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We report on the preparation and on the photophysical and
structural characterization of alloyed CdSe(S) nanocrystals,
which are covered by a ZnO shell. CdSe(S) QDs were pre-
pared by reaction of CdCl2 with NaHSe in the presence of 3-
mercaptopropionic acid (MPA) under hydrothermal condi-
tions. The incorporation of sulfur arises from the surface-me-
diated MPA hydrolysis on the growing QD surface. Water-
dispersible CdSe(S) QDs were successfully capped with a
ZnO shell obtained by basic hydrolysis of Zn(OAc)2. The ex-

Introduction

Because of their unique size-dependent electrical and op-
tical properties,[1] II–VI semiconductor quantum dots
(QDs) have attracted great attention in recent years for their
potential applications in biological labeling[2,3] and opto-
electronic devices such as light-emitting diodes and photo-
voltaic cells.[4–9] QDs present many advantages relative to
organic fluorophores such as high photoluminescence (PL)
quantum yield, tunable emission wavelength, multiplexing
capabilities, and high photoresistance. Among all the appli-
cations of QDs, biological labeling is currently of great
interest. The prerequisite for the development of QD-based
bioimaging systems is to gain access to water-dispersible
and photostable nanocrystals.

The organometallic synthesis of QDs, the injection of
reagents into a coordinating solvent such as tri-n-octyl-
phosphane oxide (TOPO) at high temperature (200–
400 °C), is an effective route to the preparation of high-
quality QDs.[10] The nanocrystals thus prepared are, how-
ever, only soluble in nonpolar organic solvents, unless their
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perimental results from transmission electron microscopy
(TEM) imaging and powder X-ray diffractometry (XRD)
analyses indicate that the core/shell CdSe(S)/ZnO QDs have
a very small diameter (ca. 2.8 nm) and exhibit a face-cen-
tered cubic crystal structure. Our results show that core/shell
CdSe(S)/ZnO QDs have a higher photostability than CdSe(S)
cores. CdSe(S)/ZnO QDs have potential applications as
fluorescent biological labels and were successfully used for
imaging Schewanella oneidensis bacterial biofilms.

surfaces are further modified with either thioacids or
thioamines or that hydrophobic QDs are wrapped into mi-
celles or polymers. The aqueous synthetic approach is an
alternative strategy for the direct preparation of water-dis-
persed QDs. In addition, this method is cheaper, simpler,
and less toxic. In recent years, methods for preparing CdSe
or CdTe QDs in water solution either by heating at 100 °C,
by the hydrothermal method or by microwave-assisted syn-
thesis have significantly improved.[11–17]

The surface passivation by growing an inorganic shell of
a wider band gap semiconductor on II–VI QDs is an im-
portant parameter to improve the PL quantum yield and
the photo/thermal stability of these nanocrystals by
decreasing nonradiative recombination.[18,19] Indeed, if the
band gap of the core is enclosed by that of the shell, then
the wave functions of electrons and holes are confined
within the core region, which thus reduces the probability
of nonradiative decay into surface states and trap sites.[20,21]

Various II–VI semiconductors have been investigated as
shell material for CdSe QDs to improve the PL quantum
yields and the chemical stability. However, core/shell CdSe/
ZnS[22,23] or CdSe/CdS[24,25] or core/shell/shell or multishell
CdSe/CdS/ZnS[26–28] QDs are generally prepared by the
successive ion layer adhesion and reaction (SILAR) tech-
nique.

In comparison with organometallic synthesis, little atten-
tion has been paid to the introduction of an inorganic shell
on CdSe core QDs in aqueous solution until now. In this
paper, we describe the epitaxial overcoat of a ZnO shell on
the outerlayer of alloyed CdSe(S) nanocrystals to obtain
CdSe(S)/ZnO core/shell heterostructures. The additional
ZnO shell, with a substantially wide bang gap, serves as a
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type I heterojunction (the band offsets among CdSe, CdS,
and ZnO are shown in Figure 1). Our experimental results
show that the quantum efficiency and the photostability
were improved by adding the ZnO shell because of better
surface passivation of the CdSe(S) cores. Core/shell
CdSe(S)/ZnO QDs nanocrystals were successfully used as
fluorescence probes for the labeling of bacterial biofilms.

Figure 1. Energetic band positions of semiconductor material com-
binations used in this work.

Results and Discussion

Synthesis of MPA-Capped Core/Shell CdSe(S)/ZnO
Nanocrystals

The CdSe core QDs were synthesized according to the
following chemical reactions by using 3-mercaptopropionic
acid (MPA) as stabilizer.

2Se + 4NaBH4 + 7H2O � 2NaHSe + Na2B4O7 + 14H2

CdCl2 + NaHSe + NaOH � CdSe + 2NaCl + H2O

We took advantage of an autoclave to obtain a high tem-
perature (150 °C) and pressure to accelerate the growth of
the CdSe nanocrystals. As reported for CdTe QDs,[29,30]

during the heating phase, a part of the MPA ligand is hy-
drolyzed and serves as sulfur source to produce alloyed
CdSe(S) QDs, which has a gradient of sulfur from the inside
to the surface of the nanocrystals that depends on the com-
petition between MPA decomposition and the rate of S2–

vs. Se2– addition to a growing QD surface.
The CdSe(S)/ZnO core/shell QDs were prepared by the

slow injection of a 0.01 m aqueous solution of Zn(OAc)2 to
the crude CdSe(S) QDs under atmospheric pressure and by
further heating at reflux for 2 h. At basic pH [the pH value
measured at the end of the hydrothermal synthesis of
CdSe(S) QDs was found to be 10.9], Zn(OAc)2 is first hy-

Figure 2. Schematic of the synthesis of water-soluble CdSe(S)/ZnO core/shell nanocrystals.
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drolyzed and converted into its hydroxide Zn(OH)2. Dehy-
dration of Zn(OH)2 produces ZnO clusters that grow at the
surface of the CdSe(S) nanocrystals to form the ZnO shell
(Figure 2).

Size, Shape, Crystal Structure, and Photoluminescence
Properties of CdSe(S)/ZnO Nanocrystals

Figure 3 a shows the typical UV/Vis absorption and PL
spectra of the CdSe(S) nanocrystals obtained by reaction of
CdCl2 with NaHSe in the presence of MPA under hydro-
thermal conditions (150 °C, 1 h). In comparison with the
spectrum for the syntheses conducted under normal pres-
sure at 100 °C,[14] the PL spectrum of the CdSe(S) cores
does not show a shallow trap emission because of incom-
plete passivation. The luminescence of MPA-capped
CdSe(S) QDs is dominated by near-band-edge lumines-
cence at 511 nm (PL quantum yield of 13%). The Stokes
shift is small (15 nm) and the full-width-at-half-maximum
(fwhm) is narrow (56 nm). The average diameter of the
CdSe(S) nanocrystals was calculated to be 2.2 nm by using
the first exciton absorption peak of the UV/Vis absorption
spectrum.[31] Figure 4a shows a typical TEM image of these
nanocrystals. The CdSe(S) cores are close to spherical and
their average diameter is 2.5 �0.5 nm.

Figure 3. UV/Vis absorption and PL spectra of (a) core CdSe(S)
QDs, (b) CdSe(S)/ZnO QDs (Zn/Cd = 0.2), and (c) CdSe(S)/ZnO
QDs (Zn/Cd = 0.4).

After the addition of the ZnO shell under alkaline condi-
tions, both absorption and PL spectra of the QDs shift to
higher wavelengths. As shown in Figure 3b and c, the exci-
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Figure 4. TEM images of (a) core CdSe(S) QDs, (b) CdSe(S)/ZnO QDs prepared with a Zn/Cd ratio of 0.2, (c) CdSe(S)/ZnO QDs
prepared with a Zn/Cd ratio of 0.4. (d), (e), and (f), the corresponding hydrodynamic sizes measured by DLS.

ton peaks of the QD system shift to the red from 482 to
495 and 496 nm, respectively, for Zn/Cd ratios of 0.2 and
0.4. Meanwhile, the corresponding PL emission wave-
lengths shift from 511 to 522 and 527 nm, and the fwhms
of the PL spectra decrease from 56 nm for core CdSe(S)
QDs to 53 and 47 nm, respectively, for CdSe(S)/ZnO core/
shell QDs prepared with Zn/Cd ratios of 0.2 and 0.4. Rela-
tive to the PL quantum yield of the core CdSe(S)@MPA
crude solution (13%), that of the new core/shell QDs pre-
pared with a Zn/Cd ratio of 0.2 is enhanced by about 1.5
times (20 %), after heating at reflux for 2 h. With a Zn/Cd
ratio of 0.4, the PL quantum yield reaches a plateau (24 %).
Similar observations were ascribed to the strain released
through the formation of dislocations in the shell with in-
creasing shell thickness, e.g. for core/shell CdSe/ZnS or
core/shell/shell CdTe/CdS/ZnO QDs.[26,28,32] Further in-
creasing the Zn/Cd ratio to 0.6 caused aggregation of QDs
and confirmed the saturation effect observed during PL
quantum yield measurements.

The TEM images of the core/shell CdSe(S)/ZnO QDs
(Figure 4b and c) show that these nanocrystals have similar
spherical morphologies to those of the CdSe(S) cores. The
average diameters of the QDs prepared with Zn/Cd ratios
of 0.2 and 0.4 were determined to be 2.8� 0.4 and
2.9�0.7 nm, respectively; these values are close to those
calculated from the absorption spectra and consistent with
average diameters calculated by AFM (see Figure S1). Dy-
namic light-scattering (DLS) measurements indicate that
the QDs are well dispersed in water and that their hydrody-
namic diameters range from ca. 7.5 to 10 nm [the average
hydrodynamic diameters determined for CdSe(S) cores and
core/shell QDs prepared with Zn/Cd ratios of 0.2 and 0.4
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are 7.7� 1.7, 9.1�2.6, and 9.9 �3.5 nm, respectively] (Fig-
ure 4d–f). The hydrodynamic diameter is larger than the
diameter of the inorganic core because of the solvation
layer around the QDs in aqueous solution.

The crystal form of the CdSe(S) alloyed core was charac-
terized with XRD patterns and the results are shown in
Figure 5a. The broadness of the peaks is attributed to the

Figure 5. Powder XRD pattern of the CdSe(S) nanocrystals (a) be-
fore and (b) after introduction of the ZnO shell (QDs prepared
with a Zn/Cd ratio of 0.4). The standard diffraction lines for zinc
blende CdSe (above, blue) and zinc blende CdS (above, black) are
also shown.
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small dimensions of the nanocrystals. The peaks at 2θ =
26.2, 43.4, and 51.4° correspond to the (111), (220), and
(311) planes of the zinc blende phase of CdSe crystallizing
in the F4̄3m space group as shown by the bars in the upper
part of the JCPDS card, N° 19–0191. The crystallization of
CdSe in the cubic phase was possible because of the low
growth temperature (150 °C) employed for the synthesis of
the CdSe nanocrystals and the absence of phosphanes in
the reaction medium.[33] The XRD reflections deviate to
larger angles between the values of the cubic CdSe and the
cubic CdS phases, which gives evidence that the nanocrys-

Figure 6. XPS spectra of CdSe(S) QDs. (a) XPS survey spectrum.
Binding energy spectra of (b) Cd 3d, (c) Se 3d, and (d) S 2p.

Figure 7. XPS spectra of core/shell CdSe(S)/ZnO QDs. Binding en-
ergy of (a) Cd 3d, (b) Se 3d, (c) S 2p, and (d) Zn 2p.
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tals cores are CdSe(S) alloyed QDs. The size obtained from
the XRD pattern (2.5� 1.0 nm, see Figure S2) agrees well
with that estimated by TEM and absorption spectroscopy.
For the core/shell QDs (Figure 4b), no peak shift is ob-
served as a result of the thin shell thickness (≈0.5–1.0 nm)
that does not contract the lattice of the CdSe(S) core.

Figure 6 shows the X-ray photoelectron spectra of
CdSe(S)@MPA QDs. The typical peaks of Cd 3d5/2 at
405.0 eV, Cd 3d3/2 at 411.6 eV, Se 3d5/2 at 53.8 eV, and S 2p
at 161.6 eV confirm the existence of cadmium, selenium,
and sulfur in the core QDs. When these QDs are treated
with Zn(OAc)2 in basic medium, a new peak originating
from Zn 2p3/2 linked to oxygen atoms is observed at
1022.0 eV and confirms the successful capping of the
CdSe(S) cores by the ZnO shell (Figure 7).

Photostability of CdSe(S)/ZnO QDs

Long-term stability of nanocrystal luminescence is one
of the key problems for the application of QDs in light-
emitting devices or bioimaging. Core/shell nanocrystals
show significant enhancement in their photochemical sta-
bility relative to those of bare ones.

The photochemical instability of thioacid-capped CdSe
QDs has already been studied. The photo-oxidation of the
thioacid ligands in the presence of oxygen and light pro-
duces disulfides, which thus decomplex the nanocrystals
and lead to aggregation.[34] As a result of this photo-oxi-
dation, new surface defects are generated, the PL intensity
decreases, and finally the QDs are bleached.[35–39] We com-
pared the photostability of CdSe(S)/ZnO QDs with that of
the parent CdSe(S) dots synthesized as in the literature.[14]

PL spectra of aliquots of the two kinds of nanoparticles
taken during continuous and intensive excitation between
300 and 350 nm with a Hg–Xe lamp (180 mW) and at ambi-
ent conditions are shown in Figure 8. As can be observed
in Figure 8, the emission intensity of the MPA-capped
CdSe(S) QDs drops rapidly and is reduced by ca. 60% after
8 min under continuous irradiation. In the meantime, the
emission wavelength λem is bathochromically shifted by ca.

Figure 8. Photobleaching experiment of CdSe(S) and CdSe(S)/ZnO
QDs in aqueous solution when irradiated between 300 and 350 nm
with a Hg–Xe lamp.
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20 nm (from 512 to 525 nm, Figure 9b). The time evolution
of the PL spectra observed in Figure 9b could be related to
decomposition of the MPA ligand, which leads to free sulf-
ide ions, which subsequently associate with Cd2+ to form a
CdS shell around the CdSe(S) core. As observed with CdSe/
CdS core/shell heterostructures,[40,41] because of the partial
leakage of the exciton into the CdS shell, the growth of the
shell results in a shift in the first exciton peak from 483
to 490 nm (Figure 9a) and a corresponding shift in the PL
emission peak from 512 nm to 525 nm (Figure 9b). This de-
composition of the MPA ligand reduces the stability of the
QDs in water and leads to aggregation and precipitation of
the nanocrystals.

Figure 9. Time evolutions of (a) absorption spectra and (b) PL
spectra of CdSe(S) QDs when irradiated between 300 and 350 nm
with a Hg–Xe lamp.

In contrast, core/shell CdSe(S)/ZnO QDs have a much
better performance under the same experimental condi-
tions, as shown in Figure 10. A slight increase in emission
intensity is observed during the first 8 min of irradiation,
which indicates that these nanocrystals are very stable in
aqueous solution (Figure 10b). A redshift in λem is only ob-
served by further irradiating the sample (λem = 519 nm after
16 min, λem = 528 nm after 32 min). Finally, the lumines-
cence intensity decreases significantly more slowly relative
to that of the CdSe(S) cores.

To investigate the potential use in imaging applications,
green-emitting core/shell CdSe(S)/ZnO QDs were used as
staining probes of surface-attached microbial communities
called biofilms. Biofilms are highly organized and struc-
tured microbial cells enmeshed in extracellular polymeric
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Figure 10. Time evolutions of (a) absorption spectra and (b) PL
spectra of core/shell CdSe(S)/ZnO QDs when irradiated between
300 and 350 nm with a Hg–Xe lamp.

substances (EPS) of variable density and composition.[42]

The EPS produced by microbial communities include a
variety of biopolymers such as polysaccharides, proteins,
nucleic acids, and amphiphilic compounds with different
functionalities.[43] Because of their complexity, EPS are
challenging to image. Staining of the EPS matrix could ad-
vance the current understanding of the development pro-
cess and structural organization of biofilms, which would
be essential for designing novel and effective antibiofilm
therapies. For imaging experiments, biofilms of Shewanella
oneidensis were grown for 48 h under the constant flow
(200 μL/min) of a LML medium[44] supplemented with fu-
marate (0.5 mm) in flow cell systems that can be accommo-
dated on a microscope set up. After the growth period, a
250 nM solution of CdSe(S)/ZnO QDs was injected by a
syringe pump, and incubation was performed for 5 min.
Unbound QDs were removed by washing the biofilm with
fresh culture medium. Figure 11a and b show the trans-
mission and the green channel confocal images, respectively,
of a typical live, hydrated S. oneidensis biofilm at a focal
plane 30 μm from the attachment substratum. As can be
observed, MPA-capped CdSe(S)/ZnO QDs incorporate ho-
mogeneously into the biofilm and associate with the EPS
matrix (higher-magnification photographs show that the
QDs do not stain the bacterial cells). Vertical scanning of
the sample shows that the QDs allow imaging of the biofilm
over the full z range. Figure 11c shows in detail the fine
three-dimensional structures of the labeled biofilm, includ-
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ing the mushroom-like protrusions and the aggregates of
about 50-μm in thickness classically observed with such col-
lections of surface-attached microorganisms.[45]

Figure 11. Confocal microscopy images of a S. oneidensis biofilm
treated with CdSe(S)/ZnO QDs: (a) transmission image, (b) corre-
sponding XY plane fluorescence image, and (c) image of the sum of
XY planes. Confocal microscopy images were obtained with laser
excitation at 405 nm.

Conclusions

The synthesis of a novel type of fluorescent semiconduc-
tor nanocrystals consisting of a alloyed CdSe(S) core and a
ZnO outer shell has been developed. The synthetic method-
ology developed features easy handling and large-scale
capability with mild reaction conditions and great reprodu-
cibility. The Zn/Cd ratio used for the preparation of core/
shell CdSe(S)/ZnO QDs was studied to evaluate the in-
fluence of this variable on particle size and luminescence.
At the optimum ratio (Zn/Cd = 0.4), a quantum yield of ca.
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24% was achieved. The coating with the ZnO shell provides
nanocrystals with more efficient and more stable lumines-
cence than the starting CdSe(S) QDs. The potential of core/
shell CdSe(S)/ZnO QDs for bioimaging applications was
demonstrated by the labeling of Schewanella oneidensis bac-
terial biofilms.

Experimental Section
Chemicals: The chemicals used in the experiments included
CdCl2·2.5H2O (99%), 3-mercaptopropionic acid (MPA, 99+%), so-
dium borohydride (96%), selenium powder (99.5 %), Zn(OAc)2

(99.99%), and isopropanol (iPrOH, HPLC grade). All chemicals
were used without further purification. The water used in all experi-
ments was deionized to a resistivity of 18.2 Mécm–1.

Preparation of Water-Soluble CdSe(S) QDs: The preparation of
NaHSe was performed according to Klayman et al.[46] with some
modifications. NaBH4 (76 mg, 2.009 mmol) was added to a small
flask, cooled with ice, containing ultrapure water (1 mL) under a
N2 atmosphere. Selenium powder (79 mg, 1.004 mmol) was then
added, and a small outlet was connected to the flask to discharge
the hydrogen pressure generated by the reaction. After 3 h at 4 °C,
the black selenium powder disappeared and a clear NaHSe solution
was obtained. Under inert atmosphere, the solution was diluted
with N2-degassed water (20 mL). The concentration of the final
NaHSe solution was 0.05 m.

The CdSe(S) QDs were prepared by reaction between
CdCl2·2.5H2O and NaHSe in the presence of MPA as the stabiliz-
ing agent following the method described previously,[14] with some
modifications. The molar ratio of Cd2+/Se2–/MPA was 8:1:8.
Briefly, CdCl2·2.5H2O and MPA were dissolved in nitrogen-satu-
rated ultrapure water (100 mL) ([Cd2+] = 10.9 mm), and the pH was
adjusted to 11.2 with 1 m NaOH. The NaHSe solution was then
added to the above precursor solution. The complex solution with
a faint yellow color was put into a Teflon-lined stainless steel auto-
clave with a volume of 125 mL. The autoclave was maintained at
150 °C for 1 h and then cooled to room temperature.

Preparation of Core/Shell CdSe(S)/ZnO QDs: The Zn2+ injection
solution (0.01 m) was prepared by dissolving Zn(OAc)2 in aqueous
solution. The molar ratio of Zn/Cd was 0.2 or 0.4. Briefly, the crude
CdSe(S) QDs were first diluted to a concentration of 1.09 �10–3 m,
added to a three-necked flask, and heated in air at 100 °C. For a
Zn/Cd ratio of 0.4:1, the Zn(OAc)2 solution (2.2 mL) was first in-
jected at a speed of 0.3 mL/min into the solution and further heated
at reflux for 1 h. After that period, another portion of the Zn-
(OAc)2 solution (2.2 mL) was injected, and the mixture was further
heated for 1 h. The obtained CdSe(S)/ZnO QDs were precipitated
by adding iPrOH and centrifuged at 4000 rpm. The QDs were dried
in vacuo at room temperature and redissolved in water. Their con-
centration was estimated from the reported extinction coefficient
per mol of particles (ε) by using the Beer–Lambert’s law.[31]

Characterization: All the optical measurements were performed at
room temperature (20 �2 °C) under ambient conditions. Absorp-
tion spectra were recorded on a Perkin–Elmer (Lambda 2, Courta-
boeuf, France) UV/Vis spectrophotometer. Fluorescence spectra
were recorded on a Fluorolog-3 spectrofluorimeter F222 (Jobin
Yvon, Longjumeau, France) equipped with a thermostatted cell
compartment (25 °C), by using a 450 W Xenon lamp. Quantum
yield values were determined by the equation:
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fsample = (Fsample/Fref)(Aref/Asample)(nsample

2/nref
2)fref

where F, A, and n are the measured fluorescence (area under the
emission peak), the absorbance at the excitation wavelength, and
the refractive index of the solvent, respectively. PL spectra were
spectrally corrected, and the PL quantum yields were determined
relative to Coumarin 153 in ethanol (f = 53%) by using the pro-
cedure recently developed by Grabolle et al.[47]

To determine the morphology and the diameters of the nanopar-
ticles, the samples were analyzed ex situ by atomic force microscopy
(AFM) and by transmission electron microscopy (TEM). AFM
characterization was carried out by using a Digital Instruments
Nanoscope III. AFM measurements were done by taping mode by
using a Si3N4 tip with resonance frequency and spring constant of
100 kHz and 0.6 Nm–1, respectively, to provide surface topography.
TEM images were taken by placing a drop of the particles in water
onto a carbon film supported copper grid. Samples were studied
by using a Philips CM20 instrument with LaB6 cathode operating
at 200 kV. Dynamic light scattering (DLS) was performed at room
temperature with a Malvern zetasizer HsA instrument with a He–
Ne laser (4�10–3 W) at a wavelength of 633 nm. The aqueous solu-
tions of the QDs were filtered through Millipore membranes
(0.2 μm pore size). The data were analyzed by the CONTIN
method to obtain the hydrodynamic diameter (dH) and the size
distribution in each aqueous dispersion of nanoparticles. XPS mea-
surements were performed at a residual pressure of 10–9 mbar, by
using a KRATOS Axis Ultra electron energy analyzer operating
with an Al-Kα monochromatic source. Powder (XRD) analyses
were obtained by using Panalytical X’Pert Pro MPD diffractometer
by using Cu-Kα radiation. The crystalline grain sizes were obtained
by using the size broadening models built into Topas (Bruker) and
by using the Fundamental Parameters approach.

Supporting Information (see footnote on the first page of this arti-
cle): AFM images of the CdSe(S)/ZnO QDs and Rietveld refine-
ment results of the powder XRD data of CdSe(S)/ZnO QDs are
given.
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