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Abstract Green synthesis of c-Gd2S3 nanoparticles was

carried out using low-temperature hydrothermal route in

autoclave. A 1:1 mixture of ionic liquid 1-ethyl-3-

methylimidazolium ethyl sulfate, ([EMIM][EtSO4]), and

water was used as a solvent. Synthesized nanoparticles

were characterized by x-ray powder diffraction (XRPD),

scanning electron microscopy (SEM), UV–visible spec-

troscopy (UV–vis), particle size by dynamic light scatter-

ing (DLS) technique, and photoluminescence (PL) studies.

XRPD suggests cubic Th3P4-type structure for obtained

Gd2S3 nanoparticles. The size of synthesized nanoparticles

is about 86 nm. Optical band gap for these nanoparticles

estimated from electronic spectrum is 2.95 eV which

shows blue shift from values reported for bulk Gd2S3 due

to pronounced quantum mechanical effect. These

nanoparticles show sharp emission peak at 385 nm and a

broad shoulder at 475 nm when excited at 260 nm.
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Introduction

Synthesis and characterization of rare earth chalcogenides

have attracted considerable attention of researchers due to

their excellent properties and wide applications in various

technological areas, such as optical devices, electrical,

catalytic, and biological imaging (Huber et al. 1997;

Dekker et al. 2004; Wang et al. 2006; Kong et al. 2007).

Over the past few decades, rare earth sesquisulfides (Ln2S3,

Ln = rare earth) with a cubic Th3P4-type structure have

captured much attention owing to their high temperature

thermoelectric properties (Beaudry et al. 1995). Rare earth

sesquisulfides (Ln2S3) are known to have three polymor-

phic forms; a, b, and c (Grzechnik et al. 1999). Among

these c-form is most studied for promising applications as

optoelectronics (Krichevtsov et al. 2001), piezoelectric

transducers (Luguev et al. 2000; Gadzhiev et al. 2001;

Grzechnik et al. 2001; Qiu et al. 1996; Witz et al. 1996),

and optical materials in IR transmission windows (Li et al.

2011). For gadolinium sesquisulfides (Gd2S3), a- phase is

low-temperature phase, which transforms into c-phase with

increase in temperature. The c-phase is stable at high

temperature and crystallizes in Th3P4-type cubic system

(space group I 43d). A significant difference in vapor

pressure between rare earth metals and sulfur leads to

difficulty in the preparation of rare earth sulfides. However,

huge efforts are devoted to develop methods for the

preparation of these materials.

So far, researchers have not paid enough attention to the

synthesis of these sesquisulfides at nanoscale. Wang et al.

(2005) have successfully synthesized c-Gd2S3 by ultrasonic

spray pyrolysis. Ohta et al. (2009) have reported synthesis

of Ln2S3 (Ln = La and Gd) by sulfurization of Ln2O3

during thermal decomposition of NH4SCN. Prashar et al.

(2010) have reported low-temperature synthesis of

gadolinium monosulfide (GdS) nanoparticles and their

pathogen capture efficiency. Nanosized materials have a

larger surface area and the quantum mechanical effects

such as ‘quantum size effect’ begins to play a significant

role (Shi et al. 2003; Zhang et al. 2005; Kuang et al. 2003;

Kim et al. 2004; Markovich et al. 1999). Since properties
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of nanoparticles are highly dependent on their structure,

size, and morphology, changes in concentration, tempera-

ture, and solvents are found to play a critical role in con-

trolling the size-dependent properties.

In the recent past, ionic liquids (ILs) have been used as

medium for synthesis of inorganic nano materials (An-

tonietti et al. 2004; Zhou et al. 2005). Ionic liquids are the

salts which are liquid over a wide temperature range. They

possess unique characteristics of negligible vapor pressure,

wide liquid range, thermal stability, and high ionic con-

ductivity. Ionic liquids have received much attention as

‘green’ recyclable alternatives to traditional organic sol-

vents. Ionic liquid-assisted synthesis of nanostructures by

different synthetic techniques has been reported (Jiang and

Zhu 2005; Jiang et al. 2005; Zhu et al. 2004; Jiang et al.

2006; Ge et al. 2010; Behboudnia et al. 2008). Ionic liquids

have also been found to show considerable effect on the

morphology of nanoparticles.

To the best of our knowledge, there is no report on the

synthesis and characterization techniques for gadolinium

sesquisulfide nanoparticles at low temperature. In the pre-

sent work, we report simple ionic liquid-assisted

hydrothermal synthesis of unique Gd2S3 nanoflowers.

Polyvinylpyrrolidone (PVP) has been used as capping

agent to stabilize and modify the structural and morpho-

logical properties of nanoparticles.

Experimental details

Materials

Gadolinium nitrate Gd(NO3)3�6H2O was obtained from

Alfa Aesar. Polyvinylpyrrolidone (PVP) and thiourea

(NH2CSNH2) were obtained from Sigma Aldrich. All the

chemicals were of analytical grade and were used without

further purification. The used ionic liquid [EMIM][EtSO4]

was purchased from Alfa Aesar. Doubly distilled water was

used for preparing aqueous solutions.

Synthesis

In a typical procedure, 1 mmol of Gd(NO3)3�6H2O

(0.451 g), was dissolved in 12 mL of 1:1 solution of ionic

liquid [EMIM][EtSO4] and water. To this solution, 3 mmol

of thiourea (0.228 g) and 0.2 g of PVP were added while

stirring. The solution was kept under stirring for 30 min.

The clear solution obtained was then transferred in a

23 mL Teflon-lined stainless steel autoclave, sealed and

maintained at 180 �C for 8 h in an electric oven. The

autoclave was then cooled to room temperature naturally.

The product was collected by centrifugation and washed

several times with water and absolute ethanol. The sample

was then dried at 70 �C for 2 h and was collected for

further characterization.

Characterization techniques

XRPD patterns were recorded from 20� to 65� on a Rigaku

Miniflex diffractometer using monochromatic CuKa radi-

ations (The Woodlands, TX, USA). Scanning electron

micrographs (SEM) were recorded on Jeol T-300 scanning

electron microscope with gold coating (Tokyo, Japan). The

UV–Visible absorption spectrum of the sample was

recorded on T90 ? UV/Vis Spectrophotometer (PG

instruments Ltd). The particle size was determined by DLS

technique using Zetasizer Nano ZS-90 (Malvern Instru-

ments Ltd., Worcestershire, UK). The photoluminescence

excitation and emission spectra were recorded at room

temperature using Agilent Cary Eclipse Fluorescence

Spectrophotometer equipped with Xenon lamp that was

used as excitation source.

Results and discussion

XRD analysis

The phase and crystallinity of as-prepared sample were

determined from X-ray powder diffraction pattern. Fig-

ure 1 shows the XRPD pattern of c-Gd2S3 nanoparticles.

Nanoparticles produce highly intense X-ray diffraction

indicating that nanoparticles are crystalline in nature. As

evident from the figure, all the diffraction peaks (211),

(220), (310), (400), (420), (442), (510), and (440) can be

indexed to as well-crystallized single c-Gd2S3 phase

(JCPDS: 26-1424). The crystallite size of the nanocrystals

Fig. 1 XRPD pattern for as synthesized c-Gd2S3 nanoparticles
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was determined using the well-known Debye–Scherrer’s

equation given by,

D ¼ kk=bcosh; ð1Þ

where D is the mean grain size, k is the shape fac-

tor = 0.94, k (wavelength of X-rays) = 1.5418 Å
´

for Cu-

Ka, b is full width at half maximum (FWHM) of diffrac-

tion peaks, and h is diffraction angle. The average diameter

of the grains estimated according to the Scherrer equation

[Eq. (1)] is 86 nm.

In order to distinguish the effect of crystallite size and

strain on induced broadening, Williamson-Hall plot

[Eq. (2)] of XRD profile has been drawn (Williamson et al.

1953). The crystallite size and strain can be obtained from

the intercept at y-axis and the slope of line, respectively.

bhklcosh ¼ Kk=D þ 4esinh; ð2Þ

where b is FWHM in radian, D is the grain size in nm, e is

the strain, and k is X-ray wavelength in nanometers. The

grain size and strain have been found 71 nm and

2.93 9 10-4 respectively, for c-Gd2S3 nanoparticles.

SEM analysis

The morphology of synthesized c-Gd2S3 nanoparticles was

determined by SEM. Typical SEM images of the synthe-

sized nanoparticles at different magnifications are shown in

Fig. 2a, b. As depicted from high magnification SEM

image (Fig. 2a), the nanoparticles have cuboidal plates like

structure. These nanoplates then assemble to produce a

flower-like morphology as an evident from low magnifi-

cation SEM image (Fig. 2b).

UV–visible analysis

The optical property and band gap of c-Gd2S3 nanoparti-

cles were studied using absorption spectrum. For recording

the absorption spectrum of c-Gd2S3 nanoparticles, the

sample was dispersed in water by using ultrasonic washing

for 10 min. The UV–Visible spectrum of c-Gd2S3

nanoparticles is shown in Fig. 3. The synthesized c-Gd2S3

nanoparticles show an absorption at about 420 nm. The

absorption refers to the transition of electrons from the

valence band to conduction band, and the band gap is the

energy difference (in electron volts) between the top of the

valence band (Evb) and bottom of the conduction band

(Ecb). The optical band gap was calculated using equation:

Eg eVð Þ ¼ hc=k;

where k = wavelength in nm, h = planck’s constant, and

c = velocity of light.

Fig. 2 a High magnification SEM image for c-Gd2S3 nanoparticles.

b Low magnification SEM image for c-Gd2S3 nanoparticles

Fig. 3 UV–visible spectrum for c-Gd2S3 nanoparticles
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It is found that the optical band gaps of most rare earth

sesquisulfides depend on their crystal structures. Further-

more, for the synthetic rare earth sulfides, optical band gap

is found in the range of 1.65–3.75 eV. The smallest optical

band gap value of 1.65 eV and the largest value of 3.75 eV

were obtained for EuS and e-Lu2S3, respectively

(Haibin et al. 2009). A band gap of 2.63 eV and 2.93 eV is

recorded for c-Gd2S3 by Haibin et al. (2009) and Xixian

et al. (2012), respectively. The band gap for synthesized c-

Gd2S3 nanoparticles could be estimated at 2.95 eV which

is closer to the reported literature. The band gap of as-

prepared sample shows the blue shift which might be due

to pronounced quantum confinement effect on the

nanoparticles.

Particle size by DLS technique

The particle size distribution of synthesized c-Gd2S3

nanoparticles was studied by dynamic light scattering

(DLS) technique. The nanoparticles were uniformly dis-

persed in aqueous medium by mild sonication for 10 min

before DLS analysis. The average particle size distribution

of synthesized c-Gd2S3 nanoparticles is shown in Fig. 4.

The particle size by DLS was found to be 91 nm which is

in close agreement with the particle size (86 nm) obtained

by Debye–Scherrer method.

Zeta potential measurement

The magnitude of the zeta potential is predictive of the

colloidal stability. Nanoparticles with Zeta Potential values

greater than ?25 mV or less than -25 mV typically have

high degrees of stability. The zeta potential analysis of

synthesized nanoparticles was carried out by dynamic light

scattering (DLS) technique. The nanoparticles were dis-

persed in methanol by sonication for 10 min to obtain

monodisperse solution. For the synthesized nanoparticles,

the value of zeta potential was found ?25.5 mV which

Fig. 4 Particle size by DLS

technique for c-Gd2S3

nanoparticles

Fig. 5 Zeta potential analysis

for c-Gd2S3 nanoparticles
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indicates greater stability of nanoparticles in solution.

Figure 5 shows the zeta potential for the synthesized

nanoparticles.

Photoluminescence studies

Photoluminescent properties of as-prepared gadolinium

sesquisulfide were evaluated on the basis of emission and

excitation spectra registered under ultraviolet excitation at

room temperature. Figure 6 displays excitation and emis-

sion spectra of c-Gd2S3 nanoflowers recorded at room

temperature. The emission spectrum shows a sharp emis-

sion peak centered at 385 nm accompanied by a broad

shoulder at 475 nm, when sample was excited at 260 nm.

The sharp emission peak at 385 nm lies in ultraviolet

region and is attributed to VGd defects, and the broad

emission peak at 475 nm lies in visible region and can be

associated with VS defects (Xixian et al. 2012). Xixian

et al. (2012) have reported that pure c-Gd2S3 nanoparticles

synthesized by the thermolysis of precursor complex

Gd[S2CN(C4H8)]3�phen show strong emission at 286 and

396 nm, when excited at 243 nm.

In general, purity in color of materials can be recognized

by means of color coordinates. Hence, in our present work,

the chromaticity coordinates of c-Gd2S3 nanoflowers have

been calculated from the emission spectrum by using the

commission international De I’Eclairage (CIE) system. The

CIE chromaticity diagram for c-Gd2S3 nanoflowers upon

excitation at 260 nm is shown in Fig. 7. The CIE coordi-

nate is found to be (0.127, 0.088) which lies within the blue

region. The blue color is attributed to broad peak at

475 nm. Therefore, it may be concluded that synthesized c-

Gd2S3 nanoflowers can serve as a blue color producing

material for display applications and light-emitting diodes.

Conclusions

In this paper, green ionic liquid-assisted hydrothermal

synthesis of c-Gd2S3 nanoparticles has been carried out at

low temperature. Ionic liquid [EMIM][EtSO4] was used in

the process. Structural and phase analysis was carried out

using XRPD studies which suggest a Th3P4-type cubic

structure and c-phase for the synthesized nanoparticles.

SEM images suggest that the synthesized nanoparticles

have cuboidal plate-like morphology which assembles in

groups to give flower-like morphology. The calculated

particle size by Debye–Scherrer method is 86 nm, whereas

observed value by DLS technique was 91 nm. The band

gap of as-prepared sample was found 2.95 eV which shows

a blue shift when compared to bulk sample according to

reported literature which might be due to the pronounced

quantum mechanical effect on nanoparticles. Photolumi-

nescence spectra for c-Gd2S3 show a strong emission peak

at 385 nm and a broad shoulder at 475 nm when excited at

260 nm, and thus can serve as a blue color producing

material for display applications and light emitting diodes.

Open Access This article is distributed under the terms of the

Creative Commons Attribution 4.0 International License (http://

creativecommons.org/licenses/by/4.0/), which permits unrestricted

use, distribution, and reproduction in any medium, provided you give

appropriate credit to the original author(s) and the source, provide a

link to the Creative Commons license, and indicate if changes were

made.Fig. 6 Photoluminescence spectra for c-Gd2S3 nanoparticles

Fig. 7 CIE chromatograph for c-Gd2S3 nanoparticles
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