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ABSTRACT

Copper zinc tin sulphide (CZTS) has emerged as a highly promising, cost-effective, and
environmentally friendly material for solar energy conversion via photovoltaic and photocatalysis.
This paper presents the synthesis of quasi Cu,ZnSnS, nanoparticles using a hydrothermal route
with citric acid as a structure-directing agent. The CZTS nanoparticles' morphological, structural,
and optical properties were comprehensively analysed using X-ray diffraction, scanning electron
microscopy, and UV-Vis absorption studies. The results demonstrate the successful synthesis of
CZTS nanoparticles with a novel narrow size distribution, making them excellent candidates as
absorber layers in solar cells. This discovery holds significant potential for advancing low-cost and
efficient solar energy conversion technologies. By harnessing the unique properties of CZTS, this
research offers a promising solution towards sustainable energy production and a greener future.
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INTRODUCTION

Metal nanoparticles and composites
gained significant attention due to their remarkable
properties and diverse applications'®. Cu and Ag
nanoparticles exhibit unique optical, electrical, and
catalytic characteristics, making them promising
candidates for various fields, including electronics,
photonics, biomedicine, and environmental
remediation”"". Their large surface area-to-volume
ratio and tunable properties at the nanoscale provide
exciting opportunities for cutting-edge research
and technological advancements. Among other,
quaternary composites, Copper zinc tin sulphide

(CZTS) has gained popularity as a sustainable
alternative to conventional photovoltaic materials
for solar energy conversion, owing to its non-toxic
and earth-abundant nature. CZTS devices have
demonstrated high efficiency for different solar cell
applications'. With the increasing global attention
to environmental crises, semiconductor thin film
materials-based second-generation solar cells have
become significant. With an optical band gap of 1.5
eV and an absorption coefficient of 10* cm, CZTS
is categorised as a quaternary semiconductor,
which is advantageous for solar cell applications'.
Utilising a solution deposition method based on
hydrazine has led to a mixed sulfo-selenide device
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achieving an efficiency of 11.1%., while sputtered
pure sulfide CZTS devices have achieved up to
8.4% efficiency'®'7. CZTS, a Kesterite, has replaced
commercially available CIGS solar cells due to
its optoelectrical properties, stability, and cost-
effectiveness'®. The band structure of CZTS is similar
to other Cu-chalcogenides, incorporating Se anions
resulting in a higher VBM and lower band gap'®.

Several methods have been reported for
synthesising CZTS, each with advantages and
limitations. Spray pyrolysis technique is widely
used for CZTS synthesis, involving the atomisation
of a precursor solution followed by pyrolysis on a
substrate. This method boasts exceptional control
over film thickness, composition, and morphology,
making it highly suitable for device fabrication®.
As highlighted by Wang et al., the spray pyrolysis
technique enables the deposition of CZTS films
with superior quality, characterised by uniform
composition and controlled thickness, thus holding
great promise for large-scale CZTS solar cell
production. However, certain concerns associated
with this method must be addressed. Firstly,
the high-temperature processing involved may
pose challenges in terms of energy consumption
and overall sustainability. Secondly, using toxic
precursors raises environmental and health-
related issues, further hindering the method's
long-term viability. Therefore, efforts should be
directed towards developing alternative and greener
approaches to ensure the sustainable production
of CZTS solar cells.

Another approach for CZTS synthesis is the
solution-based method, which involves the chemical
reaction of precursors in a solution. This method
offers simplicity, scalability, and the possibility of
large-scale production?'. A solution-based technique
is a cost-effective and environmentally conscious
means of synthesising CZTS, making it a viable
option for producing CZTS thin films on a large
scale. However, the control over composition and
morphology is relatively lower than the solvothermal
method, which may affect the overall performance
of CZTS films.

One of the widely used methods for
CZTS synthesis is the solvothermal method, which
involves the reaction of precursors in a solvent at
high temperature and pressure. This method offers
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precise control over the composition and morphology
of CZTS nanopatrticles, resulting in high-quality films
with excellent optoelectronic properties?. Zhou
et al., noted that the solvothermal method allows
for the facile synthesis of CZTS nanoparticles with
tunable bandgaps, making it a promising approach
for CZTS-based solar cells. However, the high energy
consumption and use of toxic solvents are significant
concerns associated with this method, limiting its
scalability and sustainability.

In recent years, there has been growing
interest in developing environmentally friendly
methods for CZTS synthesis. For instance, the
hydrothermal method, which uses water as a
solvent, has been explored as a sustainable
approach for CZTS synthesis. Li et al., emphasized
that the hydrothermal method is a green synthesis
route for CZTS, offering a sustainable and
low-cost approach for producing CZTS thin films,.
Meanwhile, environmentally friendly methods
such as hydrothermal synthesis and the use of
renewable precursors are reported?*. Water is much
cheap, readily available and has no toxic effect on
environment. So, if we use water, the hydrothermal
route will be developed and water will replace
the organic solvent, which is more favorable for
synthesising CZTS Nano crystalline materials®>2,

In 2014, Samrat Sarkar and colleagues?®
presented their findings on synthesising
3D-hierarchical microspheres of Cu,ZnSnS§,
(CZTS) through a self-sacrificial template directed
hydrothermal method, with the addition of citric acid.
They optimised the phase purity and morphology
of the final product. The addition of citric acid was
found to reduce the possibility of phase segregation
while also influencing the crystal growth process to
facilitate the formation of the desired 3D structure.

In the same year, Xiuquan Gu and
co-authors?® reported on the synthesis of CZTS
nanoparticles via a one-step solvothermal
approach. The synthesised nanoparticles had a
predominantly single kieserite structure, with a
fundamental band gap of 1.54 eV. The researchers
observed improved performance, which they
attributed to the more excellent stability, sensitivity
to sunlight, and resulting photo electrocatalytic
activity of the CZTS electrodes.
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Yongtao Qu and co-authors® reported
in their study that the synthesis of Cu,ZnSn§,
(CZTS) nanoparticle inks through the injection of
metal precursors into a hot surfactant represents
an appealing approach for fabricating Earth-
abundant thin-film photovoltaic absorber layers
of Cu,ZnSn(S,Se), (CZTSSe). The researchers
discovered that the reaction time, temperature,
and cooling rate of the concentration of acceptor
levels in CZTSSe photovoltaic absorbers and led
to the nanoparticle fabrication process impacted
the doping level, secondary phases, and crystal
structure of the final product. In particular, the
extension of the reaction duration provided a novel
method to enhance increased device efficiency.

Materials synthesis often requires the
use of structure-directing agents (SDAs) to
manage the dimensions, form, and characteristics
of the resulting substances. control the size,
shape, and properties of the resulting materials.
In recent years, citric acid (CA) has emerged as
a versatile and environmentally friendly SDA in
synthesising various materials due to its unique
properties and advantages®.

Citric acid (CA), a natural organic acid
found in fruits, has carboxyl and hydroxyl groups that
can coordinate with metal ions, making it an effective
SDA in developing metal-organic frameworks
(MOFs) and other coordination polymers. For
instance, CA has been used as an SDA in the
synthesis of MOFs with diverse topologies and
properties, including UiO-66, MIL-53, and ZIFs
(zeolitic imidazolate frameworks) (Furukawa et al.,
2010; Tranchemontagne et al., 2008)3'-%2. The use of
citric acid as a structure-directing agent allows for
the facile synthesis of MOFs with tunable porosity
and properties, making it a versatile approach for
materials design.

One of the unique features of Citric acid
is its ability to act as both a chelating agent and a
reducing agent, making it suitable for synthesising
metal nanoparticles. CA can effectively reduce metal
ions and stabilize the resulting nanoparticles due
to its multiple functional groups, such as carboxyl
and hydroxyl groups, which can interact with metal
ions (Makarov et al., 2014)%. For example, CA has
been utilised as an SDA in the synthesis of metal
nanoparticles with controlled size, shape, and
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surface properties (Skrabalak et al., 2007; Tripathi
et al., 2018)34+%, This studies shows that the use of
citric acid as a structure directing agent allows for
the synthesis of metal nanoparticles with precise
control over size, shape, and properties, making it
a versatile approach for nanoparticle synthesis.

Furthermore, CA has been employed as
an SDA in the synthesis of other materials, such as
metal oxides, metal phosphates, and hybrid organic-
inorganic materials. For instance, CA has been
used in the synthesis of mesoporous metal oxides,
including TiO,, ZrO,, and Fe,O,, with high surface
area and controlled porosity for various applications,
such as catalysis and energy storage®-°7. CA
has also been used as an SDA in synthesising
organic-inorganic hybrid materials, such as hybrid
perovskites, by coordinating with metal ions and
stabilising the resulting materials®-%,

The use of citric acid as a structure-
directing agent offers several advantages. First,
CA is a natural and biocompatible acid, making it
environmentally friendly and suitable for various
applications. Second, CA has multiple functional
groups that can coordinate with metal ions and
reduce them, providing versatility in materials
synthesis. Third, CA allows for the precise control
of size, shape, and properties of the resulting
materials, enabling tailored materials design. The
use of citric acid as a structure directing agent offers
a sustainable and versatile approach for materials
synthesis, with potential applications in diverse fields
including catalysis, energy storage®.

In the present work we reported a new
hydrothermal method for synthesising kesterite-type
CZTS microspheres with citric acid as the structure-
directing agent. Our findings reveal that citric acid
plays a crucial role in promoting the formation of
phase-pure CZTS.

EXPERIMENTAL

Materials

The materials used for the synthesis were
AR grade Cupric sulphate extra pure (CuSO,.5H,0),
Zinc(ll)Sulphate Heptahydrate (ZnS0O,.7H,0),
Thiourea (Thiocarbamide) CH,N2S, Stannous
Chloride (SnCl,.2H,0), and 0.02 mol of Citric acid
(0.192 g) purchased from CDH and Ranbaxy. All of
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these materials were of high purity and were carefully
weighed and measured to ensure accurate results.
During the synthesis of CZTS microspheres, the
chemicals were utilised without further purification.
The synthesis process was conducted under
controlled conditions to ensure the materials were
not contaminated or degraded.

Synthesis
Step 1: Development of Precursor

A typical synthesis involved dissolving 0.1
mol of Copper Sulphate (approximately 1.248 g), 0.05
mol of Zinc Sulphate (0.718 g), 0.05 mol of Tin(IV)
Chloride (0.564 g), and 0.6 mol of Thiourea (2.283 g)
in 250 mL of distilled water. The solution was stirred
using a magnetic stirrer until a white cloudy solution
was obtained. Then, 0.02 mol of Citric Acid (0.192 g)
was added to the solution (Sample 1).

Step 2: Hydrothermal route

Next, the mixture was transferred into a
Teflon-lined stainless steel autoclave with a capacity
of 500 mL. The autoclave was then heated to 180°C
using a hot air oven for 24 hours. After heating, the
autoclave was allowed to cool down naturally to
room temperature. The resultant black sample was
then washed several times with ethanol and distilled
water alternately to eliminate any by-products.

The final product was then vacuum dried
at 60°C for 4 h before being characterised. To
investigate the impact of citric acid on the synthesis
process, the procedure was repeated by adding
various amounts of citric acid to the solution of
metal salts while keeping the temperature, time,
and concentration constant. Sample B utilized 0.04
M citric acid, Sample C utilised 0.08 M citric acid,
and Sample D utilized 0.12 M citric acid.

The collected samples underwent various
analyses, including structural studies using X-ray
diffractograms, morphological studies using SEM, and
optical studies using UV-Visible and PL spectroscopy.
To obtain the X-ray diffractograms, the samples were
analysed using an X Pert Pro PAN analytical X-ray
diffractometer within the 2 range of 20 to 80°C using
CuK radiation of wavelength 1.546 A.

SEM micrographs were obtained using a
TECHAI G2 F20 operating at 300kV. Additionally,
UV-Vis spectra were obtained using a Perkin
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Elmer alpha 2 within a wavelength range of
200nm-800nm.

RESULTS AND DISCUSSION

Structural studies: XRD analysis

The X-ray diffraction (XRD) pattern
presented in Fig. 1 shows all the identifiable peaks
for the sample. The kesterite structure of the CZTS
is evident, with the (112), (220), and (312) phases
showing distinct peaks*’. These planes were
observed in all samples, confirming the formation of
the kesterite CZTS phase. Additionally, a preferred
(112) orientation was observed, consistent with
previous reports on CZTS. Copper peaks were also
detected at 2=33.88.

The Debye Scherrer formula was used
to determine the size of the crystalline particles*' in
different samples. The formula considers the diameter
of the particles, the Bragg angle, the width of the
dominant peak, and the wavelength of the X-ray
used. Results indicated that the grain size increased
as the quantity of citric acid used in the growth of the
samples varied. It is observed that with the addition
of citric acid, the impurities in the model are reduced.
As the citric acid increases gradually and slowly, the
material becomes a monophase material.

Fig. 1. X-ray diffractograms of CZTS particles (Sample 1-4)

Morphological studies

By examining the FESEM micrographs,
it is possible to gain significant knowledge about
the morphology of CZTS particles produced using
various citric acid concentrations. It was observed
that when the samples were grown with lower citric
acid concentrations, the CZTS particles exhibited
irregular shapes and sizes. However, when the
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concentration of citric acid was increased to
one-quarter or half of the total metal ion concentration,
the morphology of the CZTS particles changed
drastically, resulting in the formation of spherical
superstructures that resembled flowers, with
diameters exceeding 4pum. Furthermore, the FESEM
analysis also revealed the chain-like structures of
small spherical nanostructures connected to the
larger microspheres. The flower-like morphology
of the spheres was mainly attributed to several
interconnected nanosheets stacked together on the
surface of the microspheres. This unique morphology
is expected to have a significantimpact on the optical
and electrical properties of the CZTS particles, making
them suitable for various photovoltaic applications.

Interestingly, when the citric acid
concentration was increased further, the microspheres'
size remained unchanged, but the morphology of the
CZTS particles slightly altered. The FESEM analysis
suggest an increase in particle size when the samples
were grown with various quantities of citric acid. This
observation could be attributed to the effect of citric
acid on the growth kinetics of the CZTS particles,
leading to the formation of larger particles with different
morphologies. Overall, the FESEM analysis provides
valuable information on the morphology of the CZTS
particles grown with different citric acid concentrations*.
These insights could be helpful in developing novel
synthesis strategies to control the morphology and size
of CZTS particles for various applications, including solar
cells, sensors, and catalysis. Citric acid plays a crucial
role in reducing the likelihood of phase segregation
and facilitating the formation of the desired structure by
affecting the crystal growth process.

Fig. 2. SEM micrographs for CZTS particles (Sample 1-4)

Optical studies

In addition to the FESEM analysis, optical
studies were carried out to investigate the impact
of citric acid concentration on the energy bandgap
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of the CZTS particles. UV spectrophotometer was
used to obtain absorption spectra of the samples
synthesized under various citric acid concentrations.
Tauc plots* were then constructed using the graphs
of (ahv)?versus hv, and the curved extrapolation
provided the band gap values of the samples.

The results showed an increase in the
energy bandgap of the CZTS particles from 1.50 eV
to 1.55 eV with increasing citric acid concentration.
This finding was consistent with the trend observed
in Table 1, which showed that the energy bandgap
of the CZTS material varied in the range of
1.4 to 1.5 eV. Moreover, it was observed that the
energy bandgap increased slowly as the citric acid
concentration was increased. The change in energy
bandgap has significant implications for the optical
and electrical properties of the CZTS particles. A
larger bandgap means that the CZTS particles have
a higher potential to absorb higher energy photons
and convert them into electricity. Additionally, the
increase in bandgap could improve the stability and
durability of the CZTS particles, making them more
suitable for photovoltaic applications.

Overall, the optical studies provided
valuable insights into the relationship between
citric acid concentration and the energy bandgap
of the CZTS particles. The increase in bandgap
with increasing citric acid concentration suggests
that citric acid plays a critical role in modulating the
optical properties of the CZTS particles, which could
be helpful in designing new and efficient synthesis
strategies for these materials.

Table 1: Calculated Band gap

for Samples
Sample Energy bandgap
Aor 1 1.50ev
Bor2 1.51ev
Cor3 1.55ev
Dor4 1.52ev
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CONCLUSION

Synthesis and characterisation of CZTS
particles obtained with citric acid have provided
valuable insights into the properties of these materials.
The use of citric acid as a complexing agent has
been found to play a critical role in modulating the
morphology and energy bandgap of the CZTS
particles. Specifically, it was observed that increasing
the citric acid concentration led to the formation of
flower-like spherical superstructures composed of
interconnected nanosheets, as well as an increase
in the energy bandgap from 1.50 eV to 1.55 eV.

The FESEM and UV spectrophotometer
analyses have demonstrated that. The
concentration of citric acid has a notable effect on
the characteristics of the CZTS particles. These
findings could be useful in designing new and
efficient synthesis strategies for CZTS particles
with tailored properties for photovoltaic applications.
Additionally, the CZTS particles obtained with citric
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acid have the potential for improved stability and
durability, which are important considerations for
their practical use.

Overall, the study has highlighted the
importance of the careful selection of complexing
agents in synthesising CZTS particles and the need
for a comprehensive characterisation approach to
understanding their properties fully. The results of
this study could inform the development of new
materials with improved performance for renewable
energy applications.
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