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Tuning photoluminescence of ZnS nanoparticles by silver
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Abstract. We report the results of investigation of the interaction of silver with presynthesized ZnS
nanoparticles (NPs) that was stabilized by cetyl trimethyl ammonium bromide (CTAB). The photoluminescence properties of ZnS NPs were followed in the presence of Ag+ ions, Ag NPs and by the synthesis of
Ag@ZnS core-shell nanoparticles. We observed that CTAB stabilized ZnS NPs emitted broadly in the region
from 350–450 nm, when excited by 309 nm light. In the presence of Ag+ ions the emission peak intensity up to
400 nm was reduced, while two new and stronger peaks at 430 nm and 550 nm appeared. Similar results were
obtained when Ag NPs solution was added to ZnS solution. However, when Ag@ZnS NPs were synthesized,
the emission in the 350–450 nm region was much weaker in comparison to that at 540 nm, which itself appeared at a wavelength shorter than that of Ag+ ion added ZnS NPs. The observations have been explained by
the presence of interstitial sulfur and Zn2+, especially near the surface of the nanocrystals and their interaction with various forms of silver. In addition, our observations suggest that Ag+ ions diffuse into the lattice of
the preformed ZnS NPs just like the formation of Ag+ doped ZnS NPs and thus changes the emission characteristics. We also have pursued similar experiments with addition of Mn2+ ions to ZnS and observed similar
results of emission characteristics of Mn2+ doped ZnS NPs. We expect that results would stimulate further research interests in the development of fluoremetric metal ion sensors based on interaction with quantum dots.
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Introduction

The search for the development of efficient photocatalyst
working in the visible region of light has led to the development of hybrid materials, where one component of the
structure is generally made up of semiconductor nanoparticles (NPs) (Henglein 1989; Kenemoto et al 1992; Hamanoi and Kudo 2002; Hu et al 2005; Ipe et al 2005).
ZnS, ZnSe, CdS and CdSe nanocrystals (NCs) are some
of the examples that figure prominently in the list of such
semiconductor materials (Wang and Herron 1991; Pradhan and Efrima 2003; Song et al 2005; Yutaka et al 2005;
Zhang et al 2005). The primary concern in this regard has
been in achieving a hybrid system where the semiconductor NPs would be doped with metal ions in order to tune
the optical and catalytic properties of NPs (Backer and
Bard 1983; Yanata et al 1993; Bhargava et al 1994; Sooklal et al 1996; Borse et al 1999; Lingdong et al 1999; Wei
et al 2000; Karar et al 2004; Yang et al 2005; Borse et al
2006). For example, CdS NPs have been doped with
Mn2+ ions in order to achieve fluorescence in the visible
region with application in sensing especially biological
sensing (Counio et al 1996; Bruchez et al 1998; Mingyoung et al 2000; Tridade et al 2001; Bool et al 2003).
On the other hand, ZnS NPs when doped with Ag+ ions
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exhibit intense fluorescence in the visible region at 550 nm
that increases with the dopant concentration (Hao et al
1998; Jungsik et al 2004). However, there is no report of
systematic tuning of the fluorescence wavelength of the
semiconductor by addition of metal ions after the synthesis
of the semiconductor NPs. This is important as the tuning
can easily be externally controlled by suitable choice of
added metal ion concentration. Also, if the fluorescence
can be tuned by specific metal ions, it could form the basis
of detection of metal ions using quantum dots (Qdots).
Herein we report the results on the change in the photoluminescence of ZnS upon incorporation of silver. The
silver incorporation was carried out in the form of addition of either Ag+ ions or Ag NPs directly to the aqueous
solution containing ZnS NPs. In addition, syntheses of
Ag@ZnS core-shell NPs were carried out. We observed
that upon addition of Ag+ ions the fluorescence of ZnS at
350–400 nm disappeared gradually while strong fluorescence appeared at two wavelengths, one at 430 nm and
the other at 550 nm. On the other hand, when Ag@ZnS
NPs were prepared, the fluorescence at 550 nm was significantly higher than that in the region of 350–450 nm
and no special peak at 430 nm appeared. Additionally,
the addition of Ag NPs solution had a mixed effect of
Ag+ ions and Ag NPs. Similar experiments performed
with the addition of Mn2+ indicate that the metal ions diffuse into the crystal lattice of ZnS giving rise to extraordinary properties of fluorescence.
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Experimental

2.1 Materials
Zinc acetate (99%, Merck), sodium sulfide (58%, Merck),
silver nitrate (99⋅5%, Merck), sodium borohydrate (95%,
Merck), manganese acetate (Mn(OAc)2⋅4H2O; 99%, CDH
Laboratory) and CTAB (cetyl trimethyl ammonium bromide, 99% Aldrich) were used as received without further
purification. Milli-Q grade water was used in all experiments.
2.1a Synthesis: (I) ZnS@Ag NPs: 218⋅7 mg of CTAB
was dissolved in 50 mL of water and the solution was
then stirred for 30 min at room temperature. The following procedures were then followed in order to synthesize
ZnS@Ag core-shell NPs with different proportions of
ZnS and Ag.
Experiment 1: 0⋅1 mM of AgNO3 was added to the above
solution while it was being stirred. This was followed by
addition of sodium borohydride (0⋅032 mM) to the solution. The resulting solution appeared brown in colour, which
is indicative of the formation of Ag NPs. 33⋅5 mg of zinc
acetate and 40⋅36 mg of sodium sulfide were then added
to the mixture. The stirring was continued for 8 h at
room temperature. Finally, the solution was strong yellow in
colour.
Experiment 2: 0⋅08 mM of AgNO3 was added to the
above solution while it was being stirred. This was followed by addition of sodium borohydride (0⋅024 mM) to
the solution. The resulting solution appeared brown in
colour, which is indicative of the formation of Ag NPs.
33⋅5 mg of zinc acetate and 40⋅36 mg of sodium sulfide
were then added to the mixture. The stirring was continued for 8 h at room temperature. Finally, the solution was
yellow in colour, however, weaker than that obtained in
experiment 1.
Experiment 3: 0⋅06 mM of AgNO3 was added to the
above solution while it was being stirred. This was followed by addition of sodium borohydride (0⋅02 mM) to
the solution. The resulting solution appeared brown in
colour, which is indicative of the formation of Ag NPs.
33⋅5 mg of zinc acetate and 40⋅36 mg of sodium sulfide
were then added to the mixture. The stirring was continued for 8 h at room temperature. Finally, the solution
was yellow in colour, however, weaker than that obtained
both in experiments 1 and 2.
(II) ZnS NPs preparation followed by addition of AgNO3
at several concentrations: 218⋅7 mg of CTAB was dissolved in 50 mL water and the solution was stirred for
30 min at room temperature. This was followed by addition of 33⋅5 mg of zinc acetate and 40⋅36 mg of sodium

sulfide and stirring was continued. Four such solutions
were prepared in separate flasks. After 1 h, 5 mL (experiment a), 10 mL (experiment b), 15 mL (experiment c) and
20 mL (experiment d) portions of solution containing
0⋅06 mM AgNO3 and 0⋅06 mM CTAB in water were
added separately. The stirring was continued for 8 h at
room temperature (varied between 25 and 35°C).
(III) ZnS NPs preparation followed by addition of Ag NPs
at several concentrations: Ag NPs synthesis: 0⋅06 mM of
AgNO3 was added to 50 ml of 0⋅06 mM of CTAB solution in water which was followed by addition of 0⋅2 mM
of sodium borohydride. The solution was stirred at room
temperature and it became strong yellow in colour
formed within a minute indicating the formation of Ag
NPs.
ZnS NPs synthesis: 218⋅7 mg of CTAB was dissolved in
50 mL water and the solution was stirred for 30 min at
room temperature. This was followed by addition of
33⋅5 mg of zinc acetate and 40⋅36 mg of sodium sulfide
and stirring was continued. Four such solutions were prepared in separate flasks.
Mixing the two: After 1 h of stirring of the ZnS NPs
solution, 5 mL (experiment 1), 10 mL (experiment 2),
15 mL (experiment 3) and 20 mL (experiment 4) portions
of solution containing Ag NPs as above were separately
added to four separate solutions containing ZnS NPs. The
stirring was continued for 8 h at room temperature (varied between 25 and 35°C).
(IV) ZnS preparation followed by addition of Mn(OAc)2:
The preparation of ZnS was pursued using the protocol
mentioned in (II). After 1 h of preparation, 5 mL of solution containing 0⋅15 mM Mn(OAc)2 was added. The stirring
was continued for 8 h at room temperature (varied between 25°C and 35°C).
3.

Results and discussion

In figure 1, we show the results of UV-vis studies of ZnS
NPs stabilized by CTAB and also the effect of addition of
Ag+ ions, Ag NPs and the formation of Ag@ZnS coreshell NPs. The UV-vis spectrum of ZnS consisted of a
peak at 309 nm, which corresponds to a bandgap of
4⋅01 eV. The UV-vis spectra of all other samples treated
with silver appeared to be similar. This indicates that the
basic characteristics of the ZnS NPs bandgap were not
affected by treatment with silver. In other words, the addition of Ag+ or Ag NPs did not change the absorption
characteristic of ZnS. Also the ZnS shell in the Ag@ZnS
core-shell NPs exhibited absorption characteristics similar to that of ZnS only or Ag treated ZnS NPs. However,
it is interesting to note that the peak intensity at 309 nm
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diminished with the addition of silver in all cases thus
indicating the effect on the oscillator strength of the
Qdots. Also, since the concentration of Ag NPs added in
here was small there is no significant evidence of addi-

Figure 1. UV-vis spectra of (i) ZnS only, (ii) Ag@ZnS NPs
as in experiment 1 of (I), (iii) ZnS and 20 ml of Ag NPs, (III)
and (iv) ZnS and 20 ml of AgNO3 as in (II).

Figure 2. (a) X-ray diffraction pattern of CTAB stabilized
ZnS NPs, (b) core shell Ag@ZnS particles and (c) is the expanded view of (b) in the region 36° to 50°. X-ray diffractions
were recorded in thin film mode.
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tional absorption due to added NPs. Further, in the case
of Ag@ZnS core-shell NPs the characteristic absorption
due to ZnS is evident as it forms the shell and due to the
presence of the shell the absorption owing to Ag was not
observed.
The X-ray diffraction of ZnS (figure 2) prepared using
the present method showed three prominent and broad
peaks at 28⋅8° (due to {111} planes), 48° (due to {220}
planes) and at 56⋅8° (due to {311} planes). The average
particle sizes calculated from the peaks are 3⋅7 nm,
4⋅2 nm and 4⋅7 nm, respectively (Yang et al 1996; LizMarsan 2006). Thus small NPs of ZnS could be produced
using the present method of synthesis in the presence of
CTAB as the stabilizer. Similarly, the XRD patterns of
Ag@ZnS showed the characteristic peaks of Ag and ZnS
indicating that both were present in the core-shell NPs
(figure 2b) (Yang and Ly 2005). Also, no clear XRD
peak due to additional Ag+ or Ag NPs was observed,
when the solution containing either of the species was
added to the solution of ZnS NPs, except that the peaks
due to ZnS became weaker with more addition of either
of them. This could be due to successive dilution of the
solution containing ZnS NPs upon addition of solution of
Ag+ or Ag NPs. We would like to mention here that in
many cases we observed that the peaks due to CTAB

Figure 3. (a) Transmission electron micrograph of CTAB
stabilized Ag@ZnS NPs. Darker spots are due to Ag and lighter
rods are due to ZnS, (b) an expanded view of the NPs showing
the presence of core-shell particles and (c) selected area electron diffraction (SAED) of core Ag and shell ZnS nanoparticles.
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overwhelmed the peaks of the NPs when the film was
formed by evaporation of the solution, which also could
be a reason for the above observation.
As a typical example, we show the transmission electron micrograph (TEM) of Ag@ZnS NPs in figure 3a. As
evident from the figure, the Ag@ZnS showed the presence of spherical Ag core surrounded by rod-shaped ZnS
nanoparticles (figure 3). The particles formed were nearly
uniform with sizes typically 20 nm in diameters. A better
view of the core-shell particles can be obtained in figure
3b. Further the selected area electron diffraction pattern
for the core shell of Ag@ZnS is shown in figure 3c.
The fluorescence spectroscopic measurements of ZnS
only NPs (figure 4A) showed a broad peak in between the
region of 325 nm and 430 nm, when excited by light at
309 nm. However, two prominent and sharp peaks at
360 nm and 430 nm could be clearly seen superimposed in
the emission spectrum. On the other hand, when Ag@ZnS
NPs were excited by the same light a strong peak at
540 nm appeared while the peaks in the region of 350–
450 nm diminished. The results are shown in figure 4B.
In addition, another peak at 430 nm could also be observed.
We were further interested in investigating the effect of
Ag+ and/or Ag NPs on the emission spectrum of ZnS. For
this, we added several proportions of AgNO3 solution or

Ag NPs (previously prepared) containing solutions to the
ZnS solution. This was followed by subsequent recording
of emission spectra with excitation at 309 nm. Figure 5A
shows the spectra of ZnS upon the addition of Ag+ ions
(solution) at several concentrations. The intensity due to
ZnS only in the region 350–400 nm reduces with addition
of Ag+ and subsequently intensity of the peak at 430 nm
was greatly enhanced, while another peak appeared at
550 nm. Further addition of Ag+ leads to increase in the
intensity of 550 nm peak, while no change in either in the
region at 350–400 nm as well as the intensity of the
430 nm peak. We report the effect of addition of Ag NPs
on the fluorescence spectra of ZnS NPs. The results are
shown in figure 5B. The results here are quite interesting.
First of all just like the addition of Ag+, the intensity of
the peaks in the region 350–400 nm did not increase,
while peak at 430 nm was enhanced. However, the peak
at higher wavelength is much broader encompassing the
region of both 540 nm and 550 nm peaks observed in the
case of formation of Ag@ZnS and the effect of addition
of Ag+ ions to ZnS as in figures 4A and B, respectively.
Also, one could observe the relative increase in intensity
at 550 nm in comparison to 540 nm, while the increase at
450 nm was less prominent at the first two concentrations
of Ag NPs. This effect could be a combination of Ag NPs
and Ag+ ions that could be present in the solution of Ag

Figure 4. A. Fluorescence spectrum of ZnS NPs and B. fluorescence spectra of Ag@ZnS NPs with the ratio of AgNO3 and
Zn (OAc)2, (a), (b) and (c), being the results of experiments 1, 2
and 3, respectively in (I). The excitation wavelength used was
309 nm in both the cases.

Figure 5. A. Fluorescence spectra of ZnS NPs upon addition
of (a) 5 mL of 0⋅06 mM AgNO3, (b) 10 mL of 0⋅06 mM
AgNO3, (c) 15 mL of 0⋅06 mM AgNO3, (d) 20 mL of 0⋅06 mM
AgNO3 and B. fluorescence spectra of (a) ZnS NPs and then its
changes upon addition of (b) 5 mL of Ag NPs, (c) 10 mL of Ag
NPs, (d) 15 mL of Ag NPs, (e) 20 mL of Ag NPs as in (III).
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NPs as unreacted ions. Thus the effects of both Ag NPs
and Ag+ ions could be seen in the addition of Ag NPs to
ZnS NPs solution.
In order to understand the effect of addition of silver
onto the ZnS NPs the fluorescence spectrum of ZnS in
the presence of additional Mn2+, prepared similar to the
way Ag+ ions were added, was deemed helpful. The result
of addition of 5 mL of 0⋅15 mM Mn(OAc)2 is shown in
figure 6. There are two important effects that need to be
observed. First of a strong peak appeared at 430 nm while
an additional weak peak appeared at 580 nm. The peak at
580 nm is characteristic of Mn2+ doped ZnS NPs as reported in previous studies. This indicates that in the process of addition of metal ions to ZnS and stirring for long
hours, metal ions not only interact with the outer surfaces
of the Qdots, they also diffuse into the crystal of individual Qdots thereby changing the optical properties of
pure ZnS into a doped one. Similar cases may be happening when Ag+ are added to ZnS NPs solution. The details of
interpretation of the results are given below.
It is well established that in semiconductor NPs the
photoemissions occur by the recombination of electrons
and holes, which are the photo excited carriers, via various paths. They could be direct band–band recombination, recombination via shallow trap states or via deep
trapped states of different kind. In a semiconductor like
ZnS, with a bandgap energy of 4⋅01 eV, there are several
states from or to which emission can occur. These are
schematically shown in figure 7A. First of all there can
be an emission from the conduction band edge (Stokes
shift) which will be close to the absorption wavelength
(Dunstan et al 1990; Chae et al 2004). There can also be
emissions from the conduction band (CB) to the interstitial sulfur or vacant states of Zn2+. On the other hand, the
presence of interstitial Zn2+ and vacant sulfur would also
give rise to emissions at different wavelengths. In the
present case when ZnS, stabilized by a surfactant (CTAB),
was excited at 309 nm, a broad emission in the region
325–550 nm, with several peaks in between, was observed.

These emissions occur due to the presence of interstitial
sulfur, Zn2+ and vacancies due to Zn2+ and S2–. This emission band primarily vanished gradually with the addition
of Ag+, while the peak at 430 nm became intense and a
new peak at 550 nm appeared. The peak at 430 nm did
not change with more additions of Ag+ ions while the
peak at 550 nm continued to increase. Thus the peak at
430 nm is probably due to the presence of sulfide ion
vacancies which was created by the addition of excess
Ag+ ions. Additional presence of sufficient Ag+ ions did
not change further the sulfur vacancy sites (probably due
to stability of NPs) and thus then there was no increase in
the peak at 430 nm with further addition of Ag+. On the
other hand, the peak at 550 nm is possibly due to the presence of Ag centres, the concentration of which increased
with the increase of Ag+ ions, and thus the number of
acceptors increased. Hence, the peak at 550 nm continued
to increase with the addition of Ag+ ions.
When Ag NPs solution prepared separately, was added
to the solution containing ZnS NPs, the peak at 360 nm
had vanished and two new peaks at 430 nm and a broad
peak encompassing 540 nm and 550 nm appeared. It is
important to note that at the lower concentration of added
Ag NPs the peak was primarily at 540 nm and with the
addition of further Ag NPs solution the peak at 550 nm
became more prominent along with the peak at 540 nm.
Also, with the increase in the concentration of Ag NPs
the peak at 430 nm increased. The explanation is as follows. In general, in the solution of Ag NPs there would
be excess Ag+ ions, which would interact with ZnS NPs
in much the same way as the added Ag+ ions. However,
since the concentration of Ag+ ions in Ag NPs solution is
comparatively less with respect to addition of direct Ag+
ions, the peak at 430 nm and 550 nm would gradually
increase, with preference towards introduction of sulfur
vacancy sites (and thus increase in 430 nm emission
first). The peak at 540 nm is due to the presence of Ag
NPs. This means that the interaction of Ag NPs at the
surface of ZnS leads to an emission at 540 nm with probably

Figure 6. Fluorescence spectrum of ZnS upon treatment with
Mn(OA)2 as in experiment (IV). (a) ZnS NPs only and (b) was
recorded after addition of Mn(OA)2 into ZnS NPs solution.

Figure 7. (A) A schematic energy diagram of ZnS NPs energy states with various defects and (B) schematics of defects
that typically may occur in the present set of experiments.
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the Ag NPs acting as acceptors. This can easily be seen in
the case of the preparation of Ag@ZnS NPs (figure 4B)
where the peak at 540 nm was prominent and all other
peaks were either absent (especially at 550 nm) or weak
in intensity. Thus Ag NPs clearly act as fluorescence enhancers of 540 nm emission, which is due to the Ag present at the periphery of the ZnS NPs either when Ag NPs
are added (on the outer surface of ZnS) or when Ag@ZnS
NPs are prepared (Ag NPs present at the inner surface of
ZnS shell). Again, with the addition of further Ag NPs
solution the number of Ag+ ions increases and when the
concentration of Ag+ is sufficient to introduce excess ions
into the crystal of ZnS then there are enough acceptors to
induce the emission at 550 nm. Thus the peak at 540 nm
and 550 nm merge and a broader peak appears. Hence, the
present method has the option of tuning emission intensities as well as wavelengths by appropriately choosing the
addition of Ag+ ions or Ag NPs and associated Ag+ ions
present in the solution. It may be mentioned here that
there is a chance of formation of Ag2S by reaction of ZnS
with Ag+. We have observed that if Ag2S NPs are synthesized separately there is no characteristic fluorescence
from the particles that would overlap with the observed
fluorescence in the above cases. Hence, fluorescence due
to the presence of Ag2S may not be important here.
The results of the study with Mn2+ additions to the prepared ZnS agree well with those of above explanations
with respect to addition of silver to ZnS. For example, it
has been observed that Mn2+ doped ZnS NPs emits at
575 nm, which is same as the one we have observed after
addition of Mn2+ ions to ZnS NPs. The emission is due to
the transition 4T1 – 6A1. This means when Mn2+ ions are
added to ZnS solution, the ions diffuse into the interstitial
spaces of already formed ZnS nanocrystals and give rise
to emissions characteristics of doped ions or the presence
of metal centres and also result in the creation of sulfur
vacancies (Backer and Bard 1983; Bhargava et al 1994;
Sooklal et al 1996; Karar et al 2004). The sulfur vacancies give rise to emission at 420 nm similar to that due to
addition of Ag+ ions to ZnS Qdots. This is interesting as
we have a method not only of introduction of metal ions
into the crystals of Qdots but also a simple way of tuning
their fluorescence and thus basically have a method of
possible quantitative detection of ions in solution by fluorescence.
4.

Conclusions

In brief, we have been able to show that the fluorescence
of ZnS NPs (stabilized by CTAB) can be tuned by interaction with silver in three different ways, viz. with Ag+,
Ag NPs and Ag@ZnS core-shell NPs. This was mainly
achieved by external addition of silver species after the
preparation of ZnS NPs. The results of emissions match
with the hypothesis that metal ions diffuse into the crystal

lattice of ZnS to introduce metal centres and also effect
the removal of interstitial sulfur. This conclusion is consistent with the observation of fluorescence upon addition
of Mn2+ ions into ZnS NPs solution, which is characteristic of the presence of doped Mn2+ ions in the ZnS NPs.
Although tuning of fluorescence has been observed with
respect to introduction of metal ion impurities at the
preparation stage, the observations made in the present
set of studies have not been reported earlier. Finally, one
can envisage that the present method could be the basis of
using quantum dots like ZnS as inorganic ions sensors,
especially heavy metal ions, in aqueous solution, which
we are currently pursuing.
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