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a b s t r a c t

For the further application performance, CdS:Mn nanocrystals coated with zinc hydroxide (Zn(OH)2)
shells were prepared via wet chemical method. Effect of Zn(OH)2 shells on optical properties of CdS:Mn
nanocrystals was investigated. X-ray diffraction (XRD) measurements showed that the CdS nanocrys-
tals have hexagonal wurtzite structure. The morphology and components of CdS:Mn/Zn(OH)2 core/shell
nanocrystals were successfully measured by transmission electron microscopy (TEM) with energy-
vailable online 13 November 2010
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dispersive X-ray (EDX). Luminescence properties (intensity and lifetime) of 4T1 → 6A1 transition of Mn2+

ions in CdS:Mn/Zn(OH)2 core/shell nanocrystals were significantly enhanced as compared with those of
unpassivated CdS:Mn nanocrystals. This expected result was caused by the effective, robust passivation
of CdS surface states with Zn(OH)2 shells, which consequently suppressed nonradiative recombination
transitions.
ptical property
anocrystal

. Introduction

Due to their unique properties of chemistry and physics, II–VI
emiconductor nanocrystals have played an important role in opto-
lectronic applications as light-emitting diodes and transistors
1–5], biological labels [6,7], and also in photocatalytic applications
s radiation source [8–10]. Always, they are used as host materials
or rare earth metals and transition metals. Recently, doped II–VI
emiconductors (such as ZnS:Cu, CdS:Mn), have been intensively
nvestigated with new luminescence centers [11–13]. The doping
ons act as recombination centers for the excited electron–hole
airs and obtain strong and characteristic luminescence. However,
ith extremely large specific surface area, the surface states of
anocrystals act as luminescent quenching centers and result in
erious photodegradation. In addition, experimental results have
ndicated that any leakage of cadmium from the nanocrystals would
e toxic and fatal to a biological system [14,15], and cadmium-
ontaining products are eventually environmentally problematic.
ence, the surface passivation is crucial importance for much wide
pplications.

In order to achieve well surface passivation and surface pro-

ection for core nanocrystals, shell materials with wide band gap,
ften grown epitaxially on the core surface have to be requested
16]. So inorganically passivated (or core/shell) nanocrystals have
een developed and shown dramatically enhanced properties.
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Comparing with the unpassivated nanocrystals, enhanced photolu-
minescence (PL) has been observed in CdS/ZnS [17,18], CdS:Mn/ZnS
[19,20] core/shell nanophosphors. Depending on the surface pas-
sivation, different PL characteristics as a function of UV irradiation
have been proposed. In applications, photo-oxidation of ZnS as the
nanocrystals surface in the presence of oxygen and water, would
led to the formation of ZnSO4 or Zn(OH)2 [21]. This photo-oxidation
product is presumably responsible for the enhanced PL emission,
serving as a passivation layer on the core surface [22]. Besides,
in 1987, Henglein group reported that when a Cd(OH)2 layer
was deposited on the CdS nanocrystals [23,24], the luminescence
quantum efficiency was increased by 50%, and their luminescence-
stability was enhanced by 2000 times.

In this paper, we designed a new core/shell structure with
Zn(OH)2 used directly as a passivation layer. Mn-doped CdS
nanocrystals were prepared by wet chemical method and then
coated on the surface by Zn(OH)2 shells with different thicknesses
via precipitation reaction. Comparing with pure CdS:Mn nanocrys-
tals, the impact of Zn(OH)2 shells on luminescent properties of
CdS:Mn nanocrystals was investigated.

2. Experimental

2.1. Synthesis of CdS:Mn nanocrystals
CdS:Mn nanocrystals were prepared in aqueous medium as
follows. Cadmium acetate (0.02 mol, Cd(CH3COO)2), manganese
acetate (0–0.002 mol, Mn(CH3COO)2), and appropriate sodium
polyphosphate (NaPP) were dissolved in 100 ml distilled water.

dx.doi.org/10.1016/j.jphotochem.2010.11.005
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
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F rystals. (a) Pure CdS:Mn nanocrystals; (b) Zn2+ ions adsorb on the surface of CdS:Mn
n react with Zn2+ ions to form Zn(OH)2 shells.
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ig. 1. Formation mechanism of Zn(OH)2 shells on the surface of CdS:Mn nanoc
anocrystals and (c) OH− ions approach to the surface of CdS:Mn nanocrystals and

nder nitrogen flow, the above mixture was stirred at 60 ◦C for
0 min. Freshly prepared Na2S solution was dropwise added to the
recursor mixture, and kept strong stirring at 80 ◦C for 2 h. The
olar ratio of S/Cd was chosen more than 1 to ensure that all metal

ons were participated in the reaction. After cooled down to room
emperature, the final precipitates were separated from solution by
entrifugation at 6000 rpm, and then washed with distilled water
nd anhydrous ethanol several times, respectively. At last, the sam-
les were dried in vacuum at 50 ◦C for 12 h and collected for further
haracterization and treatment.

.2. Synthesis of CdS:Mn/Zn(OH)2 core/shell nanocrystals

In order to make a Zn(OH)2 shell coating on CdS:Mn nanocrys-
als, the precipitation reaction of Zn(CH3COO)2 and NaOH was
sed. Typically, prepared CdS:Mn nanocrystals was put into 100 ml
istilled water and ultrasonically dispersed for 1 h, followed by
ifferent amount of Zn(CH3COO)2 aqueous solution was slowly
ropped into the CdS:Mn suspension under continuous vigorous
tirring. Thirty minutes later, appropriate amount of NaOH dilute
olution was added into the suspension to form stoichiometric
n(OH)2 shell. The thickness of Zn(OH)2 shell was controlled by
arying the dosages of Zn(CH3COO)2 and NaOH (0, 0.25, 0.5, 0.75
nd 1 refer to the mole ratios of Zn2+ and Cd2+ ions). After another
h stirring, the resulting precipitates were dealt with as the same
s the CdS:Mn nanocrystals.

.3. Characterization

The as-prepared powder samples were characterized by X-
ay diffraction (XRD) on SIEMENS X-ray diffractometer with Cu
� radiation (� = 1.5406 Å). The morphology and components of
s-obtained products were observed by transmission electron
icroscopy (TEM) (Hitachi H-800) with an energy-dispersive X-ray

EDX) spectroscope. Photoluminescence measurement was car-
ied out on the absolute ethanol solution in a 1 cm quartz cell at
oom temperature using 355 nm as the excitation wavelength by
PerkinElmer LS-45 luminescence spectrometer with a spectral

esolution of 0.5 nm. Decay curves were measured under sample
xcitation at 355 nm with a Q-switched Nd–YAG laser (10 ns pulse
uration) with a power density at the surface of the sample of about
MW cm−2 per pulse. The signal was acquired by a Tektronix Dig-

tal Store Oscilloscope with a maximum digital storage sampling

ate of 20 million samples per second. The rising time of the acqui-
ition system was about 70–80 ns. The samples were mounted in
liquid nitrogen optical dewar (Janis, model VPF-700) equipped
ith a heater for controlled variation of the sample temperature

hrough a digital temperature controller.
Fig. 2. XRD patterns of CdS:Mn nanocrystals passivated with different
Zn(OH)2 thickness: (a) CdS:Mn/Zn(OH)2 (0); (b) CdS:Mn/Zn(OH)2 (0.5) and
(c) CdS:Mn/Zn(OH)2 (1). Both the standard CdS and MnS are supplied at the bottom
as vertical bars.

3. Results and discussion

3.1. Formation mechanism of Zn(OH)2 shells

The formation mechanism of Zn(OH)2 shells coated on the sur-
face of CdS:Mn nanocrystals can be explained as follows: firstly,
because of the molar ratio of reactant (nS/nCd > 1), many S2− dan-
gling bonds were existed on the surface of CdS:Mn nanocrystals
(Fig. 1a). When the Zn(CH3COO)2 aqueous solution was added
into the CdS:Mn suspension, the Zn2+ ions (dissociated from
Zn(CH3COO)2) were attracted on the surface of CdS:Mn nanocrys-
tals (Fig. 1b), by existence of the surface S2− dangling bonds. Then,
Zn(OH)2 layer was produced on the surface of CdS:Mn nanocrys-
tals as soon as the NaOH aqueous solution was dropped into
the suspension, due to the reaction between Zn2+ and OH− ions
(dissociated from NaOH), which gradually formed a shell by con-
suming more Zn2+ and OH− ions (Fig. 1c). At last, CdS:Mn/Zn(OH)2
core/shell nanocrystals were prepared successfully. The thick-
nesses of shells differ from each other because of the different
dosages of Zn(CH3COO)2 and NaOH.

3.2. Structure and morphology
The crystallinity and phase of CdS:Mn/Zn(OH)2 core/shell
nanocrystals were confirmed by XRD analysis. Fig. 2 shows the
XRD patterns of CdS:Mn and CdS:Mn/Zn(OH)2 core/shell nanocrys-
tals. The X-ray reflections of CdS:Mn nanocrystals (Fig. 2a) agree
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F odispersed CdS:Mn/Zn(OH)2 (0.75) nanocrystals and (d) corresponding EDX spectrum.
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ig. 3. TEM images of (a) CdS:Mn/Zn(OH)2 (0); (b) CdS:Mn/Zn(OH)2 (0.75); (c) mon

ith the wurtzite phase of CdS (JCPDS card no. 41-1049). The
orresponding peak of MnS phase cannot be observed from the
RD spectra, but all peaks take a little large degree-shift to MnS
eak direction because the doped lattices changed weakly com-
aring with pure CdS crystal. Both these indicate that Mn2+ ions
ave occupied the sites of Cd2+ by replacement. After passivated
y Zn(OH)2 on the surface of CdS:Mn nanocrystals, XRD peaks of
dS:Mn/Zn(OH)2 (Fig. 2b and c) match with the reflections from the
ighly crystalline wurtzite CdS. For the patterns of CdS:Mn/Zn(OH)2
anocrystals, there are no peaks corresponding to Zn(OH)2, because
n(OH)2 prepared in this way is amorphous [25]. It as well indicates
hat the crystal structures of ZnS:Mn nanocrystals have not been
ltered in coating processes. Only the intensity of CdS:Mn/Zn(OH)2
eaks, comparing with that of uncoated CdS:Mn, become a little
eak, this is due to Zn(OH)2 layer coating effect.

Fig. 3 shows TEM images of CdS:Mn and CdS:Mn/Zn(OH)2
ore/shell nanocrystals. From Fig. 3a, it could be observed that
ncoated CdS:Mn nanocrystals was clustered together with each
ther at state of agglomeration, due to their large special surface
nd unpassivated surface. After coated with Zn(OH)2 shell, in Fig. 3b
e can see that the average diameter of nanocrystals increase, and

he dispersion of nanocrystals improved obviously with spheri-
al morphology. For detailed investigation of Zn(OH)2 coating on
dS:Mn surface, TEM image and corresponding EDX (Fig. 3c and
) of an independent CdS:Mn/Zn(OH)2 core/shell nanocrystal were
btained. EDX line analysis was taken on a single particle in sam-
les, and then the corresponding EDX result was got. From Fig. 3d,
ll elements of CdS:Mn/Zn(OH)2 were observed, except the element
f hydrogen. This result proved that the Zn(OH)2 shell was success-
ully coated on the surface of CdS:Mn nanocrystals. And the atom

atio of Zn/Cd/Mn/O/S was obtained as 19.4/23.1/0.6/30.2/26.0,
eeping into correspondence with the starting materials (theoret-
cal molar ratio). In the EDX spectrum, some additional elements

ere also appeared, such as carbon and copper, which are origi-
ated from the grid substrate.
Fig. 4. Luminescence emission spectra excited at 355 nm of (a) CdS nanocrystals and
CdS:Mn/Zn(OH)2 (0.5) nanocrystals with various Mn2+ concentration; (b) 2 mol%; (c)
5 mol% and (d) 10 mol%. The dash lines at the bottom are Gaussian fitting peaks.

3.3. Photoluminescence properties

Under UV (355 nm) excitation, PL spectra of CdS:Mn/Zn(OH)2
(0.5) nanocrystals with various Mn2+ concentration were obtained
as shown in Fig. 4. For CdS nanoparticles (Fig. 4a), a green emission
band centered at 517 nm could be observed, which was created
by the recombination of vacancies inside the lattice. After doped

with Mn2+ ions, the luminescence centers was transited to Mn2+

ions, and the spectra were broadened and the emission wave-
length was extended to low energy. For all CdS:Mn nanocrystals,
two different emission bands obviously dominated the PL spectra.
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Fig. 6. Luminescence decay curves (monitored at 595 nm) of all samples (a)
CdS:Mn/Zn(OH) (0); (b) CdS:Mn/Zn(OH) (0.25); (c) CdS:Mn/Zn(OH) (0.5); (d)
ig. 5. Excitation spectra (monitored at 595 nm) and emission spectra (excited at
55 nm) of all samples with different Zn(OH)2 shell: (a) CdS:Mn/Zn(OH)2(0); (b)
dS:Mn/Zn(OH)2 (0.25); (c) CdS:Mn/Zn(OH)2 (0.5); (d) CdS:Mn/Zn(OH)2 (0.75) and
e) CdS:Mn/Zn(OH)2 (1).

he first weak emission centered at 510–520 nm was the same
s that observed in CdS nanoparticles. The other strong emission
hat peaked at 590–600 nm originated from the 4T1 to 6A1 tran-
ition of Mn2+ ions [26]. From the PL spectra of CdS:Mn samples,
ith the increase of Mn2+ concentration, more and more energy
as transited to Mn2+ centers, accompanying Mn2+ emission inten-

ity significantly increased and intrinsic emission of CdS decreased.
dS:Mn nanocrystals reached the highest emission intensity when
he concentration of Mn2+ increased to 5 mol%. But if the Mn2+ con-
ent continued to increase, namely, by more than 5 mol%, the Mn2+

mission intensity would decrease obviously due to the concentra-
ion quenching effect [27].

The PL excitation and emission spectra of 5 mol% Mn doped
dS/Zn(OH)2 core/shell nanocrystals with different Zn(OH)2 thick-
ess (Zn/Cd molar ratio) were shown in Fig. 5. The excitation spectra
Fig. 5a) were checked at emission of 595 nm. In Fig. 5a, the spec-

ra of samples were similar and had strong excitation from 250
o 400 nm, only the intensity of spectra changed a little with dif-
erent Zn(OH)2 shell. In Fig. 5b, the main emission peak excited
t 355 nm with its maximum at about 595 nm was caused by the
ransition from 4T1 (excited) to 6A1 (ground) of Mn2+ ions, indi-
2 2 2

CdS:Mn/Zn(OH)2 (0.75) and (e) CdS:Mn/Zn(OH)2 (1) and (•) the corresponding fit-
ting curves.

cating that the Mn2+ ions had been successfully incorporated into
the CdS host lattice. We noticed that with the Zn(OH)2 layer thick-
ening from sample (a) to (e), luminescence of Mn2+ centers at
590–607 nm became strong increasingly and had a weak redshift
by 17 nm. In uncoated CdS:Mn nanoctystals, some Mn2+ ions were
averagely distributed in the core, while a large part of Mn2+ ions
distributed on the surface, which were so near to the quenching
center that their luminescence could be quenched easily. Therefore,
the luminescence intensity became very weak. Compared with the
unpassivated nanocrystals, the PL intensity of the nanocrystals with
a core/shell structure was enhanced, which always attributed to the
surface passivation effect of the nanocrystals by inhibiting the non-
radiative recombination. As luminescence centers, the number of
Mn2+ ions on the surface gradually reduced with the shell thicken-
ing, and this caused the increasing distance from Mn2+ ions to the
surface of nanocrystals, resulting in the weakening of the energy
transfer from Mn2+ ions to the quenching center on the surface. But
as shown in Fig. 5e, it would lead to the decrease of luminescence
intensity that increasing the shell to too thick on the surface.

Luminescent decay curves of CdS:Mn/Zn(OH)2 with different
Zn/Cd molar ratio were shown in Fig. 6. Because the Mn2+ ions in
CdS host were insular luminescent centers, the luminescent decay
curves could be fitted with first order exponential function [Eq. (1)]:

y = A1 × exp
(−x

t1

)
+ y0 (1)

where, t1 is the lifetime of luminescence. The table in Fig. 6 listed the
lifetime of the luminescence at 595 nm of each sample. Fig. 6 also
exhibited two examples of fitting curves (Fig. 6a and d) by the first
exponential function, they were fitted well with original curves.
The other three curves were also fitted well. It could be found from
that the luminescent lifetime became long increasingly with the
thickening of Zn(OH)2 shell. Usually, the surface Mn2+ ions act as
nonradiative recombination centers and the nonradiative recom-
bination rate is very fast. Once the number of the surface Mn2+ ions
reduced with Zn(OH) passivated shell, the nonradiative transition
2
paths were blocked to some extent, leading to the slowing down of
the luminescence decay. These were accord with the results of the
emission and excitation spectra.
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. Conclusion

In summary, Mn-doped CdS nanocrystals had been successfully
oated with different thick Zn(OH)2 shells. The luminescent prop-
rties of CdS:Mn/Zn(OH)2 with different thicknesses of Zn(OH)2
hells and various Mn2+ concentration were well studied. With the
ncreasing of Mn2+ amount, the luminescence intensity improved,
ut the concentration quenching effect would play the main
ole in luminescence intensity when Mn2+ concentration exceed
mol%. With increasing of the thickness of the Zn(OH)2 shell,

he number of surface Mn2+ ions decreased and the PL intensity
f CdS:Mn/Zn(OH)2 was significantly enhanced. The luminescent
ecay curves were fitted well with the fitting ones by first order
xponential function and the lifetime of the luminescence from
n2+ ions at 590–607 nm was prolonged when the Zn(OH)2 shell

hickened. This is caused by the effective, robust passivation of CdS
urface states by the Zn(OH)2 shells.
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