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ABSTRACT

We report the hydrothermal synthesis of visible light absorbing and direct
energy bandgap kesterite-structured Cu,ZnSnS, (CZTS) nanoparticles (NP) for
photocatalytic and photoelectrochemical (PEC) applications. The crystal struc-
ture, morphology, composition, and optical properties of CZTS nanoparticles
were analyzed using X-ray diffraction (XRD), scanning electron microscopy
(SEM), and UV-Vis microscopy techniques. The tetragonal kesterite phase CZTS
nanoparticles with compact spherical morphology with an energy bandgap of
about 1.51 eV have been synthesized. The CZTS nanoparticles were employed
as a photocatalyst for the degradation of Rhodamine B (RhB) dye. The study
reveals that the CZTS photocatalysts with compact spherical shape showed
photoactivity around 55% under indoor visible light illumination. The CZTS
photoelectrodes were fabricated on fluorine-doped tin oxide (FTO) substrate
using a doctor blade coating method. The detailed photoelectrochemical (PEC)
studies demonstrate that CZTS photoelectrode showed 2.98% of photoconver-
sion efficiency.
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been increasingly explored and developed to treat the
wastewater. Among the current pollution control

1 Introduction

Dyes are an important class of synthetic colored
organic compounds that are used in many industries
[1]. Consequently, they have become common
industrial environmental pollutants during their
synthesis and dyeing process. Therefore, it is essen-
tial to investigate an appropriate and environmen-
tally friendly treatment for the disposal of these dyes.
A number of biological and chemical treatments have
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technology biodegradation of dye by various
microbes is emerged as an effective and promising
approach [2]. However, the adsorption of dyes occurs
only on the surface of the biosorbent, without
undergoing degradation [3]. Some of the biological
treatments such as aerobic and anaerobic processes
are also not effective for certain dyes [4]. Physical
methods like ion exchange, adsorption, and filtration
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are also not effective because they simply transfer the
dyes to another phase rather than degrading them
[5]. Photocatalysis is an advanced oxidation process
(AOP) in which photocatalyst accelerates the photo-
generated electrons when interact with the light,
offers a solution to those limitations. The AOP
methods are relatively high efficient, cost-effective,
and a green approach for the complete mineralization
of hazardous pollutants [6].

Several photocatalysts have been tested for the
degradation of organic pollutants. TiO, and ZnO are
excellent photocatalysts for the photocatalytic
degradation of organic pollutants. However, the
main drawback of these materials is the absorption
region which is limited only to the ultraviolet region.
Therefore, for the effective utilization of the solar
spectrum, there is a need to develop semiconductor
materials with bandgap in the visible range. The
copper zinc tin sulfide (CZTS) has attracted intense
attention because of its significant advantages such as
less toxicity, low cost, and earth-abundant con-
stituent elements [7]. The CZTS exists in two phases,
which are kesterite and stannite with space group I'4
and I'42m [8], respectively. These phases belong to
tetragonal structures, with a cubic closely packed
array of sulfur as an anion and cations located at one-
half of the tetragonal void, with a stacking similar to
zinc blend structure with lattice parameters
a=546 A and c=1093 A [8]. Especially, kesterite
phase CZTS is a p-type semiconductor material that
shows an excellent optical absorption about 10* cm ™"
and a direct bandgap (Eg) of about 1.45-1.7 eV [9-12],
which makes this material well suited for the appli-
cations such as solar cells photocatalysis [11] and the
gas sensors [13]. The kesterite phase CZTS shows
excellent theoretical photoconversion efficiency as
high as 32.2% [14].

Various physical and chemical methods have been
reported to deposit CZTS thin films which include
sputtering [15], thermal evaporation [16, 17], elec-
trodeposition [18], and spray pyrolysis [19, 20]. The
solution-based methods are the most successful
approach to synthesize CZTS nanoparticles [21, 22].
However, due to several issues such as toxicity and
environmentally harmful reaction solvent (oley-
lamine, hydrazine), these methods have limitations
for the scalable manufacturing processes. Therefore, a
green, reliable and non-toxic solvent-based solution
process for CZTS synthesis is always favorable for its
large-scale production [23, 24].
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Herein, low cost and environmentally friendly
hydrothermal route was used to synthesize the CZTS
nanoparticles using water as a solvent. Some of the
researchers have indeed used hydrothermal method
for the synthesis of CZTS nanoparticles [25-32].
However, most of these studies were focused on the
photovoltaic applications [25-32]. Therefore, in the
present study we have synthesized CZTS nanoparti-
cles using hydrothermal method and the films were
fabricated on the FTO substrate using doctor blade
technique. The structural, optical, and morphological
properties of CZTS nanoparticles were investigated.
Further, the performance of CZTS photoelectrode
was analyzed using PEC measurements under indoor
visible light irradiation.

2 Experimental section
2.1 Chemicals and materials

Cupric sulfate pentahydrate (CuSO45H,0), zinc
sulfate (ZnSO,-7H,0), stannous chloride (SnCl,-2H,._
O), thiourea CS-(NHjy),, ethylcellulose, terpineol,
ethanol, fluorine-doped tin oxide substrate (FTO),
and sodium sulfate (Na,SO,) were purchased from
S.D. Chem. Ltd., which were used without further
purification.

2.2 Hydrothermal synthesis of CZTS
nanoparticles

For the synthesis of CZTS nanoparticles, 0.01 M
copper sulfate, 0.005 M zinc sulfate, 0.005 M tin
chloride, and 0.08 M thiourea were dissolved in
water. The resultant solution was stirred for 30 min
and then transferred into a Teflon-lined stainless steel
autoclave filled up to 75% of its capacity. The auto-
clave was kept in a hot air oven maintained at 180 °C
for 24 h. After that, the oven is kept for cooling nat-
urally to room temperature. The precipitate was col-
lected, washed with distilled water and ethanol
several times, and dried in air at 200 °C for 2 h
[23, 24].

2.3 Fabrication of CTS/FTO photoelectrode
The CZTS thin films were deposited on the fluorine-

doped tin oxide (SnO,:F) (FTO) glass substrate using
the doctor blade coating method. The FTO substrate
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was ultrasonically cleaned with distilled water. Ini-
tially, 10 mg of CZTS sample and 3 mg of ethyl cel-
lulose were mixed and crushed together. A premixed
solution of ethanol and terpineol (10:1) was added
dropwise in the mixture containing CZTS and ethyl
cellulose to form suitable viscous CZTS paste. The
resulting paste was coated on the ultrasonic cleaned
FTO substrate and annealed at 250 °C for 30 min. The
CZTS/FTO electrodes were used as a photoelectrode
to study the performance of the PEC cell. The
schematics of the formation mechanism of CZTS
nanoparticles using the hydrothermal process and
the doctor blade coating method are depicted in
Fig. 1.

2.4 Characterization techniques

X-ray diffraction (XRD) pattern was recorded using
X-ray diffractometer (XPERT-PRO MPD), with CuK,
radiations of wavelength 1.5404 A in 26 range
between 20° and 70°. The Raman spectrum of the
sample was recorded using a Raman spectrometer in
the range 600 to 2100 cm™'. The He-Ne laser with
wavelength of 532 nm was used as an excitation
source. The chemical composition and the morphol-
ogy of CZTS nanoparticles were characterized by
different characterization techniques such as energy-
dispersive X-ray spectroscopy (EDS), scanning elec-
tron microscopy (SEM, JEOL JSM-IT300), transmis-
sion electron microscopy (TEM), selected area
electron diffraction (SAED, CM20FEG, 200 kV), and
high electron transmission microscopy (HRTEM,

Fig. 1 Schematics of
hydrothermal synthesis of
CZTS nanoparticles and
doctor blade coating of CZTS
thin films

Aqueous solution
of Cu, Zn, Sn, and
S precursor

CZTS thin film

ﬁ*

Hydrothermal reaction:
Formation of CZTS nuclei
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JEOL JEM-2100F, 200 kV). The surface area and pore
diameter of CZTS nanoparticles were calculated by
the Brunauer-Emmett-Teller (BET) equation. The
optical properties of the material were studied by
UV-Vis (PerkinElmer) absorbance spectrophotome-
ter at room temperature.

2.5 Photocatalytic activity measurement

The photocatalytic reaction was carried in a 750 ml
glass cylindrical photochemical reactor. In a typical
process, 10 mg of CZTS nanoparticles were mixed in
50 ml of 10 ppm aqueous solution of RhB dye. The
solution was kept in dark for 24 h to achieve equi-
librium. To study visible light degradation, the sam-
ple was illuminated with a 125 W mercury lamp and
changes in concentration of dye were measured using
UV-Vis absorption spectra at regular intervals of
time. The absorption peak observed at 554 nm was
used to determine the degradation of the RhB dye.
The photodegradation efficiency of CZTS nanoparti-
cles was calculated using the following formula [33]:

Ag— A
Degradation efficiency (%) = 0 a1 L% 100 (1)
0

where Ay is the initial absorbance of dye solution
before the addition of a catalyst and A is the absor-
bance at time t after the addition of the catalyst. The
reaction rate constant ‘4’ was determined using the
following equation assuming the first order reaction
kinetics:

CZTS
nanoparticles

FTO substrate

L— - l

@ Springer



3 Results and discussion
3.1 Structural analysis

Figure 2a depicts the XRD pattern of CZTS
nanoparticles synthesized using the hydrothermal
method and air annealed at 200 °C for 2 h. All the
observed diffraction patterns match with the JCPDS-
26-0575 reference of the tetragonal kesterite phase of
CZTS [26]. The diffraction peak observed at
20 = 28.45°, 33.31°, 47.79° and 56.21° could be
assigned to (112), (200), (220), and (312) planes of
kesterite phase of CZTS, respectively. The lattice
parameters calculated for CZTS nanoparticle con-
sidering (112) XRD peak are found to be a = 5.391 A
and ¢ = 10.798 A. The crystallite size estimated from

J] Mater Sci: Mater Electron (2021) 32:22803-22812

the Scherrer formula is found to be ~ 15 nm. From
the XRD pattern, it is seen that the intensity of the
(112) peak is dominant in all the CZTS samples. It is
to be noted that, there are no impurity peaks
observed in the XRD pattern. The XRD pattern of
some binary and ternary phase compounds is [34, 35]
similar to that of CZTS. Therefore, to identify the
kesterite phase CZTS compound, the only XRD pat-
tern is not sufficient. Therefore, to confirm the phase
purity, the Raman spectrum CZTS sample was
recorded. The Raman spectrum showed three major
peaks at positions 287, 338, and 368 cm ™' as depicted
in Fig. 2b. The XRD pattern of CZTS thin film
deposited on FTO substrate is shown in Fig. 2c. These
observations are in good agreement with reported
values for kesterite phase CZTS [36, 37].

Fig. 2 a XRD pattern of " n“
CZTS nanoparticles, b Raman (112) (a) *-CZTS (b) ﬂ“s
spectrum of CTZTS =
nanoparticles, ¢ XRD pattern z -~
of CZTS thin film deposited = z 368
]
on FTO substrate = = =
2 . z
v »
= @20 @)l §
L * b
=
L]
,J (c )
20 25 30 35 40 45 50 55 60 250 280 310 40 370 400
20 (degree) Raman Shift (cm™)
T (112)  (c) * - CZTS thin film|
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A
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o
=
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3.2 Compositional and morphological
studies

In order to estimate the elemental composition, the
energy-dispersive spectroscopy (EDS) technique was
employed. In the synthesis process, the ideal stoi-
chiometric composition of Cu/(Zn + Sn) =1 and
that of Zn/Sn = 1 [36] of metal precursors was cho-
sen. The EDS analysis showed a slight change in the
composition of CZTS nanoparticles. The observed
composition ratio of Cu/(Zn + Sn) was 0.86 and Zn/
Sn ratio was 0.918. For high-performance CZTS-based
solar cell, the optimum composition ratio of Cu/
(Zn + Sn) and Zn/Sn was reported to be about
0.75 ~ 095 and 1.1 ~ 1.4, respectively [36, 37].
Figure 3a-d shows the SEM image of CZTS
nanoparticles synthesized using the hydrothermal
method. From the SEM images, it is seen that the
grown CZTS nanoparticles exhibit coagulation of
nanospheres. The morphology of CZTS nanoparticles
was further investigated by HRTEM analysis. Fig-
ure 4a shows HRTEM images of the CZTS nanopar-
ticles that reveal the relatively small particles

Fig. 3 SEM images of CZTS
nanoparticles synthesized
using the hydrothermal
method at different
magnifications
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of ~ 15 nm size. Figure 4b shows the lattice fringe
pattern of crystalline CZTS nanoparticles. The inter-
planar spacing corresponding to (112) peak is
observed to be 0.318 nm, which is identical to the
theoretical value of 0.31 nm. The SAED pattern
shown in Fig. 4c indicates the polycrystalline nature
of CZTS nanoparticles. The particle size distribution
of CZTS nanoparticles from HRTEM images is
depicted in Fig. 4d. The average particle size is 16.89
nm. The result of the HRTEM image indicates that
the (112) plane is the preferred growth plane of CZTS
nanoparticles.

3.3 Optical studies

The room temperature optical absorbance was
recorded in the wavelength range of about
350-1100 nm. The bandgap energy was estimated by
plotting the graph of (ahv)* versus (hv) and extra
plotting with the energy axis as shown in Fig. 5. The
direct bandgap of spherical CZTS nanoparticles was
estimated to be 1.52 eV which is in good agreement
with earlier reported values [23, 24, 38, 39].

@ Springer
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Fig. 4 a HRTEM image of
CZTS nanoparticles, b lattice
fringe pattern showing
d-spacing, ¢ SAED pattern of
CZTS nanoparticles, and

d size distribution of CZTS
nanoparticles in the CZTS

sample
e
s 50 particles Average
15 ize = 16.89 nm
>
9
£ 12
S
=
29
3
6
3
078 12 16 20 24 28
Particle size (nm)
3.4 BET analysis elucidate the surface area and pore volume. Figure 6

depicts the isotherm of CZTS nanoparticles display-
The CZTS nanoparticles were further analyzed by ing a hysteresis in the relative pressure range from
measuring N, adsorption-desorption isotherm to 0.4 to 0.9. The surface area of CZTS nanoparticles

Fig. 5 The plot of 35
a absorbance vs wavelength of
the CZTS thin film and ~ 3 (@ (b)
b (chv)? versus (hv) for Z
estimation of bandgap energy ;’ 23 ~
of CZTS thin films o ) =
2 a
& -
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< °
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0
Ty T T T
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estimated using BET analysis was found to be 25.086
m?/g. The corresponding pore volume and pore size
estimated were observed to be 0.029 cm’/g and
6.87 nm, respectively. The catalyst with a higher
surface area showed enhanced -catalytic activity
[40, 41]. Also, the bandgap of photocatalyst should be
compatible with the visible region, to improve the
light absorption ability. The CZTS nanoparticles
showed the highest surface area (25.086 m*/g) and
showed a direct optical bandgap of around 1.52 eV.
Therefore, CZTS nanoparticles are used to study the
photocatalytic activity to degrade RhB dye.

3.5 Visible light-driven photocatalytic
activity of CZTS nanoparticles

The CZTS nanoparticles were employed in the pho-
tocatalytic reactor and analyzed for degradation of
RhB dye. The results indicating the variation of
absorbance against the time of degradation of RhB
dye in presence of CZTS nanoparticles are depicted
in Fig. 7a. In the results, at around 554 nm, a gradual
decrease in absorption intensity of RhB dye was
observed over a given period [42]. A decrease in the
absorption intensity indicates the degradation of RhB
dye by CZTS under indoor light illumination. The
percentage degradation efficiency of RhB dye was
estimated using Eq. 1 and found to be 55% within
240 min. Yu et al. [43] reported 60%, 88%, and 95%
degradation of RhB dye using silver and platinum-
doped CZTS photocatalyst. The rate constant k was
calculated wusing Eq.2 and was found to be
0.0046 min~' as shown in Fig. 7c.

40
oh
o
E 30 -
S
=
[-F]
= 20 -
S
<
= A
.

o 10 1 - s,ef
g g
=] ws-e:-:r‘—::-m“"""“d -
v—ol s
> 0 . . . .

0 0.2 0.4 0.6 0.8 1

Relative pressure (P/P,)

Fig. 6 The BET isotherm of CZTS nanoparticles
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The CZTS nanoparticles absorb light photons of
energy greater than the bandgap energy (E; > hv).
The additional energy is transferred to the excited
electrons and therefore electrons migrate from the
valence band to the conduction band of CZTS, which
results in the formation of electron-hole pairs (Eq. 3).
The water molecules on the surface of CZTS
nanoparticles get oxidized by positively charged
holes and results in OH" free radicals (Eq. 4). At the
same time, the electrons from the conduction band
are donated to molecular oxygen to form anionic
superoxide radical O;*, which further helps in the
dissociation of water molecules and the formation of
highly reactive OH" hydroxyl radicals (Eqs. 5-7). The
hydroxyl OH* radicals generated are responsible for
the photodegradation of RhB dye in an aqueous
solution (Fig. 7d). The possible reaction mechanism
of photodegradation is described in the following
equations [44—46]:

CZTS +hv = CZTS (e, — h) (3)
H,O+ hy,=OH"* + H* (4)
O2 +eg, = Oy (5)
0," + H,0= H;O, (6)
H,0, = 20H" (7)
OH"+Dye =Dye__ + Degraded product (8)

The hydroxyl radicals OH* are highly reactive,
which would react with RhB dye to degrade it and
produce non-toxic byproducts. The CZTS nanoparti-
cles have been successfully used for photocatalytic
degradation of methylene blue (MB), Rhodamine B
(RhB), and trinitrotoluene (TNT) [46, 47]. Phaltane
et al. reported 50% degradation of methylene blue
(MB) by CZTS nanoparticle synthesized using the
solvothermal method [48]. Apostolopoulou et al.
studied the degradation of RhB dye using nanocrys-
talline CZTS thin films and reported 97.5% and 70%
degradation of basic blue 41 (BB-41) and acidic
orange 8 (AO-8) organic azo dye, respectively [49].

3.6 Photoelectrochemical (PEC)
performance of CZTS thin films

The photoelectrochemical (PEC) properties were
investigated using CH electrochemical analyzer
instrument, with a three-electrode system consisting
of CZTS as a photoelectrode, Pt as a counter

@ Springer
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Wavelength (nm)
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Fig. 7 a Absorbance vs wavelength spectra of degradation of RhB
dye by CZTS photocatalyst, b plot of A/A, vs reaction time,
b plot of the linear fit of In[A/A,] vs reaction time for evaluation

electrode, and Ag/AgCl as a reference electrode.
Three electrodes were immersed in the redox medi-
ator containing 0.5 M aqueous solution of Na,SO4
(pH = 6) solution under illumination. The sample
was irradiated from the semiconductor electrolyte
interface with a solar simulator with AM 1.5 G illu-
mination (100 mW /cm?). Various cell parameters like
short-circuit current density (J.), open circuit voltage
(Voo), and photovoltaic conversion efficiency (n) of
the cell were estimated using the following equations:

Imax V]TlaX
FF = ——— 10
ISC VSC ( )

ISC VOV

mn

x FF x 100

n(%) = (11)

where FF is the fill factor, # is photoconversion effi-
ciency, Imax is maximum current density, Vi, is
maximum voltage, Js is the short-circuit current
density, and V. is the open circuit potential. The P;,
is input power in watt/cm?

@ Springer

| J] Mater Sci: Mater Electron (2021) 32:22803-22812

1:1
(b)
14 'y A A A A A
0.9
<
% 0.8 -
0.7
0.6 4
0.5 -
10 mg of CZTS
0.4 T T v v T T 4
30 60 90 120 150 180 210 240
Time (min)

of a reaction rate constant of RhB dye degradation, d schematic
illustration of photocatalytic activity by CZTS nanocrystals for the
degradation of RhB dye under visible light

From the -V plot shown in Fig. 8, it is observed
that the sample showed 2.98% of photoconversion
efficiency with a current density (J;) = 8.87 mA/ cm?,
open circuit voltage (V) =0.58 V, and fill factor
(FF) = 58%. The composition of CZTS nanoparticles
is slightly copper poor and zinc rich. The reduction in
Cu concentration below the stoichiometric value
results in the removal of Cu-based binary phases and
leads to the optimized [Cu/(Zn 4+ Sn)] composition
ratio. The existence of the Cu vacancy (Vc,) and Cu-
substituted Zn sites (Cug,) [42] at transition energies
of 0.02 and 0.10 eV above the valance band maxima
greatly influence the power conversion efficiency of
the cell. The Cu poor composition of the film
enhances the Cu vacancy (V) formation and sup-
presses the copper-substituted Zn sites (Cugy),
resulting in a higher short-circuit current density (Js).
The results showed that CZTS can be the significant
candidate for application in solar cell devices [50, 51].
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Fig. 8 Current density (Js.) vs open circuit voltage (V) curve for
CZTS photoelectrodes

4 Conclusion

In this study, kesterite-structured CZTS nanoparticles
were successfully synthesized by facile hydrothermal
route. The analysis of XRD data showed formation of
tetragonal kesterite phase of CZTS. The SEM images
showed dense and compact coagulation of nano-
spheres. The HRTEM images showed the CZTS
nanoparticles with the average size around ~ 15 nm
and (112) orientation is dominant. UV-Vis absorption
spectra showed the direct bandgap-type CZTS with a
bandgap energy of about 1.52 eV, which is optimum
for the absorber layer of the solar energy. The CZTS
nanoparticles were used as photocatalysts for the
degradation of RhB dye. The CZTS nanoparticles as a
photocatalyst displayed 55% degradation of RhB dye
under visible light illumination for 4 h. The PEC
device fabricated using CZTS photoelectrode has
shown 2.98% of photoconversion efficiency. The
results verify that the structural and optical proper-
ties make CZTS a potential candidate for photocata-
lyst as well as photovoltaic applications. Further
research is underway to improve the photocatalytic
and photovoltaic properties of CZTS compound
semiconductors.
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