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Tb3+-doped zinc sulfide (ZnS:Tb3+) nanocrystals were synthesized by spray precipitation with sulfate-reducing bacterial (SRB)
culture at room temperature. The morphology of the SRB and ZnS:Tb3+ nanocrystals was examined by scanning electron
microscopy, and the ZnS:Tb3+ nanocrystals were characterized by X-ray diffractometry and photoluminescence (PL) spectroscopy.
The PL mechanism of ZnS:Tb3+ nanocrystals was further analyzed, and the effects of Tb3+ ion concentration on the luminescence
properties of ZnS:Tb3+ nanocrystals were studied. ZnS:Tb3+ nanocrystals showed a sphalerite phase, and the prepared ZnS:Tb3+
nanocrystals had high luminescence intensity under excitation at 369 nm. The main peak position of the absorption spectra
positively blueshifted with increasing concentrations of Tb3+ dopant. Based on the strength of the peak of the excitation and
emission spectra, we inferred that the optimum concentration of the Tb3+ dopant is 5mol%. Four main emission peaks were
obtained under excitation at 369 nm:489 nm (5D

4
→
7F
6
), 545 nm (5D

4
→
7F
5
), 594 nm (5D

4
→
7F
4
), and 625 nm (5D

4
→
7F
3
).

Our findings suggest that nanocrystals have potential applications in photoelectronic devices and biomarkers.

1. Introduction

Zinc sulfide (ZnS) is one of the most important II–IV semi-
conductors with a band gap of approximately 3.6 eV [1] and
is commercially used as a phosphor and thin film in electro-
luminescent devices. ZnS has been investigated over a period
of 20 years as the host material of phosphor layers of elec-
troluminescent devices and field emission displays. ZnS
phosphor layers containing transition metal or rare earth
metal elements as luminescent centers have been deposited
using sputter deposition, thermal evaporation, and electron
beam evaporation [2]. Rare-earth-doped wide-band-gap
semiconductors have attracted considerable interest in recent
years because of attempts to develop novel optoelectronic
devices, which combine the unique luminescence features of
rare earth ions [3–5]. Since Bhargava et al. first reported the
remarkable optical properties ofMn-doped ZnS nanocrystals
prepared by chemical process at room temperature in 1994
[6, 7], a large number of investigations on semiconductor

nanocrystals have focused on the photoluminescence prop-
erties of Mn-doped ZnS nanocrystals [8–16], Cu-doped
ZnS nanocrystals [9, 17], Sm-doped ZnS nanocrystals [18],
Tb-doped ZnS nanocrystals [18–20], and Eu-doped ZnS
nanocrystals [21–25] prepared by different techniques [26].
These papers, however, do not report on ZnS:Tb3+ nanocrys-
tals synthesized by spray precipitation method in sulfate-
reducing bacterial (SRB) culture at room temperature.

The synthesis process of ZnS:Tb3+ nanocrystals is a
two-pronged process: one phase involves prepreparation of
the sulfur source and capping agent by SRB and the other
phase involves synthesis of ZnS:Tb3+ nanocrystals by spray
precipitation. The first phase shows high efficiency in reduc-
ing hexavalent or tetravalent sulfur ions to divalent sulfur
ions, which are then effectively fixed in the form of precip-
itates in the second phase. Thus, reduction of the content of
organic pollutants and sulfur in wastewater and synthesis of
luminescent nanomaterials under lower energy consumption
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Table 1: Molar ratios of Tb3+ and Zn2+ in Tb
𝑥
Zn
1−𝑥

S.
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Zn
1−𝑥
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𝑥
Zn
1−𝑥

S
Tb3+ 0 0.01 0.03 0.05 0.07 0.09
Zn2+ 1.0 0.99 0.97 0.95 0.93 0.91

Figure 1: SEM image of the SRB.

may simultaneously be achieved. We have also developed
a spray precipitation method based on the conventional
precipitation method. ZnS:Tb3+ nanocrystals prepared by
spray precipitation are smaller and more uniform than those
prepared by direct precipitation. The defect of direct precipi-
tation is that its resultant nanoparticles are either too large or
highly uneven in size. The spray precipitation method avoids
this defect of direct precipitation.Thus, the proposedmethod
may be promoted for the treatment of wastewater with high
sulfur contents and the preparation of nanoscale materials.

In this work, the morphology, phase structure, and lumi-
nescence properties of ZnS:Tb3+ nanocrystals prepared by
spray precipitationwith different Tb3+ doping concentrations
were studied.

2. Experiments

2.1. Prepreparation of Sulfur Source and Capping Agent. The
SRB was isolated from seawater samples obtained from
Heishijiao in Dalian, China. The morphology of the SRB is
shown in Figure 1. The scanning electron microscopy (SEM)
image in this figure shows that the SRB are a type of short-rod
bacteria.Thebasal culture broth contained 0.5 g L−1KH

2
PO
4
,

1.0 g L−1NH
4
Cl, 1.0 g L−1 Na

2
SO
4
, 2.0 g L−1 MgSO

4
⋅7H
2
O,

5.0 g L−1 70% sodium lactate, 0.1 g L−1 CaCl
2
⋅2H
2
O, 0.5 g L−1

FeSO
4
⋅7H
2
O, 0.1 g L−1 sodium thioglycolate, and 0.1 g L−1

vitamin C (pH 7.2).
SRB cultivation was performed in sealed glass bottles

(125mL) at 28∘C for 3wk with 5% (v/v) inoculum amount.
The SO

4

2− in the system was gradually reduced to S2− during
cultivation, producing a variety of amino acids (see (1)).

Metabolic products of the bacteria were harvested from
the fermentate by centrifugation for 6min at 10,000 r/min.
S2− and a variety of amino acids in the metabolic products

were, respectively, used as the sulfur source and the synthesis
capping agent:

SO
4

2−
→ S2− (1)

S2− + Zn2+ + Tb3+ → Tb
𝑥
Zn
1−𝑥

S (2)

2.2. Synthesis. ZnS:Tb3+ nanocrystals were prepared by spray
precipitation using S2− and a variety of amino acids obtained
from the metabolic products as the sulfur source and the
synthesis capping agent, respectively (see (2)).

Zinc acetate and terbium chloride hexahydrate with
different molar ratios were dissolved in 100mL of deionized
water (seeTable 1). Subsequently, 100mLof the homogeneous
solution was sprayed as fog particles on the surface of
metabolic productswith S2− and a variety of amino acids.This
procedure successfully yielded monodispersed ZnS:Tb3+
nanoparticles with different molar ratios at room tempera-
ture. The products were then washed three times with deion-
ized water and ethanol and dried in a thermostatic vacuum
drier. We prepared a large number of ZnS:Tb3+ nanoparticles
with particle sizes of 80 nm and then studied the lumines-
cence properties of these particles.

2.3. Characterization. The nanocrystal size and morphology
of the samples were observed by using a scanning elec-
tron microscope (SEM, JSM-6360LV, JEOL, Japan) and a
transmission electron microscope (TEM, JOEL-2100F, JEOL,
Japan). Crystal structures were characterized by an X-ray
power diffractometer (XRD) using a Netherlands Empyrean
diffractometer with CuK𝛼

1
radiation (𝜆 = 0.1541 nm). UV-

Vis absorption spectra (absorption wavelength range and
maximum absorption wavelength) were obtained by using a
V-550 ultraviolet spectrophotometer (JASCO Corp.). Photo-
luminescence (PL) spectra were measured using a Hitachi F-
4500 fluorescence spectrometer.

3. Results and Discussions

ZnS:Tb3+ nanocrystals were synthesized by the direct pre-
cipitation and spray precipitation methods with SRB culture
(Figures 2(a), 2(b), 2(c), 2(d), 2(e), 2(f), and 2(g)). ZnS:Tb3+
nanocrystals synthesized by direct precipitation agglomer-
ated and formed large particles, whereas ZnS:Tb3+ nanocrys-
tals synthesized by spray precipitation formed homogeneous
first agglomeration spherical particles approximately 80 nm
in diameter. Only slight second agglomeration was observed
among spray-precipitated nanocrystals. From theTEM image
of ZnS:Tb3+ nanocrystals, we may know that the most
initial nanocrystals were approximately 10 nm in diameter
(shown in Figure 2(g)). Agglomeration is attributed to two
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Figure 2: (a) SEM image of ZnS:Tb3+ nanocrystals prepared by the direct precipitation method (Tb3+ doping concentration, 5%), (b), (c),
(d), (e), and (f) SEM images of ZnS:Tb3+ nanocrystals prepared by the spray precipitation method (Tb3+ doping concentration, 5%, 1%, 3%,
7%, and 9%, resp.), and (g) TEM image of ZnS:Tb3+ nanocrystals prepared by the spray precipitation method (Tb3+ doping concentration,
5%).
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Figure 3: XRD patterns of ZnS:Tb3+ nanocrystals.

phenomena: simultaneous formation of large crystal nuclei
on the droplet surface and liquid contact surface and crystal
nucleus for nanocrystal gradually grew up in almost the same
environment during the synthetic process of ZnS:Tb3+ nano-
crystals which have been synthesized by spray precipitation
method, but the direct precipitation nucleation has less
nucleus conditions and growth environment is different each
time.

The luminescence properties of the ZnS:Tb3+ with dif-
ferent doping concentrations will vary with their shapes and
sizes. But the sizes and shapes of the ZnS:Tb3+ nanocrystals
shown in Figures 2(b), 2(c), 2(d), 2(e), and 2(f) were almost
identical because the nanocrystals were synthesized by
the same method. So, the luminescence properties of the
ZnS:Tb3+ nanocrystalsmainly depend on the doping concen-
tration rather than on their shapes and sizes.

The XRD patterns of different ZnS:Tb3+ nanocrystals and
undoped ZnS nanocrystals are shown in Figure 3. The pat-
terns reveal that the nanocrystals exhibit a zinc blende crystal
structure.The three diffraction peaks observed correspond to
the (111), (220), and (311) planes of face-centered cubic crys-
talline ZnS (JCPDS number 77-2100). Considering the size
effect, the XRD peaks broadened and their widths increased
as the crystals became smaller. The average sizes of the
ZnS:Tb3+ nanocrystals calculated from the Debye-Scherrer
equation were determined to be approximately 10 nm. The
TEM image of ZnS:Tb3+ nanocrystals is shown in Figure 2(g);
here, the average size of the ZnS:Tb3+ nanocrystals is between
8 nm and 12 nm, which agrees well with our XRD estimation.
Tb3+ doping appeared to destroy the crystalline nature of
ZnS, as can be seen from changes in the graph of the (220) and
(311) crystal planes.This destruction causes lattice distortions
and produces a large number of lattice defects. In addition,
the spectrum-verified doping concentrations have different
optical properties.

The UV-Vis absorption spectra of different ZnS:Tb3+ and
undoped ZnS nanocrystals are shown in Figure 4. The maxi-
mumabsorptionwavelength range of ZnS:Tb3+ and undoped
ZnS nanocrystals was nearly 300–400 nm. The maximum
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Figure 4: UV-Vis absorption spectra of ZnS:Tb3+ and undoped ZnS
nanocrystals.
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Figure 5: Excitation spectra of ZnS:Tb3+ nanocrystals.

absorption wavelength of ZnS:Tb3+ nanocrystals was shorter
than that of undoped ZnS nanocrystals, and the absorption
peak band of the crystals positively blueshifted with increas-
ing concentrations of theTb3+ dopant.Webelieve that doping
with Tb3+ changes the crystal structure and band gap struc-
ture of semiconductor ZnS.

Figure 5 shows the excitation spectra of ZnS:Tb3+
nanocrystals with doping concentrations of 1%, 3%, 5%, 7%,
and 9% at an emission wavelength of 545 nm. The two peaks
at 369 and 377 nm are characteristic Tb3+ excitation peaks.
The peak intensity of the ZnS:Tb3+ nanocrystals increased at
doping concentrations of 1%, 3%, and 5% and decreased at
doping concentrations of 5%, 7%, and 9%.Therefore, the peak
intensity of ZnS:Tb3+ nanocrystals is strongest at 5% doping
concentration because of lattice saturation. Red shifting of the
excitation peak position of ZnS at 5% doping compared with
those of crystals at 1%, 3%, 7%, and 9% doping may also be
observed.

Figure 6 shows the emission spectra of ZnS:Tb3+
nanocrystals with doping concentrations of 1%, 3%, 5%, 7%,
and 9% at an excitationwavelength of 369 nm.As all emission
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Figure 6: Emission spectra of ZnS:Tb3+ nanocrystals (𝜆exc =
369 nm).

spectra were recorded under the same conditions, the relative
intensities of peaks obtained are directly comparable. The PL
spectral features of lower doping concentrations are nearly
identical, although their PL intensities are weak. The PL
spectral features of higher doping concentrations are nearly
identical, although their PL intensities vary significantly. The
PL intensities were strongest at 5% doping concentration.
The PL peak at ∼545 nm was strongest in the investigated
range, which indicates that ZnS:Tb3+ nanocrystals have
strong green light emission. The intense green emission
of ZnS:Tb3+ nanocrystals by F4500 excitation (at 369 nm)
is visible to the naked eye. The strongest emission peak
corresponds to the 5D

4
→
7F
5
(at ∼545 nm) transition of Tb3+

ions. Other PL peaks identified correspond to the following
transitions: 5D

4
→
7F
6
(at ∼489 nm), 5D

4
→
7F
4
(at ∼594 nm),

and 5D
4
→
7F
3
(at ∼625 nm).

Our experimental results show that the increase in doping
concentration has important effects on the structure and
luminescence properties of the resultant nanocrystals. As
shown in Figure 6, the luminescence intensity of 5mol%
ZnS:Tb3+ nanocrystals was stronger than that of any other
ZnS sample under excitation at 369 nm. The holes and elec-
trons in ZnS:Tb3+ nanocrystals recombined to form excitons
on the ZnS host, and the exciton energy then transferred to
the resonance levels of Tb3+ ions to achieve the characteristic
emissions of Tb3+. This energy is most efficiently transferred
in 5mol% ZnS:Tb3+ nanocrystals because 5mol% Tb3+ has
an adequate amount of saturated interspace in the whole
body-centered cubic ZnS crystalline lattice (Figure 6).

4. Conclusions

In summary, we have successfully synthesized monodis-
persed ZnS:Tb3+ nanocrystals with diameters of approxi-
mately 10 nm by spray precipitation with SRB culture at room
temperature. The ZnS:Tb3+ nanocrystals exhibited a zinc
blende crystal structure. The main peak position of the
absorption spectra positively blueshifted with increasing

concentration of Tb3+ dopant. The luminescence intensity of
5mol% ZnS:Tb3+ nanocrystals was the strongest among all
other ZnS products obtained. Four emission peaks located at
489 nm (5D

4
→
7F
6
), 545 nm (5D

4
→
7F
5
), 594 nm (5D

4
→
7F
4
),

and 625 nm (5D
4
→
7F
3
) at 369 nm excitation were observed.

Of these peaks, the emission peak intensity was strongest at
545 nm (5D

4
→
7F
5
). Hence, the 5mol% ZnS:Tb3+ nanocrys-

tals can be used as green fluorescent materials. Nanocrystals
have potential applications in photoelectronic devices and
biomarkers.We believe that many types of Re ion-doped ZnS
nanocrystals can be synthesized by the spray precipitation
method.
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