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ABSTRACT: In the present investigation, kesterite Cu,ZnSnS,
(CZTS) nanofibers were obtained by electrospinning process
using polyvinylpyrrolidone (PVP) and cellulose acetate (CA)
solvent separately. The synthesized CZTS nanofibers were
characterized using thermogravimetric analysis (TGA), optical
absorption, X-ray powder diffraction (XRD), field-emission
scanning electron microscopy (FESEM), micro-Raman spectros-
copy, high-resolution transmission electron microscopy (HRTEM),
and X-ray photoelectron spectroscopy (XPS). Our results showed
that the PVP synthesized CZTS nanofibers are a single crystalline
while CA assisted CZTS nanofibers are polycrystalline in nature.
The optical properties demonstrated that the prepared nanofibers
have strong absorption in 300—550 nm range with band gap
energy of 1.5 eV. The X-ray and micro-Raman analysis revealed
that synthesised nanofibers showing pure phase kesterite CZTS.
Further the synthesized CZTS nanofibers were used as counter
electrodes for dye-sensitized solar cells (DSSCs). Our results
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indicate that, PVP-CZTS and CA-CZTS counter electrode based DSSC shows 3.10% and 3.90% respectively. The detailed
interfaces of these counter electrodes and DSSCs were analyzed by electrochemical impedance spectroscopic (EIS) measurements
for analysis of such high power conversion efficiency. The present study will be helpful for alternative counter electrode for Pt
counter electrodes in DSSCs application. We believe that our synthetic method will be helpful for low-cost and efficient thin film

photovoltaic technology.
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1. INTRODUCTION

Low-band-gap quaternary and pentanary semiconductors,
such as Cu(In,_,,Ga,)Se, (CIGS), Cu,ZnSnS, (CZTS), and
Cu,ZnSnSSe, (CZTSSe), are of great interest because of their
potential application as light absorbing materials in thin film
photovoltaic technology. However, the preparation of indium
and gallium based quaternary/pentanary semiconductors are
not abundant and not low cost. Therefore, the production cost
could be increased high and also these materials are not
biocompatible. On the other hand, CZTS and CZTSSe have
been considered as an alternative to CIGS as the absorber
layers because of their easy processing ability, high efficiency
at low cost, and environmental eco-friendliness. Moreover,
CZTS is abundance, it has good optical absorption coefficient
(>1 x 10* cm™) and suitable band gap energy (1.0to 1.5eV)."
After the first report of Katagiri et al,” CZTS has been
synthesized by number of vacuum and nonvacuum techniques
have been employed for the synthesis of CZTS.°”** Comparing
these vacuum and nonvacuum techniques, the solution-processed
nonvacuum technique is the ideal approach for the low-cost and
large-scale synthesis."”>~>° In solution process, synthesis of
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Cu,ZnSn(S,Se), from hydrazine-based solution demonstrated
10.1% conversion efﬁcien(:y,21 whereas CZTS nanocrystal
synthesized by hot-injection method shows 7.2% conversion
efficiency.”” Recently, 11.1% conversion efficiency has been
reported by Todorov et al,® which is the best so far.

Similarly, the structural relation between kesterite and stannite,
wurtzkesterite and wurtzstannite, is that they have a similar
unit cell but differ in the occupation of Cu, Zn and Sn cations.
Kesterite and stannite type CZTS(Se) nanocrystals (NCs),
nanosheets and nanowires have been extensively reported.****
However, these techniques required post-annealing treatment
such as sulfurization and selenization. On the other hand,
nonvacuum solution process electrospinning methods are the
most popular because of their simplicity, large scale produc-
tion capability, and absence of vacuum process. With the help
of electrospinning technique we can easily synthesize 1D nano-
fibers and nanowires.”® Recently, synthesis of TiO, and ZnO
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Scheme 1. Schematic Representation of Electrospinning Set up for the Synthesis of CZTS Nanofibers Using Different PVP and

CA Polymers
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nanowires/nanofibers using electrospinning technique has been
widely used.*”*® However, there is no single report for the
fabrication of CZTS nanofibers using polyvinylpyrrolidone
(PVP) and cellulose acetate (CA) polymers by electrospining
technique. Herein, we report a synthesis of CZTS nanofibers by
using PVP and CA as the electrospinning medium. Because both
polymeric medium (CA and PVP) have good electrospinnability
and low cost.”® Therefore, electrospinning using PVP and CA
has been widely used for the synthesis of nanofibers/nanowires.
Moreover, because of nontoxicity and eco-friendliness, these
polymers are widely used for the synthesis of polymer—inorganic
nanomaterial composites and their relative applications.

Nowadays, novel approaches are implementing in DSSCs
technology like the combination of different chalocogenide
counter electrodes and ZnO- or TiO,-based DSSCs to fabricate
dye sensitized solar cells (DSSCs) with a theoretical efficiency
limitation well beyond that of single junction DSSCs.*”*
Generally n-type DSSC are based on nanoporous TiO, as the
photoanode has a considerable ~12% conversion efliciency.
On the other hand, there is no substantial development in p-type
counter electrodes. Narrow band gap p-type semiconductors
have opened a new way for the hybrid DSSCs technology.
Recently some narrow band gaps p-type nanostructured
semiconductor thin films have been successfully used as counter
electrodes for DSSCs. Due to high cost and scarcity of CdTe and
CIGS p-type semiconductor materials have become a challenge
for DSSCs.

The Kesterite CZTS and relative quaternary materials can be
used as an alternative to expensive Pt/FTO counter electrodes
of Gratzel cell. In this investigation, we report a green, low-cost,
and simple PVP and CA polymer assisted electrospinning
technique for synthesis of CZTS nanofibers. Copper(Il)
chloride (CuCl), zinc(II) chloride (ZnCl,), tin(IV) chloride
pentahydrate (SnCl,-SH,0) and thiourea (CH,N,S) were used
as precursors of Cu, Zn, Sn, and S, respectively. Here PVP and
CA were used as electrospinning medium for synthesis of single
crystalline CZTS nanofibers and polycrystalline CZTS nano-
fibers respectively. Furthermore, the as-prepared PVP-CZTS
and CA-CZTS nanofibers were annealed at 450 °C for 3 h in
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Figure 1. (a) XRD patterns of as synthesized PVP-CZTS (black color),
PVP-CZTS nanofibers annealed at 450 °C (red color) and (b) CA-CZTS
nanofibers annealed at 450 °C.
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Figure 2. (a—d) FESEM images CZTS nanofibers synthesized in PVP solvent at different magnifications, (¢) FESEM image of PVP-CZTS after

annealing in nitrogen atmosphere.

nitrogen environment and characterized by different character-
ization techniques. Further, the synthesized CZTS nanofibers
were used as counter electrodes for TiO, DSSC application.
This present synthetic strategy will be helpful for low-cost
efficient CZTS counter electrodes for DSSCs application.

2. MATERIALS AND METHODS

2.1. Chemicals and Materials. Polyvinylpyrrolidone (PVP)
((PVP K90, My, = 1300,000, Alfa Aesar), cellulose acetate (CA)

1690

(Mn 50,000, Aldrich), copper(II) chloride (CuCl) (Aldrich), zinc(II)
chloride (ZnCl,) tin(IV) (Aldrich) chloride pentahydrate (SnCl,-SH,O)
(Aldrich) and Thiourea (CH,N,S) (Aldrich) were used precursor for
Cu, Zn, Sn, and S, respectively. The solvent acetone and ethanol were
used a solvent (Daejung chemical).

2.2, Preparation of PVP-CZTS and CA-CZTS Feeding
Solutions. Initially, 4 mg (2 mmol) of CuCl, 1.8 mg (1 mmol) of
ZnCl,, 3.8 mg (1 mmol) of SnCl,-SH,0, and 18.3 mg (12 mmol) of
thiourea were dissolved into 10 wt % CA solution. The CA solution
is prepared from acetone:water (1:9 v:v) under vigorous stirring.

dx.doi.org/10.1021/am404586n | ACS Appl. Mater. Interfaces 2014, 6, 1688—1696
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Figure 3. (a—d) FESEM images CZTS nanofibers synthesized in CA solvent at different magnifications, (¢) FESEM image of CA-CZTS after

annealing in nitrogen atmosphere.

For PVP-CZTS solution, we have kept all preparative parameters
(Cu, Zn, Sn, and S) the same and dissolved into 10 wt % PVP solution
prepared from ethanol:water (1:9 v:v).

2.3. Preparation of Single-Crystalline and Polycrystalline
CZTS Nanofibers. The above prepared CA-CZTS and PVP-CZTS
nanofibers were deposited using an electrospinning technique as
shown in Scheme 1. More detailed experimental conditions are avail-
able in our previous report.”® In the present experiments, we have used
15 and 9 kV potential for the deposition of PVP-CZTS and CA-CZTS
nanofibers, respectively. The feeding rate 1.0 mL/h was kept constant
for both samples.

The obtained PVP-CZTS and CA-CZTS samples were annealed at
450 °C for 3 h (heating rate: 2 °C min~") under nitrogen atmosphere
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using programmable tube furnace and used for further characterizations.
Please note that we have prepared fresh electrospinning solutions
prepared before each experiment. The annealing temperatures of both
synthesized nanofibers were determined using TGA-DTA analysis (see
the Supporting Information, Figures S1 and S2).

2.4. DSSC Device Fabrication and Its Performance. The
preparation of TiO, photoelectrodes were prepared from standard
doctor blade technique using commercial TiO, paste (Dyesol 18NRT,
Dyesol)) followed by annealing and dye loading (ethanolic 0.5 mM
N719 dye solution (Dyesol)). The CZTS/FTO counter electrodes
were prepared by direct deposition of CZTS nanofibers onto FTO-
coated glass substrate by electrospinning technique followed by
annealing at 450 °C for 3 h in a nitrogen environment. For comparison,

dx.doi.org/10.1021/am404586n | ACS Appl. Mater. Interfaces 2014, 6, 1688—1696
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Pt-coated FTO was used as a counter electrode. More details of
fabrication of DSSC devices and sealing are available elsewhere.®*

2.5. Characterizations. Structural characterizations of the
synthesized CZTS nanofibers were characterized by X-ray diffraction
(XRD) measurements (model D/MAX Uitima III XRD spectrometer,
Rigaku, Japan) A = 1.5410 A. The field-emission scanning electron
microscopy (FESEM) and transmission electron microscopy (TEM),
etc., microscopic techniques were used for morphological studies. The
sample preparation for TEM, high-resolution transmission electron
microscopy (HRTEM), and selected area electron diffraction (SAED)
pattern was as per our earlier paper.”® Thermal analysis of as
synthesized CA-CZTS and PVP-CZTS nanofiber samples were carried
out using a thermogravimetric and differential thermal analysis
TG-DTA thermal analyzer ( model Perkin Elmer Pyris Diamond) in
a nitrogen atmosphere. The heating rate and nitrogen gas flow rate
were kept 10 °C min™" and 50 mL min™", respectively. The elemental
information regarding the deposited CZTS nanofiber samples was
analyzed using an X-ray photoelectron spectrometer (XPS). The
optical absorption spectra of CZTS nanofibers were recorded using a
UV-vis spectrometer (Varian, CARY, 300 Conc.). In typical measure-
ments, CZTS nanofibers were well-dispersed in toluene solution by
using ultra sonication treatment.

The fabricated DSSC devices were tested under 100 mW cm™>
illumination. Electrochemical impedance spectroscopy (EIS) was
conducted using electrochemical workstation (model Iviumstat
Ivium Technologies B.V., Eindhoven, the Netherlands).?® The EIS
data was analyzed using Z-view 2.8d software for equivalent circuit.
The catalytic activity of PVP-CZTS and CA-CZTS counter electrodes
were tested using cyclic voltammetry (CV) experiments in I;7/I”
redox couple with three electrodes system (see the Supporting
information, Figure S3).

3. RESULTS AND DISCUSSION

The structural properties of the as synthesized and annealed
CZTS samples were recorded using XRD and are shown in
Figure 1. Figure la show the indexed XRD patterns for the as
synthesized PVP-CZTS nanofibers and annealed at 450 °C in
nitrogen atmosphere. XRD pattern of as-deposited PVP-CZTS
sample shows amorphous in nature. The annealed PVP-CZTS
sample revealed highly intensive peaks indicating the good
crystalline nature. The calculated lattice parameters (a = 5.44 A,
b =542 A, ¢ = 1089 A) were well-matched with earlier
reports.*'* The product obtained after annealing exhibited
three strong peaks at 20 = 28:5, 47.3, and 56.2 corresponding
to (112), (220), and (312) planes, respectively. The other three
weak peaks at 20 = 32:36, 69.44, and 76.79° correspond to
(200), (008), and (332) planes, respectively, of the tetragonal
CZTS phase (JCPDS card 26-0575) (please see the Supporting
Information, Table S1). Figure 1b shows the indexed XRD
pattern for CA-CZTS nanofibers annealed at 450°C in nitrogen
atmosphere. This pattern is also well-matched with pure phase
kesterite CZTS (JCPDS 00-26-0575). However, the crystal-
linity of CA-CZTS sample is less compared to PVP-CZTS
sample because of the nanocrystalline nature of CA-CZTS
nanofibers. No secondary phases are detected in both PVP-
CZTS and CA-CZTS samples, indicating that the deposited
samples are highly phase-pure (Please see the Supporting
Information, Table S2).

Figure 2a—d show FESEM micrographs of the prepared
CZTS sample using PVP precursor at different magnifications.
The low-magnification FESEM image shows fibrous network
like CZTS nanofibers are covered throughout the surface.
Moreover, the surface of CZTS nanofibers are quite smooth
with 100—150 nm in diameter, which is confirmed by highly
magnified FESEM image (Figure 2d). Figure 2e shows the
FESEM image of PVP-CZTS after annealing in a nitrogen
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atmosphere, showing that the surface of nanofibers becomes
rough and the diameter of the nanofibers has been reduced.
Further, we have changed the electrospinning precursor.
Figure 3a—d show FESEM images of CZTS nanofibers
synthesized using CA precursor at different magnifications.
Lower-magnification FESEM images show wirelike network of
the CZTS nanofibers. The higher-magnification images clearly
reveals that the deposited fibers having 30-40 nm in diameter
(Figure 3d). After annealing the CA-CZTS nanofiber, the
smooth surface has been transformed into a rough surface
because of removal of CA (Figure 3e). Because of the good
electrospinnability, cost effectiveness, and degree of substitution
(DS) of PVP or CA polymers, they are commonly used as
mesoporous templates for electrospinning. The high-voltage
9 kV (for PVP) or 15 kV (for CA) is sufficient for ejection of
polymeric jet from syringe needle tip to collector.”**

Figure 4a—c shows TEM micrographs of PVP-CZTS
nanofibers sample deposited 9 kV. The fibers like nanostructure

Figure 4. (a—c) TEM images of PVP-CZTS nanofibers at different
magnifications, (d) SAED pattern, (e, f) HR-TEM images.

can be easily seen. From the TEM image, it is clear that the
synthesized CZTS fibers are 100—150 nm diameter. The low-
magnification image shows these nanofibers are quite long
in the range of micrometers (Figure 4a). The crystallinity of
the deposited nanofibers was determined from the selected
area electron diffraction (SAED) patterns shown in Figure 4d.
The SAED pattern of the PVP/CZTS nanofibers shows a spot
pattern, which indicates a single-crystalline nature of the CZTS
nanofibers. Images e and f in Figure 4 show HRTEM images of
CZTS nanowire at different magnifications. The lattice spacing
along the (112) plane indicated by yellow lines and found
3.14 A is well consistent with the kesterite CZTS tetragonal
(I42m) phase (JCPDS 26-0575).

Figure Sa—c shows TEM micrographs of CA-CZTS nano-
fibers deposited at 15 kV. The fiberlike nanostructures have
diameters from 10 to 15 nm with micrometer scale in length.
It is noted that the diameter of the CA assisted CZTS nanofiber
is drastically reduced from 100 to 10—20 nm. It is well-known
that the wire diameter decreased with increasing viscosity in
electrospinning technique. Applied potential is also affecting
onto electrospun nanofibers diameter. Here we have used 15 kV
instead of 9 kV; therefore, the diameter of the CA-assisted CZTS
nanofibers have been decreased drastically. This may be due to
the greater expanded conformation of CA and good electro-
spinnability."> Figure 5d shows the SAED image of the CA-
CZTS nanofibers, which is consistent with JCPDS no. 26-0575,

dx.doi.org/10.1021/am404586n | ACS Appl. Mater. Interfaces 2014, 6, 1688—1696
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Figure S. (a—c) TEM images of CZ-CZTS nanofibers at different
magnifications, (d) SAED pattern, (e, f) HR-TEM images.

as it shows the (112), (200), (220), (312), (008), and (332)
planes, and indicates that the nanofibers have a polycrystalline in
nature. Images e and f in Figure S show the HRTEM micro-
graphs of a CZT'S nanofiber, and the spacing of the crystal lattice
is 3.14 A, which is consistent with the crystal lattice plane of
kesterite CZTS along the (112) direction.

The elemental information of both the PVP and CA-assisted
CZTS nanofibers were analyzed using an XPS (Figure 6). All
four Cu, Zn, Sn, and S elements are present in XPS spectra.
The Cu(2p) shows two peaks at 931.67 and 951.5 eV for
Cu(2ps/,) and Cu(2p,;,) core levels respectively (Figure 6a).
The separation between these two core levels is 19.83 eV,
which is very close to the standard Cu(I) separation.* The
Zn(2p) core level spectrum is located at 1021.34 eV and
104434 eV and corresponds to Zn(2ps;,) and Zn(2p,.),

respectively, and a peak splitting of 23 eV indicates the Zn(II)
state (Figure 6b).>> The Sn(2d;),) and Sn(2d,,) core level peak
spectra were observed at 486.86 and 495.56 eV, respectively,
with peak splitting at 8.7 €V confirming the Sn(IV) state as
shown in (Figure 6¢).* Furthermore ,the S(2p) curve fitting
(160.71 and 162.14 eV) indicates confirmation of the
Cu,ZnSnS, phase.”*'

Figure 7 shows the optical absorption spectra of CZTS
nanofibers dispersed in toluene solution and nature of optical
transition were analyzed using well-known classical optical

.
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Figure 7. UV—vis spectra of PVP-CZTS and CA-CZTS nanofibers
dispersed in toluene solution. Right hand inset shows the plot of
(ahv)? versus hy (eV) for the nanocrystals. Left hand inset shows the
photograph of well dispersed CZTS nanofibers in toluene solvent.
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Figure 6. Core level (a) Cu (2p), (b) Zn (2p), (c) Sn (3d), and (d) S(2p) XPS spectra of the PVP-CZTS and CA-CZTS nanofibers.
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equation.*® Left side inset figure shows the photograph of well
dispersed CZTS nanofibers. The calculated optical band gap
energies for both PVP-CZTS and CA-CZTS sample are found
1.5 eV indicating pure phase Cu,ZnSnS,.”"® Figure 8 illustrates

Cu‘ZZnSnS A

Raman Intensity (a.u.)

counter electrodes, the Vo of the device decreases up to 0.577 V;
however, the Jsc and FF increases drastically 6.83 mA/cm? and
0.64, respectively. The conversion efficiency of PVP-CZTS/
FTO-based counter electrode shows 3.10%. In the case of
CA-CZTS/FTO-based counter electrode, the Js: increased
significantly from 6.83 to 8.42 mA/cm® On the other hand, the
Voc remains almost constant (0.574 V) for CA-CZTS sample.
Scheme 2 shows the schematic representation of the N719-TiO,

Scheme 2. Schematic Representation of the N719-TiO,
Working Electrode and CZTS Nanofiber Counter Electrode
with Possible Electron Transport Mechanism
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Figure 8. Micro-Raman spectra of PVP-CZTS and CA-CZTS
nanofibers.

the typical micro-Raman spectra of the PVP-CZTS and
CA-CZTS nanofibers annealed at 450 °C deposited by the
electrospinning technique. The strong signal at 336 cm™" cor-
responds to single-phase quaternary Cu,ZnSnS,.>>~*° Other
compounds and mixed-phase impurity peaks are not observed
in the CZTS Raman spectra.

The current—voltage (J—V) characteristics were measured
using Pt/FTO, PVP-CZTS/FTO, and CA-CZTS/FTO counter
electrodes and N719-TiO,/FTO working electrode separately.
Figure 9 shows the J—V characteristics of DSSC under

10

CA-CZTS/FTO
8 <
o
6 PVP-CZTS/FTO °\°

Pt/FTO

Current Density (mA/ cmz]

0 +—r——r——

— T 1
0.0 0.1 0.2 03 0.4 0.5 0.

Voltage (V)

Figure 9. Current—voltage characteristics of the as-prepared dye-
sensitized solar cells based on Pt, PVP-CZTS, and CA-CZTS counter
electrodes.

illumination. The standard Pt/FTO counter electrodes based
DSSC device shows: short circuit current density (Jgc) of
4.66 mA/cm?, open circuit voltage (Vo) of 0.623 V, fill factor
(FF) of 0.57, and power conversion efficiency (17) of 1.72%.
Replacing the Pt-coated FTO with the PVP-CZTS nanofiber
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Table 1. Photovoltaic Performance of the DSSC Devices
with Respect to Different Counter Electrodes

Ve JEs Ry, R,
(V)  (mA/cm®) FFE (%) 7 (%) (Q/cm?) (Q/cm?)

counter electrode

Pt/FTO 0.623 4.66 57 1.72 5821 96
PVP-CZTS/FTO 0.577 6.83 64 3.10 9371 73
CA-CZTS/FTO  0.574 8.42 65 3.90 5323 69

working electrode and CZTS nanofiber counter electrode with
possible electron transport mechanism. Table 1 represents the
summary of photovoltaic performance of DSSC devices based
on different counter electrodes. From Table 1, it is clear that the
CA-CZTS-based device shows the lowest series resistance (Rg),
69 Q/cm?, compared to both Pt/FTO (96 Q/cm?*) and PVP-
CZTS/FTO (73 Q/cm?) counter electrodes. It is well-known
that the Jsc of the DSSC solar cells depends on the Rg of
the devices. Generally, lower Ry is favorable for higher Jsc and
can be calculated using inverse slop of the JV curves. From
morphological studies it is clear that the diameter of CA-CZTS
sample is lower compared to PVP-CZTS sample. The smaller
nanofibers provide large surface area and effective path for
electrons transportation and redox reaction. This effect results
in a more smooth and efficient electron transport in the CA-
CZTS/FTO electrodes. Therefore, the CA-CZTS/FTO counter
electrode offers lower interfacial recombination between the
counter electrode and electrolyte* results in higher conversion
efficiency compared to PVP-CZTS/FTO and Pt/FTO based
counter electrodes. Moreover, the current density of the DSSCs
depends on the Rs of the devices. It is well-known that the lower
R offers higher current density. Therefore, the CA-CZTS/FTO
counter electrode-based DSSC device shows the lowest Rg values,

dx.doi.org/10.1021/am404586n | ACS Appl. Mater. Interfaces 2014, 6, 1688—1696
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which is favorable for higher current density (8.42 mA/cm?) and
conversion efficiency (3.90%) compared to PVP-CZTS/FTO
and Pt/FTO counter electrodes. The above results revealed that
PVP-CZTS as well as CA-CZTS nanofibers work as an effective
counter electrode material in DSSCs.

To confirm the reason behind this, we have recorded the
electrochemical impedance spectroscopy (EIS). Figure 10 shows

30
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Figure 10. Electrochemical impedance spectra (EIS) of as-prepared
dye sensitized solar cells based on Pt/FTO, PVP-CZTS/FTO, and
CA-CZTS/FTO counter electrodes.

the EIS spectra of the TiO,-based DSSCs devices with different
counter electrodes. All EIS spectra were recorded at a forward
0.7 V bias of the open-circuit voltage with an ac potential
amplitude of 10 mV and a frequency range from 0.1 Hz to
1 X 10° Hz. In the impedance spectrum, the first semicircle in
the high-frequency region indicates the charge-transfer resist-
ance (R,,) at the counter electrode and redox couple (I7/1;”) at
the interface. The second semicircle in the low-frequency region
indicates the charge transfer process at the TiO,/N-719-Dye/
electrolyte interface.*’ From Nyquist plots, it is clear that the
R value is decreased for the CA-CZTS/FTO counter electrode
compared to other Pt/FTO and PVP/FTO counter electrodes.
Generally series resistance (R;) in DSSCs is depend on sheet
resistance of the FTO substrate, charge transfer resistance (R)
and diffusion resistance (Ryg) between counter electrode and
electrolyte.*>*' From the EIS spectra (Figure 10), it is clear that
CA-CZTS-based counter electrode shows the lowest R values
compared to other devices, indicating a better catalytic property
and lower recombination at the interfaces. Such decrement in
R, is favorable for efficient charge transportation and results in
higher photovoltaic performance.

4. CONCLUSIONS

In summary, we have successfully synthesized PVP- and CA-
assisted CZTS nanofibers via an electrospinning technique.
Surface morphology reveals that the PVP-assisted CZTS
nanofibers have a smooth surface with 100—150 nm diameters,
whereas CA-assisted samples show 10—20 nm diameters. The
XRD and TEM results revealed that the PVP-assisted CZTS
nanofibers are single kesterite crystalline in nature, whereas CA-
assisted CZTS nanofibers are kesterite polycrystalline in nature.
Optical properties showed that, 1.5 eV direct band gap energy
indicating these materials are useful for CZTS-based, low-cost
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solar cell application. Finally, the fabricated Pt/FTO, PVP-
CZTS/FTO, and CA-CZTS/FTO counter electrode based
DSSCs shows 1.72, 3.10, and 3.90 % conversion efficiency
respectively. The EIS results revealed that CA-CZTS counter
electrode shows lower Rs, which is favorable for lower re-
combination rate and higher conversion efficiency of DSSCs.
The nanofibrous CZTS counter electrodes show the potential
to convert Pt/FTO-based DSSCs to earth-abundant element-
based counter electrodes.
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