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Abstract—Cubic-structured europium (Eu) doped zinc sulfide (ZnS) nanoparticles (NPs) were prepared via refluxing
at 150 °C. Absolute structural studies showed that Eu" ions were successfully substituted into the ZnS host lattice and
changed the original structure of the host. As-fabricated ZnS:Eu NPs exhibited typical red emission due to the transi-
tion of the Fu dopant in the °dy-"f;, °dy-"fy, °dy-"fs, and °d,-"f, energy levels of the 4f orbital of the dopant. The typical
diamagnetic ZnS could be converted to tunable paramagnetic as a function of Eu-doping content. These NPs were
quantified for hydrogen evolution through water splitting by artificial solar spectrum. Eu doping can drastically
enhance the hydrogen (H,) evolution capability of ZnS, which is higher than that of bare ZnS NPs. The causes behind
these engrossing results will be revealed. These interesting properties may find applications in optoelectronics, spintron-

ics, and H, evolution.
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INTRODUCTION

Nanocrystalline semiconductors are attracting more interest from
researchers because of their possible applications in optoelectron-
ics [1], biological labeling [2], spintronics [3], photocatalysis [4],
and piezotronics [5]. Doped semiconductor nanostructures espe-
cially display several interesting properties compared to undoped
nanostructures [6-10]. Recently, researchers have doped lanthanides
into semiconductor compounds to alter their optical bandgap and
photoluminescence properties [11]. Lanthanides with special 4f
electrons have been explored as promising substances for lumines-
cence centers in doped nanocrystalline semiconductors because
they possess a unique 4f electronic structure related to the 5d-4f/
4f-4f transitions that can establish engrossing emission features [12].
Among the various lanthanides, europium is the most often used
candidate, because europium-doped nanostructures possess absorb-
ing emission and magnetic properties.

Due to these leads, few researchers have reported on europium
doped semiconductor compound systems. Mateus et al. [13] re-
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ported photoluminescence characteristics of Eu-doped ZnS nano-
particles through microwave-assisted solvothermal method and
explained the correlation between theoretical and experimental calcu-
lations. Lotey et al. [14] reported the emission properties of ZnS:
Eu nanoparticles. Ahemen et al. [15] observed the red emission in
Eu doped ZnS nano phosphor with fluorescence efficiency. Sabit
Horoz et al. [16] reported the magnetic as well as photovoltaic char-
acteristics of ZnS : Eu quantum dots. Although, no meticulous stud-
ies are available on the europium doped ZnS systems. ZnS nano-
structures are widely used as a promising host candidate and have
distinctive optical, photoluminescence, and magnetic properties
when mono-doped or co-doped with rare-earth elements [3,4].
These doped semiconductors are also called diluted magnetic semi-
conductors (DMSs), and they exhibit interesting magnetic proper-
ties at room temperature for spintronic applications. Moreover, doped
ZnS nanostructures play a vital role in hydrogen (H,) evolution under
UV and visible illumination [4]. Based on the multifunctionality
of the doped ZnS nanostructures, we can use a single material for
different applications through suitable and sensible doping.

In the present study, Eu-doped ZnS NPs were successfully syn-
thesized through a chemical refluxing route and achieved tunable
bandgap, red emission, paramagnetism and enhanced H, evolution
properties for optoelectronic, spintronic and H, evolution applica-
tions. Based on these interesting properties of the ZnS: Fu system,
we strongly believe that this material is an all-round material that
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is a promising candidate for multifunctional applications.
EXPERIMENTAL AND CHARACTERIZATION

1. Materials

Zinc nitrate hexahydrate (Zn(NO,),-6H,0), Sodium sulfide nona-
hydrate (Na,S-9H,0), Europium(II) nitrate pentahydrate (Eu(NO;),-
5H,0), and Ethylenediaminetetraacetic acid (EDTA). All are Merck
products. Deionized water and Ethyl alcohol are the solvents.
2. Synthesis Procedure

Eu (0, 1, 3, and 5at.%) doped ZnS nanoparticles (NPs) were
prepared via a reflux technique. For bare ZnS, 0.03 M Zinc nitrate
(0.3085 g) was mixed in 40 mL of deionized water beneath stirred
at 50 °C. After that, 0.03 M of Na,S (0.2882 g) was mixed in 40 mL
of DI water and added to the zinc solution under continuous stir-
ring. 0.2 g of EDTA was added to the ZnS solution as a stabilizer.
The final solution was kept under refluxing for 5h at 150 °C. The
eventual precipitate was cleansed with ethyl alcohol several times
and heated at 100 °C for 24 h. For the Eu (1 at.%, 3 at.%, and 5 at.%)-
doped ZnS, 0.03 M Zinc nitrate (0.3498 g (1 at.%), 0.3355 g (3 at.%),
and 0.3284g (5at.%)) and Europium nitrate (0.0102g (1 at.%),
0.0205g (3 at.%), and 0.0410g (5at.%)) were dissolved in 40 mL
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of DI water under stirring at 50 °C. The remaining process was
like that of preparing the bare ZnS NPs.
3. Characterization

Particle size verification was done using a high resolution trans-
mission electron microscope (HRTEM, Phillips TECHNALI FE 12)
with an accelerating voltage of 200 kV. The structure of the nano-
particles was governed by X-ray diffraction (XRD) instrument with
Cu-Ke radiation (1=1.5406 A) and the system was worked at 40
kV and 30 mA. Fourier transform infrared (FTIR) spectroscopy
studies were recorded by FTIR-200 (Thermo Nicolet) equipment.
An X-ray photo electron spectrometer (XPS, SPECS GmbH (Phoibos
100 MCD Energy Analyzer)) sophisticated instrument with Al Ker
radiation having a residual pressure of the order of 2x10° Pa, was
used to analyze the energy transition levels. Optical absorption was
performed using double-beam spectrophotometer (Jasco V-670)
for energy gap determination. Photoluminescence measurements
were carried out using spectrometer (JOBIN YVON Fluorolog-3)
consisting of a 450 W Xenon arc lamp as an excitation source. Mag-
netic characteristics of the prepared nanoparticles were studied
through vibrating sample magnetometer (VSM) (Lakeshore 7410).
The photocatalytic hydrogen evolution tests were carried out in a
150-ml quartz reactor at room temperature with an atmospheric

Average size 4.1 nm

el
Frequency (a.u)

12

3 45 6 7
Particle size (nm)
R

Fig. 1. (a), (b) transmission electron microscopy (TEM) with size distribution histograms (inset) and (c), (d) high-resolution TEM (HRTEM)

images of ZnS : Eu (0 at.% and 5 at.%) NPs.

Korean J. Chem. Eng.(Vol. 40, No. 4)



724 S. P.R. Mallem et al.

pressure. 5mg of nanocatalysts was dissolved in 50 ml of aqueous
solution containing 0.25mol L™ of Na,SO, and Na,$S as electron
donors. A 300-W (MaX 303 model) Xe lamp was used as a solar
light (Intensity: 50 mW cm ) source. Before illumination, the reac-
tor was evacuated by a vacuum pump and bubbled with N, for 20
min to remove the air inside the reactor. The produced H, gas was
assessed via an off-line gas chromatograph (GC, YL-6500) equipped
with a thermal conductivity detector and a 5-A molecular sieve
column.

RESULTS AND DISCUSSION

Fig. 1 displays the ((a) and (b)) TEM images along with size distri-
bution histograms (inset) and HRTEM images ((c) and (d)) of
ZnS: Eu (0at.% and 3 at.%) NPs. All the NPsare roughly spheroid
shaped and slightly agglomerated. In general, nanoparticles have a
higher respective surface area and higher comparative number of
surface atoms. In particular, these atoms have unsaturated coordi-
nation and each atom consists of vacant coordinate sites. They attempt
to make bonds and such bonds form between close to nanoparti-
cles, this causes the agglomeration. In fact, very small nanoparti-
cles (~5nm) are feasibly difficult to observe separate nanoparticles.
These are the common problems in nanoparticles for the case of
agglomeration and aggregation [17]. No Eu content-dependent
morphology was identified. The evaluated average diameter of the
prepares nanoparticles was 4.9 and 4.1nm for ZnS:Eu (0at.%
and 3at.%) NDPs, respectively. The nanoparticle size is examined
and estimated by using the Image] software. Qu et al. [18] prepared
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Fig. 2. (a) X-ray diffraction patterns, (b) XPS scan, and (c) Fourier-
transform infrared spectra result of ZnS : Eu NPs.
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monodispersed ZnS and Fu-doped ZnS nano-sized crystals through
the co-precipitation reaction of inorganic precursors ZnCl,, EuCl,
and Na,S in a water/methanol binary solution.

Fig. 2(a) illustrates the XRD patterns of ZnS: Eu NPs display-
ing typical (111), (200), (311), and (331) diffraction planes corre-
sponding to the cubic structure of ZnS. The widening of the XRD
peaks suggests that the fabricated samples are in the nano range.
The penetration of Eu into the host matrix results in the diffrac-
tion peak moving slightly toward the lower angles, causing lattice
amendment due to the mismatching atomic radii of Eu and Zn.
The calculated values of the lattice constants occur in the range of
5.42-539 A. The average diameter of the ZnS: Eu NPs was esti-
mated from the full-width at half-maximum of diffraction level
peaks through Debye-Scherer’s formula, D=0.89/cos6. The crys-
talline size of the ZnS: Eu NPs was found in the range of 3.9-4.2
nm and was determined to decline with enhancing Eu content.
This difference between the TEM and XRD results could be that
the crystalline size in fact can be higher than that expected by the
Debye-Scherrer formula with some additional peak width attributed
from micro strains, which are common issue in tiny NPs. No sup-
plementary peaks corresponding to foreign bodies were identified
in the as-fabricated samples, which indicates that the NPs are sin-
gle phase.

Fig. 2(b) represents the XPS spectra of the ZnS: Eu (0 and 5 at.%)
NPs. The undoped samples reveal the existence of only Zn and S,
however, in doped samples reveal Zn, S and Eu elements. For un-
doped ZnS NPs, zinc peaks were located at 1,022.07 and 1,043.18
eV, relative to Zn 2ps, and Zn 2p,,, respectively. The sulfur peaks
located at 161.98 eV and 162.95 eV, respectively, indicates the diva-
lent state of sulfur. For, ZnS: Eu (5 at.%) NPs, two sharp peaks appear
in the binding energy (B.E.) regions at 1,021.99 eV and 1,042.91
eV, which belong to Zn 2P,;, and Zn 2P,,, respectively. Two more
peaks were found in the XPS spectra that belong to S 2P at 161.91
eV and 162.77 eV, revealing that sulfur ions exist in the material
with a 2+ valence state. In addition, two peaks corresponding to
the dopant ion were observed in the B.E. regions of 1,135.88 eV
and 1,166.18 eV, which belong to Eu** 3d;, and Eu™* 3d,,, atomic
factors. In addition, we also noticed the existence of a small frac-
tion of Eu”* ions with doublet positions at 1,125.9 and 1,157.8 eV
(see the inset of Fig. 2(b)). Eventually, no extra peaks/foreign phases
were found in the XPS spectrum of ZnS : Eu (5 at.%) NPs, indicat-
ing high-purity of the NPs. The elemental composition of undoped
ZnS was Zn:S=51.31:48.69 and Eu doped ZnS was Zn:S:Eu=
46.87 :49.24: 03.89, which are nearer to the targeted values.

Fig. 2(c) displays the FTIR spectra of EDTA-passivated ZnS : Eu
(0at.% and 3at.%) NPs. Wide absorption in the higher energy
region at 3,345 cm ™ is noticed and is due to the -OH vibrations of
water and EDTA, because all the studies employed mixing of NPs
with KBr and it is well known that the KBr is hygroscopic [19].
The peaks at 1,558 cm™ and 1,404 are associated with the antisym-
metric and symmetric C=O stretching bands of the carboxylate
anion related with EDTA. EDTA displays vibrational band at around
2,075cm’, indicating that EDTA in a ZnS matrix forms a double
betaine structure. The carboxylate ion groups are active in the catch
EDTA in ZnS as evidenced by the noticed spectral bands at 1,558
and 1,404 cm™". The peak at 1,109 cm™ is due to C-O stretching of
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Fig. 3. ZnS : Eu NP results for (a) optical absorption, (b) photoluminescence, (c) vibrating sample magnetometry, and (d) H, evolution.

carboxylic acid. Ashwini et al. [20] noticed the presence of hydroxyl
groups in the Eu doped ZnS nanoparticles. Moreover, the peaks at
472 cm™' and 660 cm ™ are attributed to the zinc-sulfur stretching
vibration. The FTIR spectra of the Fu-doped NPs found in the pres-
ent investigation are like those of pure ZnS NPs. As is well known,
the absence of extra peaks in the FTIR spectrum of Eu doped ZnS
NPs indicates the impure free nature of the synthesized samples.
This result suggests the successful incorporation of Eu into the ZnS
matrix. This result is consistent with the previous report [19].

The ultraviolet-visible absorption spectra of the ZnS : Eu NPs are
represented in Fig. 3(a). For the pure sample, the absorption edge
observed at 330 nm (3.72 eV) is slightly bigger than that of the bulk
ZnS band gap (3.67 eV), which is due to quantum confinement.
The Eu-doped NPs display two absorption peaks at 330 nm and
393 nm. The second peak is ascribed to the "F,0°L, transitions of
Eu (II) ions. In addition, the absorption peak of the Fu-doped NPs
is shifted slightly toward the lower wavelength side with increas-
ing Eu content because of the decreased size of the NPs. Fig. 3(b)
displays the emission spectra of the Eu-doped samples (393-nm
excitation). All these NPs exhibit four peaks at 593 nm, 616 nm,
650 nm, and 699 nm that are ascribed to the D,—F, to 'F, elec-
tron transitions of the Eu (III) [21]. Moreover, we noticed a trivial
decrease in fluorescence efficiency with increasing Eu content that
emerges from the repeated excitation within the dopant sites and
the thermal escape of transport carriers from confined states to
other energy levels [22,23]. Lotey et al. [14] also observed five strong
emission peaks at 574, 591, 617, 700, 754nm in Eu-doped ZnS

nanoparticles. Mou et al. [24] observed red emissions in Eu doped
ZnS nanoparticles due to intra-4f transitions of Eu" ions under
laser excitation (i.e., 374 nm), no characteristic red emission asso-
ciated to 5 Dy-7 F; (j=0, 1, 2,3, 4) transition of Fu® was found
when excited with a laser wavelength of 325 nm. Recently, Poor-
naprakash et al. [25] noticed the emission spectra of ZnS: Eu QDs
and displayed typical red fluorescence due to the transition of dopant
ions in °Dy-'F,, *Dy-'F,, *Dy-'Fs, and °Dy-'F, energy levels of the 4f
orbital of the Eu** ions.

Fig. 3(c) denotes the M-H hysteresis loops of the prepared sam-
ples. The pure NPs show the anticipated nonmagnetic behavior,
whereas Eu-doped NPs exhibit typical paramagnetic characteris-
tics at 300 K. Moreover, the paramagnetic behavior gradually en-
hances as a function of Eu content. First, the nonmagnetic behav-
ior of the pure NPs is attributed to the lack of unpaired electrons
that often occurs in II-VI semiconductor compounds [26]. Sec-
ond, the obtained superparamagnetic character of the doped NPs
owes its existence to the sporadic distribution of Eu ions in the
host matrix that provoke weak interactions based on the gaps be-
tween the Eu ions and Eu concentration, thus impacting the power
of direct or indirect solidity between the Eu ions. The enriched
spontaneous magnetic moment found as a function of Eu doping
indicates the number of spins enhanced with enhanced Eu dop-
ing and is a common phenomenon in transition metal/lanthanide-
doped nanocrystalline semiconductor compounds [18]. Naohito
et al. [27] reported the magnetic susceptibility features and dis-
closed the coexistence of Eu** and Eu™ ions, though the existing
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material contains only Eu’* ions. Sabit Horoz et al. [16] reported
that the Eu™ doped Zn$ samples exhibit signs of ferromagnetism;
on the other hand, Eu** doped ZnS samples are paramagnetic of
Curie-Weiss type. Poornaprakash et al. [28] observed the weak ferro-
magnetism in the Eu** doped ZnS nanoparticles.

Fig. 3(d) shows the H, production of the prepared samples via
water splitting, which are 867 umol h™'g™, 1,059 pmol h™'g™", 1,604
pmol h™'g™, and 2,106 umol h™'g™ of H, in 5h for ZnS: Eu (0at.%,
1 at.%, 3 at.%, and 5 at.%). Thus, the H, production rate of ZnS: Eu
(5at.%) NPs is higher than that of pure ZnS NPs. A viable cause
of the enhanced H, evolution of ZnS: Eu (5 at.%) NPs is the high
surface area of the tiny particles. We believe that the tiny nanopar-
ticle size would stimulate swift transport of photogenerated elec-
trons, and the increased surface area would provide additional reac-
tion sites, both of which can trigger enriched photocatalytic activ-
ity. In addition, diminishing fluorescence efficiency also decreases
electron-hole recombination. These are possible reasons for enhanced
H, evolution. Thus, Eu monodoping is a promising approach to
extend the H, evolution capability of pure ZnS NPs. Recently, Poor-
naprakash et al. [25] reported the enhanced H, evolution proper-
ties as a function of increased Eu doping concentration ZnS quantum
dots.

CONCLUSIONS

In summary, we have illustrated an easy Eu-doping way to sig-
nificantly enrich the H, evolution capacity and red emission of ZnS
NPs. XRD studies revealed that all the prepared NPs displayed a
single-phase cubic structure like that of undoped ZnS. XPS analy-
sis confirmed the existence and presence of Eu ions in the ZnS host
in a trivalent state. The synthesized ZnS : Eu NPs have typical red
emission behavior ascribed to the transition of Eu ions at the *Dj-
’F,, energy levels. The diamagnetic ZnS NPs turned into para-
magnetic as a function of Europium doping concentration. The
ZnS:Eu (5at.%) NPs engendered the most H, evolution (2,106
pmol h™'g™) in 5h under artificial solar light illumination. These
enticing properties of ZnS : Eu NPs have promising applications in
optoelectronics, spintronics, and H, evolution.
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