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ial application of photovoltaic
Cu2SnS3 (CTS) nanoparticles†
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C. D. Lokhandee and Jin Hyeok Kim*a

In the present work, Cu2SnS3 (CTS) nanoparticles were synthesized using the hot injection method. The

structural, compositional and optical properties of the nanoparticles were evaluated using the X-ray

diffraction (XRD), Raman spectroscopy, transmission electron microscopy (TEM) and UV-visible

spectroscopy techniques, respectively. The XRD and Raman studies confirmed the formation of monoclinic

CTS nanoparticles. The TEM and UV-visible spectroscopy studies indicated the formation of spherical

nanoparticles in the size range of 10–12 nm with a band gap of 1.24 eV. The CTS nanoparticles were tested

for antibacterial activity against Gram-positive (Staphylococcus aureus) and Gram-negative (Escherichia

coli) bacteria strains by the agar-well diffusion method. The antibacterial activity of the nanoparticles was

identified by determining the zone of inhibition (ZOI) and minimal inhibitor concentration (MIC). The study

results reveal that the synthesized nanoparticles possessed excellent antibacterial activity against both

bacterial strains, indicating the potential of the material for further research in biocidal applications. Finally,

a plausible mechanism of antibacterial activity of the nanoparticles is proposed.
1. Introduction

The unceasing search for non-toxic and earth-abundant mate-
rials for solar cell applications has gained momentum in recent
years due to proliferating environmental and energy concerns.1

The emerging ternary semiconductor compound Cu2SnS3 (CTS)
possesses similar optical properties to Cu2ZnSnS4 (CZTS) and
offers to alleviate its structural complexity due to the reduced
number of elements.2 The ternary semiconductor CTS is an
intensively researched material due to its favorable properties
such as high absorption coefficient (105 cm�1), tunable band
gap (1.1–1.5 eV) and ability to be produced from earth-abundant
and non-toxic materials.3,4 These alluring properties of the
compound have prompted intensive research work in the
fabrication of CTS based thin lm solar cells, which have
enhanced the power conversion efficiency from 0.11% to
4.6%.2,5 While the intriguing properties of CTS have attracted
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enormous attention for photovoltaic applications, it has also
been employed in various other applications such as Li-
batteries, H2 production, photocatalysis, waste-water treat-
ment and gas sensing.6–9 Despite these wide applications, the
antibacterial activity of CTS still remains unexplored.

Various inorganic materials such as ZnO, TiO2, Ag and Au
have been previously employed for antibacterial activities.10–14

Recently, the antibacterial activity of CZTS against Gram-
positive and Gram-negative bacteria has been demonstrated,
indicating the high activity of the material against bacterial
growth.15 The specic advantages of these inorganic materials
for antibacterial application are the use of non-toxic earth-
abundant materials and the fact that they are synthesized
using simple methods. Also, these materials contain elements
that are important for metabolic activity in humans.15 The
human body is composed of various major elements like O2, N2,
S and trace elements like Cu, Zn, Sn, etc. The human body
contains roughly 75 mg of Cu, which acts as a catalyst in the
formation of melanin for pigmentation of skin and has an
active role in the repair of tissues. Sn (1–3 mg) plays an effective
role in relieving low blood pressure and stomach parasites
whereas S is a building block of proteins, cells and tissues. The
other important aspect which should be considered is the
toxicity of these inorganic elements. Earlier studies have
demonstrated that materials containing Cu, Zn, Sn and S in
small quantities showed a negligible negative effect on the
human body but a greater effect on bacteria.15–17 Hence, the
non-toxic nature of these inorganic elements combined with
the low elemental cost makes them effective for biocidal
RSC Adv., 2017, 7, 33737–33744 | 33737
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applications. Inspired by these facts, in the current study, we
have successfully demonstrated for the rst time the antibac-
terial activity of CTS against pathogenic strains, and a plausible
mechanism for the antibacterial activity of CTS nanoparticles is
discussed.

CTS nanoparticles have previously been synthesized using
chemical methods such as solvothermal, hydrothermal,
microwave and hot injection.18–21 The hot injection method
possesses the advantage of close control over the size, shape
and stoichiometry of the nanoparticles, making it an attractive
method for nanoparticle synthesis. Nanoparticle synthesis with
a cost effective approach is highly demanding. Proper experi-
mental design, solvents and chemical precursor selection are
vital for the cost effectiveness of nanoparticle synthesis. Metal
precursor sources such as chloride, iodide, acetate and acety-
lacetonate are currently employed for CTS nanoparticle
synthesis by the hot injection method.22–25 The cost of metal
precursor sources adds to the cost of nanoparticle synthesis.
Compared to the above metal precursors, sulfate precursor
sources are cheap and hence can undeniably reduce the cost,
making nanoparticle synthesis more economical. Recently, we
have demonstrated the effect of metal precursor sources on CTS
nanoparticle synthesis for photovoltaic application.3 The
current work demonstrates the synthesis of CTS nanoparticles
from a cost effective sulfate metal precursor source and its
antibacterial activity against bacterial strains (Gram-positive
and Gram-negative bacteria). The synthesized nanoparticles
are characterized using a comprehensive range of techniques
and their antibacterial activity is assessed in terms of the zone
of inhibition (ZOI) using the agar well diffusion method.
2. Experimental details
2.1 Synthesis of CTS nanoparticles

All chemicals were used as received without further purica-
tion. Copper sulfate (CuSO4$XH2O), tin sulfate (SnSO4$2H2O),
sulfur powder and oleylamine (OLA) were purchased from
Sigma-Aldrich. In a typical synthesis, 1.5 mM copper sulfate and
1 mM tin sulfate solutions were mixed in 20 ml OLA in a three
neck ask. The mixture was purged with argon and the
temperature was raised to 140 �C, and the mixture was aged for
10 min to form a Cu + Sn complex. Aer complex formation, the
temperature was raised to 240 �C and then 3 mM sulfur powder
dissolved in 5 ml OLA was swily injected into the ask. The
reaction was further aged for 10 min to form a black precipitate.
Aer completing the reaction, the reaction mixture was natu-
rally cooled to room temperature and centrifuged at 5000 rpm
for 10 min. The precipitate was washed with acetone and
deionized water four times to remove by-products. Finally, the
obtained black powder was dried in the oven at 80 �C for 6 h and
used for further characterization and application.
2.2 Characterization

The structural properties of the CTS nanoparticles were studied
using high-resolution powder X-ray diffraction (PXRD) with Ni-
ltered Cu-Ka radiation of 1.5405 Å (X'pert PRO, Philips,
33738 | RSC Adv., 2017, 7, 33737–33744
Eindhoven, Netherlands). The Raman spectra of the CTS
samples were recorded in the range of 150–500 cm�1 by using
a micro-Raman spectrometer (Via Reex UV Raman micro-
scope, Renishaw, U.K. at the KBSI Gwangju Center) employing
a He–Ne laser source with an excitation wavelength of 488 nm
and resolution of 1 cm�1 at 15 mW laser power. A high-
resolution transmission electron microscopy image was ob-
tained using a high-resolution JEOL-3010 microscope. An
optical absorption study was carried out in the wavelength
range of 200–1000 nm using a UV-Vis-NIR spectrophotometer
(Cary 100, Varian, Mulgrave, Australia). The bacterial colonies
were visually characterized using eld emission scanning elec-
tron microscopy (FE-SEM, Model: JSM-6700F, Japan).
2.3 Antibacterial assay

Stock cultures were seeded on agar slants for activation. The
slants were incubated at 37 �C for 24 hours and then used for
further experiments. All media, glassware and other necessary
equipment such as micropipette tips, syringes etc. were auto-
claved at 121 �C at 15 lbs pressure for 15 minutes. The nutrient
agar was allowed to cool to about 37 �C. Each ask was inocu-
lated with a single organism (Escherichia coli or Staphylococcus
aureus). Nutrient agar from each seeded ask was poured into
separate Petri plates and allowed to set. Two wells were
prepared in each plate, one for control and the other for testing.
A 1 mg sample of CTS nanoparticles was loaded into the well.
The plates were then incubated at 37 �C for 24 hours and the
ZOIs were measured in mm. The minimal inhibitory concen-
tration (MIC) was determined by observing the growth of
microorganisms aer overnight incubation.
3. Results and discussion

The XRD pattern of CTS nanoparticles shown in Fig. 1(a) clearly
shows the existence of (002/131/200), (133/202) and (331/113)
peaks, indicating the formation of the monoclinic Cu2SnS3
phase (ICSD: 91762) with preferred growth orientation along the
(002/131/200) plane. The observed XRD result is consistent with
the literature report.2 The broad nature of the XRD peaks indi-
cates the formation of smaller sized nanoparticles, with the size
of the nanoparticles estimated as 8 � 2 nm. Apart from these
characteristic CTS peaks, the additional peaks observed in the
spectra at 2q ¼ 21.65�, 31.72� and 38.61� are attributed to
secondary CuS and SnS phases (marked by ‘#’ and ‘*’ for CuS
and SnS, respectively, in Fig. 1(a)). As CTS is a ternary
compound, it is formed from the reaction between CuS and
SnS,1 hence the possibility of forming these secondary phases is
relatively high. The polymorphic nature of CTS allows it to
stabilize in various crystal structures, namely cubic, tetragonal
andmonoclinic, which all produce similar diffraction patterns.2

Hence, Raman scattering was further used as a complementary
technique for structure determination due to its sensitivity to
atomic vibration. The Raman spectrum shown in Fig. 1(b)
depicts the intense vibrational mode peaks at 293.35 cm�1,
320.59 cm�1, 351.38 cm�1 and 376.18 cm�1 that correspond to
the monoclinic Cu2SnS3 phase, and matches well with the
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) XRD and (b) corresponding Raman spectrum of CTS nanoparticles.
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literature report.26 The observed slight shi in the Raman peak
positions in the present work compared with the literature
report can be attributed to the slight deviation in the elemental
composition. The shoulder peak at 320.59 cm�1 is attributed to
Cu–Sn atomic bond vibration and the broad nature of these
vibrational peaks is associated with the phonon connement
effect. The vibrational mode peaks at 255.19 cm�1 and 474.56
cm�1 observed in the spectrum correspond to SnS and CuS
secondary phases, respectively. Hence, the presented Raman
result is well consistent with the XRD result and conrms the
formation of the monoclinic Cu2SnS3 phase with minor CuS
and SnS secondary phases. The formation of the CuS secondary
phase is more prominent than that of SnS, which can be
explained by the principle of hard and so acids and bases
(HSAB), where the so Lewis base (S) preferentially reacts with
the so Lewis acid (Cu) than with the hard Lewis acid (Sn).27

This preferential reaction leads to a difference in the chemical
reactivity of the two cations with the anions and hence even-
tually leads to phase segregation. Thus, the chemical reactivity
of the precursors signicantly inuences the phase formation.

The typical optical absorption curve of the CTS nanoparticles
depicted in Fig. 2(a) indicates broad optical absorption in the
wavelength range of 350–800 nm (visible to near-IR region), highly
desirable for photovoltaic application. The corresponding band
Fig. 2 (a) Optical absorbance spectrum of CTS nanoparticles and (b) ba

This journal is © The Royal Society of Chemistry 2017
gap plot shown in Fig. 2(b) was generated by extrapolating
a straight line of the plot (ahv)2 as a function of the photon energy
hv (a ¼ absorption coefficient, h ¼ Planck's constant and v ¼
frequency). The estimated band gap was found to be 1.24 eV and
is consistent with the reported values.1,3 The optimal band gap of
these nanoparticles reveals their suitability as a photo-absorber
material for solar cell application. The EDX spectrum of the CTS
nanoparticles presented in Fig. 3(a) conrms the presence of Cu
(32.52 at%), Sn (18.57 at%) and S (48.91 at%) in the approximate
stoichiometric ratio of the Cu2SnS3 compound but with slightly
depleted copper and sulfur contents. The slight deviation in
stoichiometric composition can be attributed to the difference in
chemical reactivity of the precursors as mentioned before. The
TEM image (Fig. 3(b)) of the CTS nanoparticles apparently reveals
dispersed particles with spherical shapes, having an average
particle size in the range of 10–12 nm. Some particles with larger
sizes (20 nm) are also visible, which can be attributed to the
aggregation of smaller particles to form larger particles. The
average particle size of the nanoparticles is consistent with the
size evaluated from the XRD study.

The antibacterial activity of the CTS nanoparticles against
Gram-positive and Gram-negative bacteria was evaluated by
determining the ZOI and MIC. Fig. 4 indicates the antibacterial
activity of the CTS nanoparticles. The bacterial ZOI is clearly
nd gap plot of CTS nanoparticles.

RSC Adv., 2017, 7, 33737–33744 | 33739
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Fig. 3 (a) EDX spectrum of CTS nanoparticles and (b) TEM image of CTS nanoparticles.
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seen for the tested bacteria aer 24 h incubation. The observed
radius of the ZOI is 22 mm and 15 mm for E. coli (Gram-
negative) (Fig. 4(a)) and S. aureus (Gram-positive) (Fig. 4(b)),
respectively. The difference in the area of the ZOI may be
attributed to the differences in cell membrane structure and
thickness of the bacterial cell walls. The bacterial cell wall
thickness of S. aureus and E. coli is approximately 80 nm and
10 nm, respectively.28 Hence, due to the higher cell wall thick-
ness of S. aureus bacteria, the radius of the ZOI is smaller than
Fig. 4 Photographs of the zone of inhibition (ZOI) of CTS nanoparticles f

33740 | RSC Adv., 2017, 7, 33737–33744
that of E. coli, as the cell wall resists the diffusion of nano-
particles and the damage that they cause to the cell membrane,
thereby protecting the cytoplasmic uid and hence the bacte-
rium. Fig. S1(a and b)† represents the MIC of E. coli and S.
aureus, respectively. The observed MIC was 3 ml for E. coli and
1 ml for S. aureus. Thus, it is clear that the CTS particles exhibit
notable antibacterial activity against bacterial strains.

Fig. 5(a and b) represents the FE-SEM images of reference E.
coli untreated with CTS nanoparticles. As seen from the images,
or (a) Gram-negative (E. coli) and (b) Gram-positive (S. aureus) bacteria.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 FE-SEM images of E. coli bacteria (a, b) without CTS nanoparticles treatment and (c–f) with CTS nanoparticles treatment.
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E. coli with uniform cell texture having an average cell length of
3.2 mm and a cell width of 1.24 mm are observed. However, for
the bacteria treated with CTS nanoparticles (Fig. 5(c–f)),
signicant changes in the cellular structure are noticed. The
average cell width is reduced to 0.9 mm while the length is
increased to 6 mm (Fig. 5(c and d)). The observed increased cell
length and the reduced cell width are attributed to the extrusion
of cytoplasmic uid from the cell membrane, thereby damaging
the cell texture (Fig. 5(e and f)). Thus, the damage to the cell
structure caused by the nanoparticles results in bacterial growth
inhibition and death. Similarly, Fig. 6(a and b) indicates the FE-
SEM images of reference S. aureus bacteria untreated with CTS
nanoparticles while Fig. 6(c–f) represents the FE-SEM images of
the S. aureus treated with CTS nanoparticles. As seen from the
images, it is clear that the reference S. aureus bacteria untreated
with CTS nanoparticles bear smooth and uniform spherical cell
texture with a cell diameter of 0.7 mm (Fig. 6(a and b)). For the
case of S. aureus treated with the nanoparticles, the antibacte-
rial effect is associated with shrinkage of cellular texture
This journal is © The Royal Society of Chemistry 2017
followed by the rupture of the cell membrane leading to extru-
sion of intracellular uids (Fig. 6(c and d)). The extrusion of
intracellular uids damages the cell, rendering it with an
intricate shape (Fig. 6(e and f)). Also to be noticed, the diameter
of the cells increases to (1.2 mm) for the bacteria treated with
nanoparticles (Fig. 6(c–f)), indicating their inability to undergo
cell division. The change in the cell dimensions of the reference
and the nanoparticle-treated bacteria is indicated in Table 1
while the changes in the cellular structure of the bacteria are
indicated in Fig. S2 and S3.† As seen from Table 1, signicant
changes in the cell dimensions of the treated E. coli (cell width/
length ratio reduces from 0.38 to 0.15 and the ratio of cell
surface area/volume increases from 12.09 to 15.01) and S. aureus
(cell diameter increases from 0.7 to 1.2 mm and the ratio of cell
surface area/volume reduces from 8.55 to 5.02) are observed.

So far, several mechanisms for the antibacterial activity of
nanoparticles have been proposed. (1) The nanoparticles
diffuse and interact with the bacterial cell wall, proteins and
nucleic acids, resulting in structural and chemical damage to
RSC Adv., 2017, 7, 33737–33744 | 33741
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Fig. 6 FE-SEM images of S. aureus bacteria (a, b) without CTS nanoparticles treatment and (c–f) with CTS nanoparticles treatment.
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the bacteria leading to their death; and (2) reactive oxygen
species (ROS) are formed, which damage DNA, proteins and
lipids in the cell wall, causing its breakdown, leading to leakage
of cytoplasmic uid.15,18,19 However, in the antibacterial activity
of CTS nanoparticles, we propose a mechanism based on the
electrostatic interaction between opposite charges (Fig. 7). It
Table 1 Cell dimensions of the reference and the nanoparticle-treated

Cell dimension Reference E. coli Treated

Cell width (mm) 1.24 � 0.4 0.9 � 0
Cell length (mm) 3.2 � 0.5 6 � 0.5
Width/length 0.38 0.15
Cell diameter (mm) — —
Cell volume (mm)3 1.23 1.215
Cell surface area (mm)2 14.88 18.24
Surface area/volume 12.09 15.01

33742 | RSC Adv., 2017, 7, 33737–33744
has been previously reported that the bacterial cell wall has
a net negative charge and chalcogenide-based nanoparticles
have a net positive charge (Fig. 7(a)), as evaluated from their
isoelectric point (IEP).29,30 Hence, the electrostatic attraction
(between opposite charges) results in direct interaction between
CTS nanoparticles and bacterial cell walls (Fig. 7(b)). The
bacteria

E. coli Reference S. aureus Treated S. aureus

.4 — —
— —
— —
0.7 � 0.3 1.2 � 0.3
0.18 0.9
1.54 4.52
8.55 5.02

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Schematic representation of the mechanism of antibacterial activity of CTS nanoparticles.
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nanoparticles form strong bonds with thiol, amino and carboxyl
groups of the bacterial membrane and damage the cell wall,
leading to extrusion of internal uids, proteins, DNA and other
genetic materials, eventually resulting in bacterial death
(Fig. 7(c)). Also, the smaller size of the nanoparticles (high
surface-to-volume ratio) provides maximum surface area for
interaction with the bacterial membrane.

Thus, the antibacterial effect of CTS nanoparticles on the
treated bacteria is associated with restriction of cell division
and extrusion/leakage of cytoplasmic uids from the cell
membrane, leading to cell death. Hence, the antibacterial effect
of CTS nanoparticles is realized for both Gram-positive and
Gram-negative bacterial strains.

In a previous study of antibacterial activity of Ag nano-
particles against E. coli bacteria, the Ag nanoparticles somehow
interacted with the bacterial membrane despite their negative
charge, and restricted bacterial growth.31 Thus, the actual
mechanism of the interaction of nanoparticles with the bacte-
rial membrane is still unclear. However, a further study on the
interaction between nanoparticles and bacteria will provide
further insight to more clearly understand the antibacterial
activity of nanoparticles. The presented antibacterial effect of
CTS nanoparticles provides new scope for further research in
biocidal applications.
4. Conclusions

Spherical CTS nanoparticles with sizes ranging between 10 and
12 nm have been synthesized by the hot injection method and
This journal is © The Royal Society of Chemistry 2017
their antibacterial activity was studied against Gram-positive (S.
aureus) and Gram-negative (E. coli) bacterial strains. The anti-
bacterial effect is associated with the leakage of cytoplasmic
uids from the bacterial cell membrane and with changes in the
cell structure that inhibit cell replication. The study results
reveal that the synthesized nanoparticles possess excellent
antibacterial activity against both bacterial strains, indicating
the potential of the material for further research in biocidal
applications.
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