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In this study, CdS Nanoparticles (NPs) have been prepared
successfully by chemical co-precipitation method, using cadmium
acetate and sodium sulphide as precursors. A comparative study of
average particle size calculated by Scherrer Plot, Uniform
Deformation Model (UDM), Dynamic Light Scattering (DLS)
analysis and Brus Model has been done here. The structural and
optical behaviour of synthesized samples were investigated via X-ray
diffraction (XRD), DLS and UV-Visible Spectroscopy. The XRD
spectra of the prepared CdS NPs revealed the crystalline phase
having cubic structure. The average particles size has been studied
via Debye Scherrer equation and Scherrer Plot. For the theoretical
calculations of particle size along with the induced lattice strain,
considering the broadening effect of lattice strain, Williamson-Hall
analysis was employed. Assuming the lattice strain to be isotropic in
nature, UDM was applied for calculation. The particles size
distribution profile in terms of volume as well as intensity was
recorded using DLS analysis in ethanol medium at room
temperature. Besides this, the enerqy bandgap was obtained by
applying Tauc model in the recorded absorption spectra and he
obtained value of bandgap was used in Brus model for estimating the
average particle size.
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Introduction

Nano-engineered semiconductors have attained significant popularity and still are the major
subject of investigation over the past few decades [1-2]. The appreciable structural and
optical behaviour of these semiconductors arises due to the quantum confinement effect and
their size in nanometer range which is different from their conventional bulk crystals [3-4]. In
view of the novel properties, this kind of materials have potential application in luminescent
devices, quantum dot laser, solar energy converters, super capacitor, optoelectronics,
photocatalytic devices, chemical sensors, field effect transistors, etc [5-8].

CdS is an interesting binary Chalcogenide material, which is most widely studied among II-
VI n-type semiconductors. Due to its wide energy bandgap of 2.42 eV at room temperature, it
is considered as an important and promising material for the optoelectronic application like
solar cell, laser, photodiode, light emitting diode, photo detectors, etc [9-10]. CdS as a
semiconductor provides a variety of advantages like fabulous chemical stability, bandgap
tunability, favourable electronic and optical properties and easy synthesis process [11]. Due
to the ease of preparation, CdS has been mainly explored in the form of nanoparticles
imparting versatile properties to it. There are a range of methods for the synthesis of CdS
nanoparticles such as chemical co-precipitation method, spray pyrolysis, sol-gel method,
microwave assisted method, Thermolysis, hydrothermal method and photochemical method
[12-16]. Among these chemical co-precipitation method is one of the most convenient, fast
and green approach for the synthesis of CdS nanoparticles [11].

In presented study, we have synthesized CdS nanoparticles via chemical co-precipitation
method using cadmium acetate and sodium sulphide as precursors. Furthermore, we
investigated the average particle size via Scherrer formula. Assuming the isotropic nature of
strain, the strain analysis was done via UDM plot using the broadening of XRD spectra.
Besides this, DLS analysis and Brus Equation calculation were done to estimate the average
particles size distribution along with energy bandgap of CdS nanoparticles. In addition, this
study gives the information regarding the size dependent lattice strain and the band gap.

Experimental Method

Reagents and Materials Used:

All the chemicals reagents used for the synthesis of CdS nanoparticles were of analytical
grade and wused directly without further purification. Cadmium acetate
(Cd(CH3COO0)2.2H20), sodium sulphide (NasS), ethanol, acetone, hydrochloric acid and
nitric acid were purchased from Merck. Deionized water was used for preparing a range of
molar solution. To ensure the absence of contaminations, all the glasswares were treated with
a mixture of concentrated nitric acid and hydrochloric acid, and washed thoroughly prior the
initiation of synthesis.

Preparation of CdS Nanoparticles:

The CdS nanoparticles were prepared using chemical co-precipitation method. In a typical
experiment, molar solution of cadmium acetate and sodium sulphide is prepared using the
deionized water. The molar solution of cadmium acetate is kept on a magnetic stirrer for
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continuous stirring at 700 rpm at room temperature. The molar solution of sodium sulphide
is loaded in a clean burette whose nozzle is fixed just above the conical flask containing the
cadmium acetate solution. After the continuous stirring of cadmium acetate solution for 20
minutes, sodium sulphide solution was added to the cadmium acetate in a dropwise manner
which takes almost 1 hour. The precipitates start forming as soon as the drop of sodium
sulphide falls into the cadmium acetate. The chemical reaction taking place is shown by the
equation below:

Cd(CH;COO), + Naj5——— CdS + 2CH;COONa (1)

The whole yellowish colloidal solution containing the precipitates is kept on the stirrer for 6
hours at the temperature of 70° C. The obtained solution is washed several times using
ultracentrifuge at 5000 rpm with plenty of ethanol for the removal of other salts present in it.
The final obtained residue is dried for 2 hours at 60°C to get the fine powder CdS
nanoparticles.

STEP 1 STEP 2 \

Mixture of
Cadmium Acetate and
Sodium Sulphide

Molar Solution of
Sodium Sulphide
Burette

STEP 3

Molar Solution of

Cadmium Acetate Dried Powder

o:fe, %
AR e
200:0 -2

Final Residue Drying in Oven

Magnetic Stirrer

Figure 1. Steps involved during the synthesis of CdS nanoparticles via chemical co-precipitation
method

Characterization Techniques:
For the structural and optical characterization of the prepared CdS nanoparticles; X-Ray
Diffraction, Dynamic Light Scattering and UV-Visible Spectroscopy were performed.

Structural Characterization: The X-ray diffractometer (RIGAKU) with copper target emitting
Cu K, radiation (wavelength=1.54 A) was used to record the diffraction pattern in the 26
range 20° to 60° at room temperature. The intrinsic structural behaviour of the synthesized
CdS nanoparticles has been examined through powder x-ray diffraction technique. The

102



Indonesian Physical Review. 3(3): 100-110

recorded XRD spectrum of the sample gives the intrinsic crystallographic information like
crystallinity, phase, grain size, interplanar spacing, lattice parameters, etc.

The interplanar spacing between the atomic layers was calculated using Bragg's law,
mathematically expressed as

nA = 2d sin® 2)

Where n is the order of diffraction, d is the inter planar spacing between the atomic layers, A
is the wavelength of incident x-ray beam (1.54 A) and 0 is the diffraction angle. The lattice
parameters of the sample were easily calculated. The angles between the edges along x, y and
z- axis is 90° since the structure is cubic and the value of lattice constant is a=b=c, i.e. only
single parameter is required to be calculated via equation below:

d = a/ (h2 + k2 +12)172 (3)

On substituting the obtained value of lattice constant (a), the volume of the unit cell was also
calculated. Beside these, the average grain size and intrinsic strain of the CdS nanoparticles
was obtained through the Scherrer method and adjusted Williamson Hall models like
Uniform Deformation Model, assuming the crystals to be isotropic in nature.

Scherrer Method:

The peaks of the obtained x-ray diffractogram appeared to be broadened in the nanocrystal
due to three major factors: crystalline size effects, intrinsic strain effects and the instrumental
broadening. To obtain accuracy in the calculations, the effect of instrumental broadening is
subtracted from the experimentally observed XRD peaks using silicon as a standard material.

The average grain size or particle size (D) was determined by using Debye Scherrer equation

_ K
D= BcosO (4)

Where k represents the shape factor (0.9), B is the full width at half maxima in radian, 6 and A
have their usual meanings. The value of particle size from Scherrer equation was found to be
4.2 nm. On rearranging the above equation we get

K1
cose—D.B )

The plotted graph 1/p versus cosf as shown in figure 3 is known as Scherrer plot. The slope
of the graph taken in modulus is used for calculating the value of average particles size (D),
which was found to be 4.4 nm. The other essential structural parameters like dislocation
density and stacking fault were calculated through the following equations:

Dislocation density, & = 1/D? 6)
Stacking Fault, SF = [(2m2/ 45(3 tan 0)/2]p (7)

Williamson Hall Analysis:
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The Scherrer equation only accounts the broadening effect of the spectra due to crystallite
size and does not include the intrinsic strain effect created within the lattice by stacking fault,
point defect, grain boundary, etc. There are several ways for calculating the intrinsic strain
along with the particle size simultaneously. Williamson Hall method is one of the easiest and
simplified methods. W-H method states that the total broadening of the diffraction peak is
given by the sum of the broadening due to size and broadening due to strain-induced in the
nanocrystal, which is written as

Brotal = Bsize * Bstrain (8)

Where fsi,e represents the broadening due to size, also written as i, and Bgrain represents
the broadening due to strain. By using modified W-H equations such as UDM, UDSM and
UDEDM the particle size and strain values can be calculated. In the present work, we have
focussed on Uniform Deformation Model (UDM) only.

Uniform Deformation Model:

The Uniform Deformation Model (UDM) accounts the isotropic nature of the intrinsic strain
induced within the crystal lattice due to various imperfections. This intrinsic strain is
responsible for the surplus physical broadening of the XRD pattern apart from the crystalline
size effect and can be mathematically expressed in the form of equation

Bstrain = 4€tan 0 ©)

Where, the strain induced in the sample is represented by €, peak broadening is represented
by Bstrain- On rearranging the above equation, the strain induced due to crystal defect and
imperfection can be written as,

_ Bni
&= 4tan® (10)

Where By represents the total sum of broadening (FWHM) due to size as well as strain at a
particular hkl peak value, can be expressed as,

Bkt = Bsize T Bstrain (11)

From equation (x), the Scherrer equation can be rearranged as,

KA 1
Bsize = D coso (12)

Substituting the equation (2) and (5) in equation (4) and multiplying with (cos 0) both sides,
we get

Bhkl' cos = KF}\ + 4¢.sin 0 (13)

The above equation (13) is Williamson Hall equation representing the uniform deformation
model (UDM) in which the induced strain of the crystal is assumed to be isotropic in nature.

104



Indonesian Physical Review. 3(3): 100-110

The optical properties were explored using Dynamic Light Scattering (Zetasizer Nano ZSP,
Malvern Instruments) and UV-Visible spectroscopy (RAYLEIGH UV 2601). DLS was used to
determine graphical profile of particle size distribution. The UV-Visible spectroscopy was
carried out to investigate the optical behaviour of CdS nanoparticles. The absorption
spectrum of the powder sample was recorded using spectrometer in the wavelength range
200-800 nm at room temperature. The energy bandgap of the sample was calculated using
Tauc Model which is expressed in the form of equation

ahv = A (hv- Eg)» (14)

Where hv is the incident photon energy, a is the absorption coeficient, Eg is the difference
between the energy levels conduction and valence band i.e. the energy bandgap and A is
taken as a constant. The power n depends on the nature of electronic transition responsible
for optical absorption and its value is taken to be 1/2 for this case i.e. direct allowed
transition.

The obtained value of energy bandgap from Tauc model could be utilized here to describe
the particles size of the sample using Brus model. The model is based on the quantum
mechanical approximation of effective mass which is mathematically described by equation.

1 1 ) 3.6 €2

* *
mg mp

h2
Egmano) = Eg(Buig) + ﬁ( (15)

4TET

The model describes the relationship between the bandgap of nanomaterials (Egmano)),
bandgap of bulk materials (Eg®u)), diameter of the particle denoted by r, Planck’s constant
(h), effective mass of the electron (m.*) and hole (my*). The following values of the
parameters were considered for the calculation: Egmano) = 3.90 eV (from Tauc plot), Egpuy) =
2.42 eV (for bulk CdS), h = 6.626*1034Js, mc* = 0.19 me, mp* = 0.8 me, me = 9.1*10°1 kg, e =
1.6*1019 Cand ¢/e9 = 5.7.

Result and Discussion

XRD Analysis:

Figure 2 illustrates the typical X-ray diffractogram of CdS nanoparticles recorded in the
range of 20° to 60° at room temperature. The diffractogram revealed the three major peaks at
20 = 26.7°, 44.2° and 51.9°, clearly indicating the sample was crystallized in cubic CdS
structure (JCPDS Card No. 10-454). These peaks corresponds to (111), (220) and (311) crystal
plane respectively. The broader peaks appeared on the diffractogram confirms the nanoscale
ranged particles formation. This broadening could be also occurred due to the instrumental
broadening effect. In this case the instrumental broadening effect is assumed to be negligible
and not accounted in the calculations.
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Figure 2. (a) XRD spectra from 20<20<60 and (b) Scherrer Plot of CdS nanoparticles.

The average crystallite size of the particle was found to be 2.76 nm from the Scherrer
equation as stated in equation (4). The value of the interplanar spacing is approximately
calculated using Bragg’s law and found to be 3.33 A. The other parameters like lattice
constant, volume of unit cell, dislocation density and stacking fault were calculated from
equation (3), (6) and (7) respectively.

Table 1. The summary of the important structural parameter of CdS nanoparticles.

Compound Avg. Interplanar Lattice Volume of Dislocation  Stacking
crystallite Spacing Constant unit cell Density Fault
size(nm) ‘d’(A) ‘a’(A) ‘a¥ (A)3 (1017
lines/m?3)
Cds 2.76 3.33 5.76 191.87 1.31 0.0298

The equation (13) indicates the straight line equation (y = mx + c) analogy in which y
is Bhik- cos 0, slope m is €, x is 4sinf and intercept is KA/D. Figure 3 shows the UDM plot of
4sin® along the x-axis versus PcosO along the y-axis. The linear fit of the data provided
intercept and slope values, which was further used for calculating the average crystallite size
and the strain ¢ respectively. The strain induced in the lattice is mainly due to the lattice
expansion or contraction due to quantum confinement effects. These confinements are
responsible for the distortion of the atomic arrangements compared to the bulk counterpart,
creating the defects and deformation, hence intrinsic lattice strain is induced. The average
crystallite size was found to be 2.1 nm. The negative slope indicates the lattice contraction
which creates lattice strain of 1.235 *10-2.
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Figure 3. Uniform Deformation Model (UDM) plot.

Particle Size Analysis using Dynamic light scattering (DLS):

Dynamic light scattering (DLS) also known as Quasi Elastic Light Scattering (QELS) is an
ideal technique used to estimate the hydrodynamic particle size of samples like gold
nanoparticles, protein molecules, etc within the range of nanoscale. This technique is based
on the phenomenon of light scattered from a solution or suspension, undergoing some
definite changes in their intensity which ultimately helps to ascertain the size of particles that
scatter the light. The average hydrodynamic diameter of the as synthesized CdS
nanoparticles was measured via DLS (Zetasizer Nano, Malvern) in ethanol medium at 25° C.
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Figure 4. DLS histogram showing particles size distribution in terms of Intensity and volume of the
particles.

Prior the measurement was taken; the sample was first uniformly dispersed in ethanol using
ultrasonication for 20 minutes. The obtained dispersed solution was poured in quartz
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microcuvette and three measurements were taken from which the average result was
recorded. Figure 5 illustrates the average hydrodynamic particle size distribution of the
sample with respect to (a) Intensity and (b) Volume. The scales in the x-axis are choosen to be
logarithmic whereas the y-axis scales are kept linear. The most of the particle size from figure
5 is obtained to be in the range of 300-400 nm whereas few particles are in the range of 40-90
nm. These obtained values of particle size are very high as compared to those obtained from
Scherrer and UDM plot. This may due to the agglomeration and surface solvation. Besides
this, DLS measurements assume the spherical shape symmetry of the particles irrespective of
the morphologies which also considers the ions and molecules attached to its surface.

UV-Visible Spectroscopy

Figure 6 (a) illustrates the absorption spectra of CdS nanoparticles which shows the single
broader peak near 370 nm wavelength. It is clearly seen that this characteristic peak of CdS
nanoparticles in the quantum size range is showing blue shift of the with respect to the bulk
CdS. The quantum confinement effects in the CdS nanoparticles are probably liable for this
blue shift. The bandgap of the CdS nanoparticle was obtained by extrapolation of the graph
of (ahv)? versus hv (using equation 14) to its x-axis as shown in figure 6(b). The value of
bandgap was found to be 3.90 eV. This increment in the value of bandgap of CdS
nanoparticles as compared to the bulk CdS (2.42 eV) is clearly showing the shift in the blue
region.

4.0
——CdS ——CdS
T 35
© oL
o 301 £ =
o S Eg =3.90eV
= &
S 254 ~
= >
o =
2 20 3
<
1.54
300 400 500 600 700 800 " 28 32 36 40 44 438
Wavelength (nm) Photon Energy (eV)

(a) (b)
Figure 5. (a) Absorption spectra and (b) energy bandgap of CdS nanoparticles.

For estimating the particle size from the obtained bandgap of CdS nanoparticles, the required
values of the various parameters were put in equation (15) i.e. Brus equation. It was found
that contribution from the last term of right hand side of the equation (15) is of the order of
10-20 ] which is negligibly small. The calculated value of the particle size of the as synthesized
CdS nanoparticles from Brus equation was found to be 2.60 nm, which is in close agreement
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to that obtained through XRD analysis. The table 2 shows the comparison of the average
particles size of CdS nanoparticles obtained through various techniques.

Table 2. Average particles size estimated via UV Visible analysis (Brus Equation), DLS analysis and
XRD Analysis (Scherrer Plot and UDM Plot) and DLS analysis.

Sample Bandgap  Avg. Particle Avg. Particle Avg. Crystallite ~ Avg. Crystallite

(eV) Size from Brus  Size from DLS Size from Size from UDM
Equation (nm) analysis (nm)  Scherrer Plot (nm) Plot (nm)
Cds 3.90 2.60 40-400 44 21

Conclusion

It is concluded from this work that pristine CdS nanoparticles were successfully prepared
using chemical co-precipitation method, which was further investigated via XRD, DLS and
UV Visible spectroscopy for the comparative study of particles size analysis along with
lattice strain and energy bandgap calculation. The value of energy bandgap of sample,
estimated using Tauc equation was found to be 3.90 eV. This obtained value of bandgap was
used for calculating the particle size using Brus equation and was found to be 2.60 nm.
Besides this the particles size distribution was studied from DLS analysis, which provided
the range of particles size from 30-300 nm. The average crystallite size and lattice strain has
been evaluated through the peak broadening analysis via Scherrer plot and Uniform
Deformation Model. Finally, Scherrer plot, UDM plot and Brus equation shows that the
distribution of the average particle size are nearly similar, which is highly accurate and lies in
the range 2.6-4.5 nm. DLS is not very effective methods for particle size analysis as the range
of the particles size distribution is broader.
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