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A study of nanostructured ZnS polymorph by synchrotron X-ray
diffraction and atomic pair distribution function¥

U. P. Gawai,” H. A. Khawal,® M. R. Bodke,” K. K. Pandye,® U. P. Deshpande,°N. P. Lalla,and B. N.
Dole*?

The atomic structure of polymorph Zn-S nanocube and nanowires has been studied using atomic pair distribution function
(PDF) analysis and total synchrotron X-ray scattering data. PDF of sample S1 shows face centered cubic packing and sample
S2 shows hexagonal closed packed structure. Phase transformations were observed with homogenous and
nonhomogeneous treatment of temperature. Samples were synthesized by a hydrothermal method. PDF suggested that
cation-cation (an-Zn*Z) distance for S1 and S2 at 3.85 A with coordination number ~1 and ~4 respectively. The core
structure of cubic ZnS nanostructure with extensive stacking faults was confirmed by TEM. The diameters of the samples
were extracted using PDF data which are in good agreement with the TEM results.The FE-SEM and TEM results that the
sample S1 and S2 having nanocube and nanowires like structures respectively. The interatomic distance was calculated

considering PDF analysis. The energy band gap of samples was estimated using UV-Vis spectra. It was observed that energy
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band gap goes on decreasing during structural transformation from cubic to wurtzite structure.

Introduction

Semiconducting nanomaterials have great attention for both
applied as well as fundamental researchers. ZnS is an important II-
VI group diluted magnetic semiconductor (DMS) material which has
wide band gap of 3.77 eV for wurtzite' structure, and 3.72 eV for
cubic® structure at 300 K with a large exciton binding energy
(~40meV). ZnS has been used as a cardinal base materials for
cathode ray tube (CRT) and field emission display (FED) Phosphors,s'
* electroluminescent device, Light emitting diodes (LEDs),S Infrared
(IR) window,GFieId Effect Transistors (FETs)7 and sensors.®

Most of the people are interested to investigate the different
morphologies like nanoparticles,9 nanorods,m’ n nanowires,n’ 13
nanoribbins,™ and nanotube,” these have been synthesized by
various techniques such as chemical method,™ hydrothermal
method,le'20 thermal method,21 pulse laser
deposition,22 electrochemical deposition,23 molecular beam epitaxy

evaporation

(MBE),24 microwave assisted technique,25 chemical vapor deposition

26
etc.

Now-a-day synchrotron X-ray diffraction (SCXRD) with fast
computing methods has been used for the determination of atomic
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scale structure of materials. SCXRD is also powerful tool to attain
the structure of atoms with shorter length scales.” X-ray diffraction
(XRD) used for the determination of crystal structure of
nanocrystals, it acts as grating and produces a diffraction pattern of
shows (Braggs peaks) crystal structure. Bragg peaks are arising due
to translational symmetrywhich is present in the samples. However,
the traditional XRD method breaks down when shorter wavelength
of high energy X-raywas employed to study the crystal structure of
materials. Recently rapid development in the nanoscience and
nanotechnology has posed new challenges to study the atomic-
scale structure using the XRD. Due to nanocrystalline nature of
materials it does not always act as perfect grating hence XRD
patterns show both Bragg peaks and diffuse componentzs.

The pair distribution function (PDF) is one of the versatile
method which can be applied to any materials. This method has
numerous applications to analyze the structures of nanomaterials
for determining crystal phase and unit-cell parameters and for
quantifying various types of disorder or defects.”®”° Also the PDF
has one of the special approaches which are developed to analyze
diffuse (non-Braggs type) XRD patterns. PDF can be applicable to
the determination of the local structure, degree of disorder,
stacking faults and diameters of the nanomaterials. It gives the
probability of finding an atom at certain distance to another atom;
which reveal the cation-cation and cation-anion and anion-anion
bond lengths. PDF is the Fourier transform of normalization of total
X-ray scattering. The PDF techniques, and total-scattering methods,
allow both the Bragg and diffuse scattering to be analyzed together
without bias, revealing the short and intermediate range order of
the material regardless of the degree of disorder.”>* PDF is a local
structural technique which demonstrates the quantitative structural
information at the nanoscale from synchrotron X—raygs, neutron,
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and electron diffraction® data. PDF is a potentially powerful
technique due to modeling program,36

Herein we report the synchrotron X-ray diffraction method for
details analysis of the atomic structure of polymorph of ZnS which
was recorded at Beamline BL-11 of INDUS-II, RRCAT, Indore, India.
The SCXRD data of S1 and S2 samples were analyzed using different
computing program. Also we present detailed analysis of ZnS
structures using PDF data. There are no reports available in
literature on high energy X-ray atomic PDF analysis of polymorph
ZnS nanomaterials. Masadeh et al.*® and Yang et al®® reported that
CdSe nanoparticles are best fitted by a mixture of crystalline
structures intermediate between zinc blende and wurtzite
structure. The same trend have been used for zinc blende and
hexagonal structure of sample S1 and S2, which shows the
intermediate structure between zinc blende and wurtzite structure
and it is the grand success of this study. Using PDF data interatomic
distances were evaluated considering total scattering structure
function. TEM study candidly outlines sample S1 shows the stacking
fault and S2 shows nanowires. Also a controllable synthesis of two
phases of ZnS samples was discussed quantitively at low
temperature 185 °c.

Experimental details

A hydrothermal method was used to synthesize polymorph of ZnS
nanomaterials. In typical synthesis process 100 ml Teflon-lined
stainless steel autoclave was used. All of the chemicals were of
The
reaction was carried out as appropriate amounts of zinc nitrate (1
mmole), and thiourea (2 mmole) were dissolved in 75ml deionized
(DI) water and ethylenediamine (1:1 ratio) solution. Then two
solutions of same amount were prepared these solutions were

analytical grade and used without any further purification.

stirred for 20 min. using magnetic stirrer at room temperature and
these dispersed solutions were transferred in two autoclave
separately. Then these autoclaves were sealed and kept S1 on hot
plate and S2 in furnace at 185°C temperature for 8 hours then
allowed cooling naturally. Then obtained S1 and S2 product was
centrifuged and washed for several time by ethanol and DI water
and filtered. After this final product was dried in vacuum for 2 hours
at 60 °C.

As synthesized samples were characterized using different
characterization techniques. Synchrotron X-ray diffraction patterns
were recorded with mode angle dispersive X-ray diffraction
(ADXRD) from Beamline (BL-11) at INDUS-2, RRCAT Indore, India at
room temperature and atmospheric pressure. The synchrotron X-
rays diffraction patterns of nanowires were produced using
wavelength of 0.378377 A with the energy ~33 keV. Fourier
transform infrared (FTIR) absorption spectrum was obtained with
Bruker Vertex 70 spectrometer. UV-Vis absorption spectrum was
Elmer lambda-950 UV-Vis
spectrophotometer.Electron Spectroscopy for Chemical Analysis
(ESCA) was produced using X-ray photon energy of Al Ka: 1486.61
eV, 13 KV, and 300 W from Phoibos analyzer. Field emission
scanning electron microscopy (FE-SEM) image and energy
dispersive spectra (EDS) were collected from JEOL JSM-6360 SEM.
(TEM) measurement was

taken on Perkin

Transmission electron microscopy

2 | RSCAdv., 2016, 00, 1-3

undertaken at accelerating voltage 200 kV and selected-area
electron diffraction (SAED) patterns were carried out with a Tecnai
G2 20 at an acceleration voltage at 200 kV.

Results and discussion

Synchrotron X-ray Diffraction study

The Synchrotron X-ray Diffraction (SCXRD) patterns of samples S1
and S2 are shown in fig. 1. The SCXRD measurements have been
achieved by monochromatic white synchrotron beam using Si (111)
channel cut monochromator. All samples were sealed to kapton
foils for further measurements. The 2D images were recorded at 2D
image plate camera MAR 345 with imaging plate 50x30 um using
compound refractive lens. These 2D images were calibrated using
silicon standard. The obtained scattering signal from the samples
was measured independently and subtracted from background in
the data reduction. Then collected 2D diffraction images were
combined and subjected to geometric correction, integrated and
converted to intensity verses 26 using the FIT2D>° program. ZnS
materials exhibit medium range order atomic order which is
expected from ADXRD™® patterns of crystalline ZnS show well
defined Braggs peaks at Q=10.2 A, SCXRD revealed high resolution
diffraction for structural refinement. The entire diffraction peak of
S1 sample can be readily indexed as sphalerite structure while S2
indexed as wurtzite structure. There are no secondary phases
observed in the prepared samples. The SCXRD results are very close
to the standard values card no. (JCPDS-80-0007 space group, P6;mc

Intensity (a.u.)
(111)

(220)

S1

222

| L
_ f(zom

25 30
20(Degree)

Fig. 1 SCXRD patterns of samples S1 and S2 which show the cubic and
hexagonal structures.In the S1 sample a peak observed at (004)
indicates that the wurtzite phase of ZnS.

This journal is © The Royal Society of Chemistry 20xx
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(186)) with a = 3.777 A, ¢ = 6.188 A for wurtzite and JCPDS-80-
0020space group F43m (216) with a = 5.4145 A cubic structures.
Thus for S2 full width at half maxima (FWHM) of the (002) peak is
stronger and narrowest among all peaks, which indicates that
nanowires are grown in the (002) direction, it is further evidenced
by through TEM

(a) (b)

Fig. 20ptimized geometries of the (a) spheralite (Zinc blende)
structure space group F43m of S1 and (b) wurtzite structure space
group P6;mc of S2 as generated from Rietveld refinement.Yellow
coloured balls represent Zn atoms and blue coloured balls
represent S atoms.
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Fig. 3 The experimental Pair distribution function (PDF) G(r) of ZnS
samples S1 and S2. Here S1 and S2 corresponding to spheralite and
wurtzite structures respectively.
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analysis. In the S1 sample (111) diffraction peak is stronger than
others. Lattice parameters were calculated using SCXRD data and
their values are tabulated in table 1. However no extra peaks of
alloy or oxide phases were detected as the cubic to wurtzite phase
transformations.

Atomic pair distribution function Analysis

In order to investigate the core structure of polymorph ZnS
samplesthe SCXRD and PDF technique were combined. In the same
materials with different morphology and structure show drastic
changes in SCXRD and PDF. SCXRD was employed to obtain the PDF
from AD/ED-XRD BL-11 beamline at Raja Ramanna Center for
Advanced Technology (RRCAT), Indore. For the purpose of PDF,
data were corrected and normalized using the program PDFGetX3-
1.1.% pair distribution function G(r) was plotted which reveals the
probability of finding certain distance ‘r’ between atoms.The atomic
PDF is formally defined as,

G(r) = 4mr[p(r) — pol (1)

Where p(r) is the atomic pair density, py is the average atomic
number density and r is the radial distance.*>*

The total scattering technique outlines Braggs peak with
position and intensity gives structure and diffuse scattering with
deviation gives perfect lattice. The PDF G(r) is a one dimensional
function which oscillates around zero and indicates peak position at
distance separation pairs of an atom.The peaks position of the PDF
corresponded to the distribution of distances in the material. The
negative valley in the PDF corresponding to the real-space vector
not having atoms at either of their ends, owing to this reason PDF
resembles Patterson function therefore it is widely applicable for X-
ray crystallography studyzg. Fourier analysis of the total scattering is
known as atomic PDF analysis, means PDF is the Fourier transform
of the scattering intensity. PDF was obtained using the total
scattering  structure  function S(Q) considering  Fourier
transformation is given in equation40 (2). The PDF G(r) is obtained
by a sine Fourier transformation of the reciprocal space total
scattering structure S(Q) function of diffraction data.

Where Q is the magnitude of the wave vector and is derived from Q

2 Qmax 2
6 =2 [ " F@ sintoao @
Q=0

2 Qmax ) (3)
G(r) =~ Q[S(Q) — 1] sin(Qr) dQ
T Jg=o
= 4t sin (0)/A, A is the wavelength of X-rays, 0 is the half scattering
angle.ag’40 The Faber-Ziman type total structural function S(Q) was
related to the diffraction patterns as well as/®*(Q) and the
relation of S(Q) is given below,

5@ =1+ [1°0@) = Y alf @]/ @)

Where I”"h(Q) is the coherent scattering intensity per atom in
electron units and ¢; is the atomic concentration, f; (Q) is X-ray
. . . .39
scattering factor for atomic species type i*. Here we report
Qmax = 10.2 A1 at ~33 KeV is optimized to avoid large terminal
effect and reduce signal to noise ratio. The G(r) gives probability of
finding a neighbor atom at distance r. From the PDF patterns
spheralite and hexagonal structures were confirmed with space

RSC Adv., 2016, 00,1-3 | 3
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group F43m and P6;mc respectively. Sulfide semiconductor
materials may show two well-known structures as zinc blende and

wurtzite structure with identical shared tetrahedral bonding
fordifferent stacking sequences. The close-packed stacking
sequences for wurtzite structure is ABABAB..along (001)

orientation whereas for zinc blende structure the close-packed
stacking sequence is ABCABC...along (111) orientation. Here we
tried to synthesized and model/refine these two structure with
constrain isotropic ADPs for spheralite and anisotropic ADPs for
wurtzite structure. The sharp and well resolved peaks in PDF
suggest high symmetry and a well-defined local structure of ZnS
samples. The PDFs are shown in fig. 3 which gives the interatomic
distances from peaks values. The first nearest neighbor distance for
S1 and S2 are at r = 2.3478 A and r=2.335 Arespectively from
covalently bounded Zn**-s? pair. The second strong and intense
peak is of metal-metal bonding distance at 3.834 and 3.833 A
which representing Zn**-zn* for S1 and S2 respectively. It is
visualized that the finite particle size or diameter is evident in a
falloff in the intensity of structural feature with increasing radial
distance. The ZnS average particle size or diameter has been
extracted from PDF. It was observed that S1 is having average
diameter 22.9 nm and S2 has 15.6nm.

Quantitative structural information can be extracted from
refinement of PDF by comprising the observed PDF and calculated
PDF from models. The PDFgui computer program51 was used to fit
and simulate structural model to the experimental PDF shown in fig.
4 and 5. In fig. 4(a) S1 we treated as zinc blende/ spheralite
structure with spheralite structure model fig. 4(b) S2 reflects
wurtzite structure over wurtzite modeling using isotropic ADPs.
These two structures gives best fit for S1 and S2 structures as
experimental and calculated PDF from refinement, it is agreement
with residual function. Whereas in fig. 5 (a) we model cubic

=2}

0 5 10 15 20

Fig. 4 The refined structural PDF of (a) spheralite S1 (b) wurtzite S2
structure with Gops means experimental PDF.

4 | RSCAdv., 2016, 00, 1-3

RSC Advances

structure with wurtzite and in fig. 5(b) wurtzite with spheralite
5
IL'V=1 w(ri)[Gobs(ri) - Gca.lc(ri)]2 ( )
L w()Goys (1)

structure. In the fig. 5 we observed some peaks matches at certain
extent of ‘r’. It means that there is possibility of multi-phase at the

Ry, =

Fig. 5 The experimental PDF G(r) and calculated refined PDF with
difference curve offset below. PDF data fitted using S1 (a) wurtzite
structure model with space group P6;mc and S2 (b) zinc blende
structure model with space group F4 3min both models isotropic
ADPs used.

Table 1 The refined parameterobtained from PDF analysis of ZnS
samples.

Structural parameters S1 S2
Zinc-Blende  a (A) 5.4222 5.4223
Unit cell volume 159.416 159.441
Zn U11=U»=U33 0.011542 0.000798
S Up1=Up=U33 0.00466862 0.036331
Q gamp 0.0420 0.1770
Zn-S 2.3478 2.34795
Zn-Zn 3.83409 3.83418
Rw 0.250 0.551
Diameter 22.9nm 4.8nm
Hexagonal a(d) 3.8327 3.83302
c() 5.8474 6.26669
Unit cell volume 74.3899 79.7357
Zn Uy1=Uy, 0.000278 0.006452
Us3 0.2148 0.008578
S Un=Uy 0.000798 0.001206
Uss 0.002932 0.13555
S Zfrac 0.387043 0.38084
Q damp 0.04319 0.07528
Zn-S 2.26322 2.335
Zn-Zn 3.60989 3.83314
Rw 0.6181 0.2820
Diameter 0o 15.6nm

This journal is © The Royal Society of Chemistry 20xx
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same structures. The values of refined parameters are summarized
in table 1 of their respective fit which manifested in fig. 4 and 5.
Where Gy is the PDF extracted from the diffraction data,G, is the
PDF calculated from the model and w(r;) is weight. The structural
parameters of the model were unit cell parameter,anisotropic
atomic displacements (ADPs) for the Zn and S atom. A generated
simulated PDF from calculated data which is in excellent agreement
with the experimental data. The resulting very low residual signal
intensity across the fitting range is for samples S1 R,=0.2 and S2
R,,=0.38 (fitting range = 1.7 to 204).

Optical property: Diffuse reflectance spectra

The UV-Vis absorption spectra of semiconductor nanoparticles
depend on their size whereas absorption minimum increases with
the particle size™. UV-Vis diffuse reflectance spectra (DRS) were

1
ahv = A(hv - Eg)2 )
recorded of samples considering BaSO, as background with
wavelength 200 to 850 nm. The UV-Visible absorption spectra of S1
and S2 are shown in fig.6(a). The energy band gap was calculated
using Tauc equation43 (6).

Where a is the absorption coefficient, hv is the photon energy, A is
a band edge sharpness constant, E, is the energy band gap of the

(a)
E)
S
c
-]
S
<3 359.7 nm
g 355.1 nm
<
—(82)
—(81)
200 300 400 500 600 700 800
Wavelength (nm)
(b)

"

2
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2| ——343ev(s2)

S| ——3.52ev(s1)

£

s

T T T
3.2 3.4 3.6 3.8 4.0

Photon Energy (hv)

Fig. 6 UV-Vis diffuse reflectance spectra (a) shows absorption
spectra of samples S1 and S2 and (b) shows its corresponding
Tauc plot for the evaluation of energy band gap.

sample. From the Tauc plot fig. 6(b) the energy band gap is found to
be 3.52 and 3.43 eV for S1 and S2 respectively. It is observed that
the band gap of spheralite S1 is higher thanwurtzite S2 structure
which may be due to staking faults present in the sample S1.

This journal is © The Royal Society of Chemistry 20xx

XPS study

The XPS was employed for the confirmation of chemical
composition of the samples. The XPS analysis of sample S2 was
scanned in the range of 0-1400eV and its survey spectrumis shown
ESIT fig.1(a) (Detailed information about XPS and EDAXis given in
ESIf). It shows that Zn and S were present in the synthesized
samples. No contaminant species were observed within the
sensitivity range of the technique. The corrected peak position of
binding energy observed for Zn2ps/, and Zn2p,, are at 1020.63 and
1043.81 eV respectively.%'50 In fig. 7(a), the spin—orbit splitting of
Zn2ps3sand Zn2p,, is found at 23.18 eV for Zn** state on the basis of
peak positions of Zn2p. From S2p it is observed with overlapping
spin-orbit doublets.The binding energy of S2p centered at 160.69
eV which is characteristics value of metal sulfide (SZ') species.”’
*°From the fig. 7(b) Gaussian fit corresponding to S2ps, and S2py,
shows binding energy at 160.57eV and 161.71eV respectively with
splitting 1.14eV The appearance of all the binding energy values for
Zn 2p and S 2p are in accordance with previously reported position
for ZnS compound. The binding energy values for the Zn3p Zn3d
and S2s are given in ESIT. With further detailed examinations, the

(a) Zn2p
2p,,

- 20,
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2
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Fig. 7XPS spectra of (a) Zn2p and (b) S2p of S2 sample.

compositions of ZnS from XPS as well as EDAX are consistent with
stoichiometric Zn to S free of other impurities such as carbon. From
FTIR ESIT fig. 3, it can be further confirmed the chemical species
present in the samples (detailed analysis is given in ESIT).

Morphological investigation

The transmission electron microscopy (TEM) and field emission
scanning electron microscopy (FE-SEM) were used to examine the
morphology of the samples S1 and S2. TEM was employed to
investigate structural morphology of ZnS samples. To evaluate the
distribution of spheralite to wurtzite structure of samples S1 and to
identify the microstructure, coarseness and stacking faults present
in S1 was evidently examined via TEM and refine PDF (fig. 5a) with
Ry=0.618. Huang et al.® reported that the stacking faults was

RSCAdv., 2016, 00,1-3 | 5
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Fig. 8 TEM image of samples (a) S1 and (c) S2 with SAED patterns(b) and
(d)respectively.

observed at 225 OC, but in our case stacking faults were observed at
temperature ~185°C (inhomogeneous heating) for 8 h with
autoclavewas placed on hotplate (inhomogeneous heating). TEM of

6 | RSCAdv., 2016, 00, 1-3
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sample S1 and S2 are shown in fig. 8 (a) and 8(c). TEM micrograph
shows that extremely uniform diameter nanowires structure were
observed in sample S2 whereas in sample S1 stacking faults
indicating small dislocation were clearly observed. The average
diameter for S2 is found to be 12 nm and length may be tens of
micrometers. Also for S1 the average crystallite size is found to be
30 nm. The selected area electron diffraction (SAED) pattern of S2
also shows that the concentric rings which reflect hexagonal
structure. TEM micrograph of S1 and S2 of ZnS samples shown in
fig. 8 (a, ¢) and its corresponding SAED patterns are depicted in the
fig. 8(b, d) respectively. The spheralite structure which
corresponding SAED patterns in the fig. 8(b) reflects that the single
crystalline nature of S1 sample, whereas SAED patterns in fig 8(d)
reveals that polycrystalline nature of S2 sample. The SAED patterns
can be indexed as that recorded along [0-11] and [-7-12] zone axis

v » ’ *
- L
Fig. 9 The different magnified FE-SEM images of s
S2 (c, d ) respectively.

amplesSl (a, b) and

of samples S1 and S2 respectively. Fig. 9 shows the FE-SEM images
of S1 and S2. In FE-SEM images fig. 9(a, b) some 3D nanocubes and
tiny particles were observed for S1, while in fig. 9(c, d) nanowires
like structures were observed for sample S2.

Conclusions

Polymorph of ZnS nanocube and nanowires were successfully
synthesized by a hydrothermal method at low temperature 185°Cin
the presence of ethylenediamine as the soft template. The
synchrotron X-ray diffraction was employed for PDF analysis. The
PDF was utilized to address the atomic scale structure of ZnS
samples S1 and S2. Total X-ray diffraction coupled to PDF data
analysis which allows to determine the presence of nanoscale
inhomogeneity in the structure. The synthesized sample S1 and S2
of ZnS have spheralite and hexagonal (wurtzite) structures
respectively. The energy band gap of ZnS samples shows more red
shift as compared to the bulk ZnS band gap. The chemical species of
samples S1 and S2 are confirmed from FTIR spectra. It has been
observed from FE-SEM and TEM image analysis that the

This journal is © The Royal Society of Chemistry 20xx
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morphology of samples S1, S2 are nanocubes and nanowires like
structures. The SAED patterns of S1 and S2 indicated single
crystalline and polycrystalline nature of ZnS. The combination of
synchrotron X-ray diffraction and atomic PDF has the potential tool
for the standardizations of atomic scale structure of nanomaterials.
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