA QDs after different reaction times at 100 °C, and (c)
digital picture of the QDs under UV excitation.
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0.4 nm corresponds to ±10 nm for the determination of the
absorption edges. The sizes of the CdS QDs were also
estimated from the UV−vis absorption spectra by Peng’s
empirical equations44 and were found to be in good accordance
with results obtained from the Brus formula (2.3, 2.5, 2.9, 3.1,
and 3.7 ± 0.4 nm for CdS@MPA QDs obtained after 45 min, 1,
1.5, 2, and 3 h reaction, respectively).
CdS nanocrystals prepared by the organometallic approach

and its alternatives generally exhibit PL emission dominated by
the band-edge emission.44−47 Typically, for CdS QDs with
diameters varying from 2.0 to 5.3 nm, the PL emission is
located between 375 and 460 nm.45 PL spectra of CdS@MPA
nanocrystals corresponding to absorption spectra of Figure 2a
are shown in Figure 2b. It can be seen that the PL peak position
varies with heating time from 510 to 650 nm in a similar way as
the absorption peak position and CdS nanoparticle diameter.
The sizable difference between the emission peak position and
the absorption edge indicates that the present CdS QDs exhibit
trap-state emission rather than band-edge emission. The
observed broad PL peak is commonly attributed to the
recombination of charged carriers trapped in the surface states
and is related to the size of CdS QDs.48−51 The smaller the
particles the more blue-shifted is the fluorescence band. In the
CdS QDs prepared, the lack of stoichiometry for the chemical
composition determined by EDS (vide infra) perhaps causes
defects on the CdS QDs surfaces. PL QYs for the samples have
been determined using the Rhodamine 6G standard in ethanol,
reached values up to 20% for the sample prepared during 3 h
and were independent of the excitation wavelength between
300 and 400 nm (see the photoluminescence excitation spectra
in Figure S1 in the Supporting Information). PL QYs values
increase continuously with increasing hydrothermal heating
duration (10.9, 14.0, 14.5, 15.2 and 20.0% for 45 min, 1, 1.5, 2,
and 3 h heating, respectively). Inset of Figure 2c shows digital
photograph of MPA-capped CdS QDs which is consistent with
the UV−vis and PL spectra data. This increasing PL QY with
crystal growth for CdS QDs was also recently observed for CdS
nanocrystals prepared in organic solvent.52 It can also be seen
that the full-width-at-half-maximum (fwhm) of PL emission
spectra prepared through our method is ca. 110 nm, which is
3−4 times wider than the emission peaks of CdS QDs prepared
in organic medium at elevated temperature.44−47 This is typical
of CdS QDs obtained through synthetic routes in aqueous
media. Compared to aqueous syntheses of CdS QDs that use
meso-2,3-dimercaptosuccinic acid,53 thioglycolic acid or 3-
mercaptopropanoic acid,54,55 thioglycerol,56 2-mercaptoetha-
nol,57 dendrimers,58 poly(vinyl alcohol),59 or poly(acrylic
acid)60 as surface ligands, our method provides QDs with
greater color tunability and higher PL QYs than those
previously reported. Moreover, the shape of the PL band for
our nanocrystals is also simpler, indicating particles with fewer
defects. Finally, the time evolution of the optical properties of
the as-prepared nanocrystal solutions after synthesis indicates
highly reproducible behavior up to (at least) 4 months (see
Figure S2 in the Supporting Information).
Concentration Effect. Figure 3 shows the evolution of the

first excitonic peak of absorption spectra with growth at 100 °C
when varying the concentration of CdCl2 from 5 mM to 35
mM. In these reactions, the Cd2+/thiourea/MPA molar ratio
was kept constant at 1/1.7/2.3. As can be seen, the control of
the size can be obtained by adjusting the CdCl2 concentration.
For the same growth time, a higher concentration of CdCl2
resulted in a slower growth of CdS@MPA QDs. For example,

when the reaction time was 180 min, the UV−vis absorption
peaks of CdS QDs for concentration of CdCl2 of 5, 20, and 35
mM were 404, 397, and 388 nm, respectively. The hydro-
thermal synthesis of CdS@MPA QDs follows classical La Mer
behavior: higher precursor concentrations favor faster particle
nucleation and slower growth, resulting in more numerous and
smaller particles.61

When the concentration of CdCl2 was 5 mM, the CdS QDs
were synthesized with optimal optical properties, as evidenced
by their well-defined absorption and good PL QYs (Figure 2).
For example, CdS@MPA QDs obtained after 3 h heating at
100 °C have a PL QY of 20%. For the same growth time, the
PL QY was decreased to 7.7 and 6.3% with increasing the
concentration of CdCl2 to 20 and 35 nm, respectively.

Influence of the Cd2+/MPA Molar Ratio. Another series
of experiments varied the concentration of MPA while holding
the concentrations of CdCl2 and thiourea constant and
performing the reaction for 3 h at 100 °C. Figure S3 in the
Supporting Information shows that as the ratio of MPA to Cd2+

+ thiourea increases, the UV−vis absorption and PL emission
spectra shift to the red, indicating the formation of larger CdS
nanocrystallites with more surface defects than those prepared
with smaller Cd2+/MPA ratios (1/1.3 or 1/2.3). Meanwhile,
the PL intensity showed a trend to increase first and decrease
later, with maximum intensity at Cd2+/MPA = 1/2.3. The PL
QYs of CdS@MPA QDs prepared with Cd2+/MPA ratios of 1/
1.3, 1/2.3, and 1/4.5 were found to be 2.27, 20.0, and 1.05%,
respectively. This can be explained by the fact that increasing
the amount of MPA in solution leads to increasing MPA
hydrolysis, and as a result, to a higher sulfide S2‑ content in the
reaction medium that accelerates the nanocrystals growth. It is
also worthy to mention that for the lowest Cd2+/MPA ratio (1/
1.3), the dispersion stability was significantly lower and particles
started to precipitate within one week. The reduced colloidal
stability of these CdS@MPA QDs is probably a consequence of
an incomplete surface passivation of the dots. Considering the
need for strong light intensity for bioapplications and imaging,
1/2.3 was chosen as the best Cd2+/MPA ratio in this study.

Effect of pH during the Synthesis. Figure 4 presents the
evolution of the absorption and photoluminescence spectra of
the as-prepared CdS nanocrystals grown for 3 h at three pH
values (8, 10, and 12). As shown in Figure 4, the growth rate of
MPA-capped CdS QDs is the quickest at pH 10 (excitonic peak
λabs at ca. 403 nm and emission peak λem at 602 nm), the
slowest at pH 8 (λabs = 372 nm, λem = 567 nm), whereas pH 12
was found to be intermediate (λabs = 389 nm, λem = 583 nm).

Figure 3. Evolution of the absorption peak position in function of
reaction time at Cd2+ concentrations of 5, 20, and 35 mM.
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We also found that at the highest pH value, weak luminescence
(PL QY = 2%) was obtained. The PL QY was increased with
lowering of the pH of Cd2+/thiourea precursors to 10 (PL QY
= 14%). Further lowering of the pH to 8.0 led to a slight
decrease in the photoluminescence of CdS@MPA QDs (PL
QY = 12%). These pH-dependent effects could be attributed to
decomposition kinetics of thiourea. At pH 12, S2− is probably
produced to quickly leading to CdS nanocrystals with more
surface defects resulting in poor optical properties. The more
gradual decomposition of thiourea at pH 8 or 10 producing
HS−, which needs a deprotonation step before the formation of
CdS clusters, probably favors the homogeneous growth of CdS
QDs.
XRD and TEM Studies. CdS QDs were further

characterized by X-ray powder diffraction (XRD) and trans-
mission electron microscopy (TEM). The XRD pattern of
CdS@MPA QDs shows broad peaks indicating nanodimen-
sions of the sample (Figure 5). Poor crystallinity was observed
for the sample obtained after 45 min heating at 100 °C, which
can be attributed to the short reaction time. With the increase
of heating duration, peaks become more prominent and sharp
due to the increase in nanocrystalline size. The peaks are
positioned at 2θ = 26.5, 43.9, and 51.6°, oriented along the
(111), (220), and (311) directions and are in good agreement
with the JCPDS file 10−454, suggesting that the nanoparticles
are in cubic zinc blende form.
TEM images of the CdS nanocrystallites prepared during 45

min, 1.5 and 3 h heating are shown in panels a-c of Figure 6,
respectively. Insets of Figure 6a−c show the corresponding
selected area electron diffraction (SAED) patterns for CdS@
MPA QDs. Figure 6d−f confirms that the particle size of CdS
QDs depends on the duration of the heating. The images show
that CdS@MPA QDs are spherical, well-defined, and uniform
in size. The diameters of the nanocrystals determined by TEM
were 2.4 ± 0.4, 3.1 ± 0.4, and 3.5 ± 0.5 nm for 45 min, 1.5 h,

and 3 h reaction, respectively. The average sizes obtained from
UV−vis spectra and TEM matched each other reasonably well.
A HR-TEM image of CdS@MPA QDs prepared for 3 h
reaction is shown in Figure 7. As can be seen, the lattice planes
of the CdS QDs are well resolved. From the lattice fringes of
the micrograph, the interplanar spacing (d) was estimated to be
0.34 nm, which is correlated to the d value of (111) plane, i.e.,
0.335 nm of the cubic phase. The cubic zinc blende structure of
the produced CdS nanoparticles was further evidenced by the
observation that a lattice spacing of 0.36 nm, which is found
only the hexagonal phase, was not observed in any of our
samples.
Figure 7b shows the EDS spectrum acquired from CdS@

MPA QDs prepared via hydrothermal reaction for 3 h and
confirms the chemical purity of the QDs. The calculated
concentration ratio of the elements Cd and S is 0.71, which is
acceptable against the exact value 1 and considering that S
atoms are also present in the ligand.

Effect of pH on MPA-Capped CdS QDs PL. The PL
efficiency of CdS nanocrystals was found to depend on the pH
value of the colloidal solution. The variation of the fluorescence
intensity under different pH values is shown in Figure 8 for
yellow-emitting CdS@MPA QDs simply purified from the
crude reaction mixture by precipitation and washing with
ethanol. The PL QY was found to be 14% at pH 12. Upon
addition of a 0.1 M HCl solution, the PL QY was found to be
stable until neutrality, then it decreased drastically when the
solution was adjusted into the acidic range and QDs start to
aggregate. During this process, only decreases in absorption and
PL intensity could be observed, indicating that the changes in
pH influence the surface and not the size of the dots.
Cadmium can form complexes with thiourea,62−64 sulfide,

and hydrogenosulfide65 produced by thiourea decomposition.
The concentration of these complexes decreases as the pH of
the solution decreases from a neutral to acidic range. These
complexes can be considered as a wide bandgap material
allowing exciton internalization and thus leading to an
improvement in radiative recombination. It is therefore likely
that the particle surface coverage with these complexes is
strongly decreased at pH <7, thus increasing the number of trap
sites and decreasing the PL QY.
This hypothesis was further supported by the experimental

results obtained from dialyzed CdS QDs. The change of PL QY
of the 4-h-dialyzed CdS QDs as function of pH is reported in
Figure 8a. The PL QY of this sample decreased gradually from

Figure 4. (a) UV−visible and (b) photoluminescence spectra of
CdS@MPA QDs when varying the pH of the growth solution from 8
to 12. The reaction time was fixed to 3 h.

Figure 5. XRD patterns of the as-prepared CdS@MPA QDs as a
function of heating time.
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14 to 12% until pH 5 without significant changes in the shape
or wavelength of the emission peak. Below pH 7, PL changes
are markedly less pronounced than those observed for
nondialyzed CdS@MPA QDs. A strong decrease of PL
intensity is only observed below pH 5 and QDs start to
precipitate at pH 4, probably due to the dissociation of the
surface MPA ligands. This result demonstrates that the pH
effect on PL intensity of the CdS QDs is related to Cd2+-
thiourea or Cd2+-thiol complexes formed on the surface of QDs
during the synthesis, because these species can be removed
during dialysis from CdS cores.
Another evidence arises from matrix-assisted laser desorp-

tion/ionization using time-of-flight technique (MALDI-TOF)
mass spectrometry data, which gives single high-intensity
Gaussian-shaped peaks centered at m/z values of roughly 45
000 and 37 000 Da for CdS@MPA QDs before and after
dialysis, respectively (Figure 8b), illustrating a decrease in size
from 3.1 to 2.9 nm using the model of Inoue.66 The
comparison of the two spectra indicates the elimination of

complexes with a mass of ca. 8000 Da during dialysis and
confirms the attachment of polynuclear Cd-complexes at the
surface of the dots after synthesis.

Epitaxial Growth of the ZnS Shell. In recent years, many
efforts have been made to synthesize CdS/ZnS core/shell
nanostructures.67−71 Indeed, CdS and ZnS are II−VI group
semiconductors, and they have similar crystalline structure
(lattice mismatch of 6.4%). As ZnS is a phosphor material with
a wide bandgap energy of 3.66 eV, passivation of CdS@MPA
QDs surface with ZnS can greatly enhance the core properties.
To prepare ZnS coated CdS QDs, a mixture of Zn(OAc)2 and
MPA was added to CdS@MPA QDs and the solution was
heated at 100 °C for 4 h. Figure 9 presents typical UV−vis
absorption and PL spectra of the original 3.1 nm-sized CdS
cores and corresponding CdS/ZnS type-I QDs during the shell
growth. No shift was observed for excitonic absorption peaks
and for PL emission wavelengths (λem = 612 nm) but PL QYs
increased gradually from 15 to 22% during the 4 h of heating
and then reached a plateau. It is also worthy to note that the

Figure 6. TEM images of CdS nanocrystallites prepared under hydrothermal conditions for (a) 45 min, (b) 1.5 h, and (c) 3 h. Insets show the SAED
patterns. (d−f) Corresponding size distributions.
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magnitude of the PL is clearly dependent on the core size with
a larger PL increase for smaller QDs (PL QY increase from 20
to 23% for 3.5 nm-sized CdS QDs). Such an effect was also
reported when growing a CdS shell around CdSe QDs.72

Figure 10a shows a TEM image of the as-prepared CdS/ZnS
core/shell nanocrystals. In comparison to that of CdS QDs (3.1
nm), the size of CdS/ZnS nanocrystals increased to 3.6 nm,

which indicates an optimal thickness of 0.5 nm for the ZnS
shell. The composition of the CdS/ZnS QDs was also
investigated by EDS. In the EDS pattern, the presence of Zn
was clearly confirmed, and the atomic ratio of Cd/S/Zn was
calculated to be 10.7/13/1.2. HR-TEM micrograph of the
core/shell QDs shows obvious lattice planes that extend across
the entire particle with no evidence of an interface between the
core and shell, which is consistent with a coherent epitaxial
growth mechanism and demonstrates that the shell growth
does not disturb the crystalline form of the core (Figure 10b).
Figure 10c reveals the XRD pattern of original 3.1 nm-CdS
cores and corresponding CdS/ZnS QDs. No separate peaks are
observed, indicating clearly the formation of heterostructure.

Photostability Experiments. As shown in Figure S4 and
S5 in the Supporting Information, the integrated PL intensities
of 3.1 and 3.5 nm-sized CdS and of the corresponding CdS/
ZnS QDs are stable and no aggregates are formed over the 30
min irradiation with a Hg−Xe lamp. For CdS QDs, the
nanocrystal fluorescence increased during the first minutes of
illumination and then leveled off at a constant value
corresponding to 109−114% of the initial value. Although a
very slight decline of PL intensity was observed upon
irradiation of CdS/ZnS QDs, it still remained at 90−95% of
its initial value after the 30 min irradiation. In both cases, no
shift in absorbance and PL emission peaks were observed, thus
confirming the good photostability of the dots (see Figures S6−
S9 in the Supporting Information).

■ CONCLUSION
In summary, we have developed a one-pot noninjection
hydrothermal route for producing good quality CdS QDs
with a cubic structure from cadmium chloride and thiourea
using mercaptopropionic acid as stabilizer. Various synthetic
parameters, such as the initial Cd/thiourea/MPA ratio, the

Figure 7. (a) HR-TEM image of CdS@MPA QDs prepared for 3 h at
100 °C with the emission at 650 nm. (b) Corresponding EDS
spectrum.

Figure 8. (a) Effect of pH on the PL QY of CdS@MPA QDs. (b)
MALDI-TOF MS spectra of 3.1 nm-CdS@MPA QDs (estimated by
TEM) before and after dialysis using dithranol as the matrix.

Figure 9. Evolution of (a) UV−vis absorption spectra and (b) PL
emission spectra during the growth of the ZnS shell around 3.1 nm
sized CdS cores. All spectra were recorded with an excitation
wavelength of 400 nm.
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concentration of precursors, and the pH were found to affect
the growth and the optical properties of CdS@MPA QDs. In
optimal conditions, the emission wavelength of CdS QDs can
shift from 510 to 650 nm in less than 3 h and the best PL QY
can reach up to 20%. The combination of moderate pH value,
low concentration of precursors and slow growth rate plays the
crucial role in the good optical properties of the obtained CdS
nanocrystals. Surface passivation of CdS@MPA cores by a
wider bandgap material, ZnS, led to enhanced luminescence
intensity (PL QY up to 23%). Because the colloidal solutions of
CdS@MPA and CdS/ZnS QDs present very good photo-
stability, the current investigation provides a useful synthetic
route for producing water-dispersible and fluorescent CdS core
nanocrystals that should easily be applicable in biology, optical
coding, or optoelectronic devices. Work is under progress to
broaden the synthetic protocol for additional QDs classes, such
as alloyed QDs, and Cd-free doped dots like Mn2+-doped ZnS.
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