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Effect of annealing atmosphere on quaternary
chalcogenide-based counter electrodes in dye-
sensitized solar cell performance: synthesis of

CuyFeSnS, and Cu,CdSnS4 nanoparticles by
thermal decomposition process+

Krishnaiah Mokurala* and Sudhanshu Mallick*

The synthesis of stoichiometrically controlled quaternary chalcogenide nanoparticles through a simple,

eco-friendly process is still a great challenge. Herein, earth-abundant quaternary chalcogenide

nanoparticles, Cu,FeSnS,

(CFTS)

and Cu,CdSnS; (CCdTS), were synthesized via the thermal

decomposition of metal precursors. The prepared CFTS and CCdTS films were used as alternative
counter electrodes (CEs) in dye-sensitized solar cells (DSSCs). The effects of the annealing atmosphere
on morphology, elemental composition, electrical properties and electrochemical catalytic activity of the

CFTS and CCdTS films were investigated. Energy dispersive spectroscopy, Hall measurements, cyclic

voltammetry, and electrochemical impedance spectroscopy analysis demonstrate that the sulfurized

CFTS and CCdTS-based CEs are more efficient for tri-iodide reduction as compared to the N,-annealed
CFTS and CCdTS-based CEs. The photoconversion efficiencies (PCEs) of DSSCs fabricated with
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sulfurized, annealed in N, atmosphere CFTS and CCdTS as CEs are found to 7.36 + 0.00%, 5.78 + 0.12%

and 7.12 + 0.08%, 5.30 + 0.00% respectively, while the DSSCs fabricated with conventional Pt-based
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1. Introduction

Solar energy is a renewable energy source that can meet the
global energy demands in future and can emerge as an alter-
native to the traditional non-renewable fossil resources.’* Dye-
sensitized solar cells (DSSCs) are promising alternative photo-
voltaic devices, owing to their low fabrication cost, reasonable
photoconversion efficiency (PCE) and ability to work under low
light conditions as compared to other solar cells (thin film solar
cells, silicon solar cells).*™ Recently, considerable efforts have
been made in the direction of optimization of DSSCs compo-
nents (photoanode, electrolyte and counter electrode (CE)), to
enhance the performance of the device.”® The CE plays an
important role in the performance of DSSCs.>® The electro-
chemical catalytic activity of CEs determines the rate of
conversion of I;” /I, which also helps in the regeneration of the
dye.>* The most commonly used CE in DSSCs is Pt due to its
high conductivity and superior electrochemical catalytic
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CEs show an efficiency of 8.15 4+ 0.09%. These results indicate that the annealing atmosphere of the CEs
has an impact on the DSSCs performance.

activity.” However, the scarcity of Pt and its high cost restrict the
large-scale commercial application of DSSCs.”

Numerous materials such as carbon, conducting polymers,
alloys, and inorganic materials have been used as a substitute
for Pt-CE.>**> Among the inorganic materials, earth-abundant
quaternary chalcogenides such as Cu,FeSnS, (CFTS), Cu,-
CoSnS, (CCoTS), Cu,CdSnS, (CCATS), Cu,ZnSnSe, (CZTSe), and
Cu,ZnSnS, (CZTS) have shown similar electrochemical catalytic
activity to Pt and have been explored as a CE materials in
DSSCs.**™® Previously, a solvothermally prepared CCdTS based
CE for DSSCs demonstrated a PCE of 4%.® Spray pyrolysis and
solvothermally prepared CFTS based CEs for DSSCs have shown
efficiencies of 8% and, 7.1% respectively.'>'®* However, the effect
of the sulfurization on the electrical and electrochemical cata-
Iytic activities of CFTS and CCdTS films and its impact on DSSCs
performance has not yet been reported.

CCdTS and CFTS nanoparticles have been synthesized by
various techniques such as high-temperature solid-state reac-
tion processes,'>*® solvothermal processes,'>'® spray pyrol-
ysis,"®** RF magnetron sputtering,” hot injection,"”**** etc.
However, the synthesis of nanocrystalline, earth-abundant
quaternary chalcogenides with precise control over stoichiom-
etry is still a challenge for research groups. Among all the
synthesis processes, the thermal decomposition process has
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been reported as a simple route for the synthesis of quaternary
chalcogenides at low temperature in a short time (1 h) to obtain
crystalline nanoparticles.**>*

In this study, we report the synthesis of CCdTS and CFTS
nanoparticles by the thermal decomposition process, which
requires low temperature (300 °C) and short processing time (1
h) to get crystalline nanoparticles. The effects of the annealing
atmosphere on the electrical and electrochemical catalytic
activities of the prepared films are studied. Sulfurized CFTS and
CCdTS films show better electrocatalytic activity as compared to
N, annealed CFTS and CCdTS films. DSSCs fabricated with
sulfurized CEs demonstrate a higher PCE as compared to CEs
based on films annealed in N, atmosphere.

2. Experimental details

2.1 Synthesis of quaternary chalcogenide nanomaterials and
fabrication of the counter electrodes

The experimental procedure for the synthesis of nanomaterials
via the thermal decomposition process has been reported
elsewhere.** The raw materials used in the synthesis of chal-
cogenide nanomaterials are given in the ESLt In brief, the
stoichiometric ratios of 2:1:1:4: for Cu:Fe:Sn:S of
precursor salts were taken in a polypropylene (PP) bottle along
with ethanol and zirconia grinding media. The precursor mix
was then transferred to a crucible, which was kept in a tubular
furnace. The synthesis was carried out at different tempera-
tures, ranging from 300 °C to 500 °C for 1 h in N, atmosphere to
study the phase formation of CFTS nanoparticles. Cadmium
dihydrate was used as a Cd source instead of iron(m) nitrate
nonahydrate; the same experimental procedure (as for CFTS)
was repeated, for the synthesis of CCdTS nanoparticles. The
nanoparticles, prepared at 350 °C for 1 h, were dispersed in
organic solvent (hexanethiol) to make stable inks. The prepared
stable CFTS/CCATS inks were coated on soda lime glass (SLG)
and fluorine-doped tin oxide (FTO, TEC 8, Pilkington)
substrates in a fume hood by using the doctor blade technique
for the formation of the films. The prepared films were
annealed in N, atmosphere and sulfurized (sulfurization
process was carried out in the presence of sulfur powder (100
mg) in an inert (N,) atmosphere) at 525 °C for 30 min. For
convenience, sulfurized CFTS and CCdTS films are denoted as
S-CFTS and S-CCdTS, and films annealed in N, atmosphere are
represented as N-CFTS and N-CCdTS.

2.2 Assembly of DSSCs

The detailed fabrication steps for the photoanode (TiO,), the
electrolyte composition used for DSSCs and their assembly are
reported in the ESL{ DSSCs were fabricated using the dye-
sensitized TiO, films as photoanodes and S-CCdTS, S-CFTS,
N-CFTS and N-CCdTS based CEs were prepared, respectively.
Surlyn spacer (60 pm) was sandwiched between the electrodes,
which maintained a constant spacing between them. The elec-
trolyte was injected into the gap between the electrodes. For
comparative studies, DSSCs were also fabricated with sputtered
Pt-based CEs.
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2.3 Characterization

The crystallinity of the as-prepared CCdTS and CFTS nano-
particles and annealed films were characterized by using X-ray
diffraction (XRD) (PANalytical X-ray diffractometer) and
Raman spectroscopy (HORIBA, HR800). The particle sizes and
shapes of the synthesized nanoparticles were examined by
a field emission gun transmission electron microscope (FEG-
TEM, JEM-7210F). The morphologies of fabricated CCdTS and
CFTS films were analyzed using a field emission gun-scanning
electron microscope (FEG-SEM, JSM-7600F). Elemental anal-
ysis of synthesized nanoparticles and annealed films was con-
ducted using energy dispersive spectroscopy (EDS) attached to
a FEG-SEM. Electrical properties of the CCdTS and CFTS films
coated on soda lime glass (SLG) substrate were estimated by
using Hall effect measurements in a magnetic field strength of
0.67 T at room temperature (Lake Shore, Model 8404 AC/DC).
Silver paste was applied at the corner of square shaped CCdTS
and CFTS films (7 mm x 7 mm) for making electrical contact
for Hall measurements. Electrocatalytic activities of prepared
films were studied using cyclic voltammetry. Cyclic voltammetry
measurements were carried out using a three-electrode system
in an iodide/triiodide electrolyte solution at a scan rate of 50 mV
s~ (in the potential range from —1 to 1.8 V). The electrolyte was
comprised of 0.1 M LiI, 0.05 M I,, 1 M LiClO, and acetonitrile. Pt
wire was used as the CE, Ag/AgCl was used as the reference
electrode and the prepared S-CFTS, S-CCdTS, N-CCdTS and N-
CFTS films were used as the working electrodes. Current
density-voltage (J-V) characteristics of fabricated DSSCs were
recorded using a Keithley 2420 source meter (Keithley Instru-
ments, Inc.) under illumination (90 mW cm?). The incident
photon to current efficiency (IPCE) of DSSCs was measured in
the wavelength range from 300-800 nm using a xenon lamp
(Bentham PVE300). Electrochemical impedance spectroscopy
(EIS) of the symmetric cells of the CEs were measured over
a frequency range from 1 MHz to 0.1 Hz with an amplitude of
10 mV by using PGSTAT (AUTOLAB 302N). Tafel polarization of
the symmetric cell was performed at a scan rate of 50 mV s~ ' to
verify the electrocatalytic activity of the CE through its exchange
current density.

3. Results and discussion

XRD patterns of CFTS and CCdTS nanoparticles synthesized at
different temperatures ranging from 300 °C to 500 °C for 1 h are
shown in Fig. 1a and b. All the diffraction peaks in Fig. 1a and
b are in good agreement with their standard crystal structure
patterns for CFTS (JCPDS no. 44-1476) and CCdTS for (JCPDS
no. 26-0506), respectively. The average crystallite sizes of CFTS
and CCdTS nanoparticles prepared at different temperatures
for 1 h were calculated by using the Scherrer formula.

The obtained crystallite sizes of the synthesized nanoparticles
are summarized in Table S1 in ESI.} The crystallite size of CCdTS
nanoparticles increased from 6 nm to 23 nm with the increase in
the temperature from 300 °C to 500 °C. Similarly, the increase in
the crystallite size of CFTS nanoparticles was observed with the
increase in the temperature. The XRD patterns of prepared films

This journal is © The Royal Society of Chemistry 2017
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Fig.1 XRD patterns of (a) CFTS and (b) CCdTS nanoparticles prepared at different temperatures for 1 h. (c) CFTS film coated FTO substrate. (d)
CCdTS film coated FTO substrate annealed at 525 °C for 30 min in a different atmosphere (atm).

show additional peaks () along with main phases, which are
attributed to the FTO substrate (SnO,: JCPDS no. 411445, Fig. 1c
and d). However, XRD characterization is insufficient to distin-
guish the crystal structure of CCATS and CFTS from their
secondary phases (Cu,SnSs, CdS, and FeS), due to their similar
XRD patterns. Raman spectroscopy measurements were per-
formed to further confirm the single phase formation of the as-
prepared nanoparticles and annealed films.

Raman spectra of the prepared nanoparticles (300 °C for 1 h)
and annealed films are shown in Fig. 2. The peak at 317 cm ™"

~
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belongs to the CFTS crystal structure (Fig. 2a) and the peaks at
329 em™ ' and 281 cm™' correspond to the CCATS phase
(Fig. 2b). The peaks at 317 cm ™" and 329 cm™" are attributed to
the symmetric vibrational motion of the sulfur atoms in CFTS
and CCdTS, respectively.'®>2%232¢ The peak at 281 cm ' is
ascribed to the vibrations of the Cd atoms and S atoms with
some contribution from the Cu atoms in the CCdTS lattice."***¢
The absence of peaks at 293 cm ™ * (FeS), 318 cm ™ * (Cu,SnS;) and
305 cm ™" (CdS) shows the formation of single phase CCATS and
CFTS synthesized nanoparticles and their respective annealed
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Fig. 2 Raman spectra of (a) CFTS, (b) CCdTS nanoparticles synthesized at 300 °C for 1 h and films annealed at 525 °C for 30 min respectively.
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films.">*?32627 The obtained values are in good agreement with
the literature reported values.**?%>¢

Bright field FEG-TEM images of CCdTS and CFTS nano-
particles synthesized at 300 °C for 1 h are shown in Fig. 3.
Synthesized CCdTS nanoparticles are spherical in shape and
have a size of approximately 6-9 nm (Fig. 3a and b). The
synthesized CFTS nanoparticles are equiaxed, with sizes of
approximately 8-12 nm (Fig. 3e and f). The morphologies of
CFTS and CCdTS nanoparticles prepared by thermal decom-
position are similar to the nanoparticles synthesized by using
wet chemical processes.'>!*'7**** HR-TEM images of CCdTS and
CFTS nanoparticles show the clear lattice planes, which indicate
the crystallinity of synthesized nanoparticles (Fig. 3c and g,
respectively). The selected area electron diffraction (SAED)
confirms the polycrystalline nature of synthesized CCdTS and
CFTS nanoparticles (Fig. 3d and h). Diffraction rings are
indexed to the (112), (204) and (312) planes, which correspond
to the stannite CCdATS crystal structure (Fig. 3d). Similarly, (112),
(220) and (312) planes (Fig. 3h) are matched to the stannite
CFTS crystal structure. The XRD, Raman, and FEG-TEM analysis
confirm the crystallinity of CCdTS and CFTS nanoparticles
prepared at 300 °C for 1 h.

The average elemental compositions (atomic weight%) of
synthesized CFTS and CCdTS nanoparticles and films annealed
in different atmospheres were measured by using EDS. The
obtained results are shown in Fig. 4 (also see the raw data in
Tables S2-S57). Fe-rich, Sn-rich, and S-deficient CFTS nano-
particles were obtained via low-temperature synthesis, while
Cd-rich, Sn-rich, and S-deficient CCdTS nanoparticles were
obtained (Fig. 4a and b). Excess Cu, Sn-deficiency and the
appropriate ratio of Fe and S were noticed for CFTS nano-
particles, while Cu-rich, Sn-deficiency, and the desired ratio of
Cd and S were obtained for CCdTS nanoparticles synthesized at
high temperature. Similarly, Cu-rich, and Sn and S-deficiencies
were observed in both films (N-CCdTS and N-CFTS) annealed
in the N, atmosphere, while the desired stoichiometric ratio

(d)

(312),
\(X(ﬂz)

Fig.3
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was observed for sulfurized films (Fig. 4c and d). The defi-
ciencies of Sn and S in both films (N-CCdTS, N-CFTS) annealed
in N, atmosphere are due to the evaporation of Sn and S from
the film at high temperature.>®*

Surface features of films annealed in N, atmosphere and
sulfurized film are shown in Fig. 5. The larger grain sizes are
observed in N-CCdTS and N-CFTS films (Fig. 5a and b),
compared to the S-CCdTS, S-CFTS films (Fig. 5¢ and d). The
larger grain sizes in films annealed under nitrogen might be
due to the Cu-rich phase, which is consistent with a previous
report.*

The electrical properties of all CCdTS and CFTS films were
evaluated by using Hall measurements and are given in Table 1.
Hall measurements confirm the P-type conductivity of CFTS and
CCdTS films. The resistivities of sulfurized CFTS and CCdTS
films are smaller than those of the films annealed in N, atmo-
sphere. The mobility of sulfurized films is higher than that of
the films annealed in N, atm. The higher resistivity, the lower
mobility of CCdTS film is due to changes in morphology and
deviation in the stoichiometric ratio of CFTS films."*** The
deficiency of S and Sn creates elementary defects (sulfur vacancy
(Vs) and tin vacancy (Vsy)) in the prepared films, which can trap
electrons, thus increasing the resistivity of the films.*** The
obtained electrical properties of CCdTS and CFTS films are
similar to the reported values.'>*%

It is essential to evaluate the electrochemical catalytic activity
of synthesized materials for their substitution as alternative
electrocatalyst materials for CEs in DSSCs. Cyclic voltammetry
measurements of prepared films show two pairs of redox peaks
(Fig. 6a), which indicate that synthesized materials can act as
electrocatalysts for the reduction of I;~ to I". The redox pair at
a lower potential is ascribed to the reaction of I;"/I", which is
responsible for the regeneration of the dye in DSSCs."> However,
the redox pair at higher potential corresponds to the reaction of
I,/1;~ (Fig. 6a). The electrochemical catalytic parameters such as

cathodic current density (I,c;) and peak-to-peak separation (Ep)

(a), (b) and (c) FEG-TEM and HRTEM images of CCdTS nanoparticles; (e), (f) and (g) FEG-TEM and HRTEM images of CFTS nanoparticles; (d)

and (h) selected-area electron diffraction (SAED) patterns of CCdTS and CFTS nanoparticles, respectively.
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Fig. 4 Elemental compositions of (a) CFTS and (b) CCdTS nanoparticles synthesized at different temperatures (300 °C to 500 °C) for 1 h in N,
atm. (c) and (d) Elemental compositions of CFTS and CCdTS films annealed in different atmospheres at 525 °C for 30 min.

Fig. 5 FEG-SEM images of the top surfaces of CCdTS and CFTS: (a)
CFTS film and (b) CCdTS film annealed at 525 °C for 30 min in N,
atmosphere; (c) CFTS film and (d) CCdTS film sulfurized at 525 °C for
30 min.

of the redox pair at lower potentials are the key parameters for
determining the electrocatalytic activity of prepared CEs.*>'®
The electrochemical catalytic parameters (Ip1, Epp) of different
CEs obtained from the cyclic voltammogram (CV) curves are

This journal is © The Royal Society of Chemistry 2017

given in Table 2 (Fig. 6a). From the CV analysis, the higher I,
values and lower Ep, values of S-CFCTS-CE and S-CFTS-CE
indicate a better electrocatalytic activity for the reduction of
I;” ions in the electrolyte solution, compared to N-CFTS-CE and
N-CCdTS-CE, but inferior activity to that of Pt-CE. According to
the literature, the elemental compositions,"***** morphol-
ogies,**¢ electrical conductivities,'>*”** crystal structures,*
secondary phases,” and specific surface areas™*** of CE
materials affect the electrochemical catalytic parameters. The
higher electrocatalytic activity of S-CFTS-CEs and S-CCdTS-CEs
as compared to N-CFTS-CE and N-CCdTS-CE might be due to
the variation in elemental composition (Fig. 4c and d),
morphology (Fig. 5) and electrical conductivity (Table 1).
Stability assessment of CEs is an important issue for prac-
tical application of the DSSCs.* According to the reported
literature, successive CV scanning, EIS scanning, long-term

Table 1 Electrical properties of CCdATS and CFTS films

Parameters N-CFTS N-CCdTS S-CFTS S-CCdTS
Type of conductivity P P P P
Mobility (em®> Vv 's™") 1.7 1.2 4.5 3.2
Carrier 3 x 107 2.5 x 107 3.3 x 107 2.7 x 10"
concentration (cm?)

Resistivity (Q cm) 0.56 0.98 2x107%  7x107?

RSC Adv., 2017, 7, 15139-15148 | 15143
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Fig. 6 Cyclic voltammogram curves of (a) different CEs (Pt, N-CCdTS, N-CFTS, S—CCdTS, and S—CFTS) (b) 100 cycles for Pt-CE, (c) 100 cycles

for S—CCdTS-CE and (d) 100 cycles for S-CFTS-CE.

stability, dark and illuminated current-voltage testing and the
removal rate of the films (mechanical stability) are used to
examine the preliminary stability of various CEs.***° Herein,
mechanical stability (adhesion of CEs to substrates (FTO)),
chemical stability (inert)/dissolution studies and successive CV
scanning of CEs are reported for stability assessment of CEs.
Adhesion between CE/FTO interfaces influence the perfor-
mance of DSSCs and the device lifetime.* The adhesion test was
performed by using an ultrasonicator. The S-CCdTS-CE and S-
CFTS-CE were immersed in ethanol and subjected to ultra-
sonication for 1 h. These CEs were periodically observed after
15 min. As observed from Fig. S1 and S2 (see, ESIt), no major
changes were noticed in both the CEs after 1 h. This indicates
that the CEs are mechanically stable (well adherent to the FTO
substrate). S-CFTS-CE and S-CCdTS-CE were immersed in
iodine based electrolyte for 14 days to study the dissolution of
prepared CEs (Fig. S31). These CEs were periodically observed

after 7 days. The CEs did not dissolve in electrolyte, even after 14
days, indicating that these CEs are stable (inert) in iodine-based
electrolyte (Fig. S4 and S57). Cyclic voltammetry was carried out
for 100 consecutive cycles at 50 mV s~ ' scan rate to confirm the
stability of S-CCdTS-CE and S-CFTS-CE in the iodide based
(I;7/17) electrolyte system. The CV curves of S-CCdTS and S-
CFTS-CEs (after 100 cycles) were found to be analogous to that
of Pt-CE (Fig. 6b-d). The unchanged shape of the CV curves and
nearly constant current density demonstrate the electro-
chemical stability of the S-CCdTS-CE and S-CFTS-CE in the
iodide based electrolyte. The adhesion test, dissolution studies
and successive CV scanning of CEs indicate that prepared CEs
are quite stable in iodide based electrolyte. However, the aging
study of DSSCs fabricated with these CEs (S-CFTS-CE and S-
CCdTS-CE) and symmetric cells of CEs under illumination
conditions (60 °C, 1 sun) is important for practical application.*®
The aging studies of DSSCs with these CEs are in progress.

Table 2 Electrocatalytic parameters as estimated from the CV curves of prepared CEs

CEs Iea1 (MA cm™?) a1 (MA cm™?) Epp (meV) D x 107 % (em®s™ ) ko x 107" (em s ") ¥ x 10~° (mol cm?)
pt 1.68 1.61 280 6.2 6.0 2.06
S-CFTS 1.52 1.47 328 5.2 5.5 1.85
S-CCdTS 1.30 1.27 367 3.8 4.7 1.58
N-CFTS 1.25 0.85 527 3.2 4.2 1.50
N-CCdTS 1.09 0.90 638 2.4 3.7 1.24
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To further support the electrocatalytic activity of prepared
CEs, the adsorption quantity (¥) and diffusion coefficient (D; -)
of I;” ions in the electrolyte, and electrochemical rate constant
(ko) of I;7 /1™ reaction were calculated for the prepared CEs. The
W, Dy~ and k, values of I~ ions for different CEs were estimated
using the following equations,'>*”***' and the obtained results
are listed in Table 2.

Iner = [(nFYVWYRT (1)
et = Kn*?A(Dy )" C (2)
6 =0.299 x v'? 3)

ko = 6((I1DnvF)/RT)"? (4)

where I, is the cathodic peak current density (obtained from
the CV curves), n is the number of electrons involved in the
redox reaction, F is the Faraday constant, R is the universal gas
constant, T is the absolute temperature, v is the scan rate, ¥ is
the adsorption quantity of the reacting ion (I5™), A is the area of
CEs, C is the triiodide concentration, ¢ is a dimensionless
kinetic parameter, K is a constant of (2.69 x 10° C mol ™ V™),
II is a constant (3.14), and k, is the electrochemical rate
constant of the I;"/I" reaction.

The estimated ¥ value of I3~ ions for S-CFTS-CE, S-CCdTS-
CE was found to be larger than that of N-CFTS-CE, N-CCdTS-
CE, but smaller than Pt-CEs. The higher ¥ value for S-CFTS-
CE and S-CCdTS-CE shows that larger numbers of I3~ ions
are adsorbed on the S-CFTS and S-CCdTS surfaces as compared
to N-CFTS-CE and N-CCdTS-CE surfaces. The estimated ¥
values of different CE materials show a similar order of
magnitude to other materials.'> The calculated diffusion coef-
ficients (Dy-) of I3~ ions in the electrolyte for S-CFTS-CE, S-
CCdTS-CE are higher than N-CFTS-CE, N-CCdTS-CE, which is
ascribed to the slower diffusion of I;~ ions towards the CEs
surface.'>***® The variation in the D;- of I3~ ions for different
CEs is due to the change in electrical conductivity of the
CEs.'>3%38 The estimated k, values of S-CFTS-CE and S-CCdTS-
CE are greater than that of N-CFTS-CE and N-CCdTS-CE. The
larger k, value of sulfurized CEs indicates the faster rate of
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reduction of I;~ to I ions at the CE/electrolyte interface.*
According to the existing literature, the k, value is inversely
proportional to the E,, value, and calculated k, values are in
good accordance with Ej,, values of different CEs obtained from
CV curves (Fig. 6). The larger ¥, D; -, and k, values for S-CFTS-
CE and S-CCdTS-CE further confirm the more efficient reduc-
tion of I3~ to I, compared to N-CFTS-CE and N-CCdTS-CE.
Electrocatalytic activity of CEs was further confirmed by EIS
and Tafel polarization measurements. EIS and Tafel polariza-
tion measurements of symmetric cells of CEs were performed
under illumination at zero bias voltage and the obtained spectra
are shown in Fig. 7. The equivalent circuits of the EIS spectra
were fitted with the Zsimp software (inset Fig. 7a). Electro-
chemical parameters such as exchange current density (/o)
(obtained from Tafel polarization, Fig. 7b), series resistance
(Rs), charge-transfer resistance (R.) and the corresponding
constant phase angle (CPE) at the electrolyte/CEs interface
estimated from the EIS spectra are given in Table 3. The R
value of different CEs calculated from the EIS spectra and Tafel
polarization curves are in good agreement (more details
regarding the calculation of R, and J, value from Tafel polari-
zation curves are given in ESIT). According to the previous
literature, J, and R, values are correlated with the electro-
catalytic activity of CEs, and J, is inversely proportional to
Rew.”? The R, value of S-CFTS-CE (2.9 Q cm?) and S-CCdTS-CE
(3.8 Q cm?) are found to be smaller than those of N~CFTS-CE
(5.0 @ cm?), and N-CCdATS-CE (6.9 Q cm?), respectively. The
obtained R, and J, values indicate that sulfurized CEs are more

Table 3 Electrochemical parameters obtained from EIS and Tafel
polarization for different CEs

CE Pt S-CFTS  S-CCdTS N-CFTS N-CCdTS
R, (Q cm?)* 10.9  11.37 12.30 13.2 12.4

Re: (Q em?)* 2.1 2.9 3.8 5.0 6.9

CPE (uF)* 42 38 39 34 32

Re (@ cm?)? 24 33 4.1 5.4 7.1
JomAcm™2)? 48 3.7 3.1 2.3 1.8

“ Calculated from EIS spectra. ” Calculated from Tafel polarization.
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(a) EIS spectra and (b) Tafel plots of symmetric cells fabricated with two identical CEs.
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Fig. 8 (a) J-V curves and (b) IPCE spectra of fabricated DSSCs with different CEs.

efficient for the reduction of I;~ to I at the electrolyte-CE
interface, as compared to the N, annealed CEs; however, it is
less efficient in comparison to Pt CEs. The variation in R value
for different CEs might be due to the change in their electrical
resistivity and adhesion of the films to the FTO substrate.'>*¢*
From the CV, EIS and Tafel analysis indicate that sulfurized CEs
possess better electrochemical activity, compared to the N,
annealed CEs.

Current density-voltage (/-V) characteristics of DSSCs
assembled with all CCdTS, CFTS, and Pt-based CEs are shown
in Fig. 8a. Average (five cells) solar cell parameters such as short-
circuit current density (/s.), open circuit voltage (V,.), fill factor
(FF), and efficiency (n) estimated from the J-V characteristics are
given in Table 4. The DSSC fabricated with S-CFTS-CE, S-
CCdTS-CE showed higher J,., and V., as compared to N-CFTS-
CE, N-CCdTS-CE, but lower than that of Pt-based CE.

The lower Ji. of N-CFTS-CE, N-CCdTS-CE could be ascribed
to higher resistivity and lower electrochemical catalytic
activity.”>** The open circuit voltages of DSSCs fabricated from
S-CFTS-CE and S-CCdTS-CE are higher than that from N-CFTS-
CE and N-CCdTS-CE. The variation in V,. of DSSCs fabricated
with different CEs is explained with the help of the following

equation:'”*?

Voc = (kBT/e) X ln(linj/[ncbketC]) (5)
where V,. is the open circuit voltage, kg is the Boltzmann
constant, T is the absolute temperature, e is an electronic
charge, Ijy; is the flux of charge resulting from sensitized
injection, n.p, is the electron concentration on the surface of

Table 4 Average (five cells) solar cell parameters of DSSCs fabricated
with different CEs

CEs Jse MAcm™) V. (mV) FF 7 (%)

Pt 18.27 £0.31  713.6 £ 1.28 0.60 £ 0.00  8.15 & 0.09
S-CFTS 17.37 £ 032 70524+ 0.96 0.57 £0.00 7.36 & 0.00
S-CCATS 16.38 £0.25  695.6 + 1.44 0.56 &= 0.00 7.12 + 0.08
N-CFTS  14.59 +£0.37  684.6 £ 1.68 0.54 + 0.00 5.78 £ 0.12
N-CCdTS 13.29 £0.27  675.0 £2.08 0.53 £ 0.00 5.30 £ 0.00

15146 | RSC Adv., 2017, 7, 15139-15148

TiO,, ke is the reaction rate constant of the I;~ dark reaction on
TiO,, and C is the triiodide concentration in electrolyte.

The change in V,. of different CEs might be due to the
presence of a high concentration of I;~ ions in the electrolyte,
which is ascribed to the slower rate of conversion of I;”/I" at the
CE surface-electrolyte interface.® The calculated Jg., Voo of
DSSCs fabricated with different CEs are in accordance with the
electrical conductivity and electrochemical parameters of
different CEs estimated from CV analysis. DSSCs fabricated
with S-CFTS-CE, S-CCdTS-CE, and N-CFTS-CE, N-CCdTS-CE
demonstrated an efficiency of 7.36 £ 0.00%, 7.12 £ 0.08%
and 5.78 = 0.12%, 5.30 £+ 0.00%, respectively, while the one
fabricated with Pt-CE exhibited an efficiency of 8.15 £+ 0.09%.
The lower fill factor of DSSCs with N-CCdTS-CE and N-CFTS-CE
is due to a higher R, value (Table 3). The measured IPCE spectra
of DSSCs fabricated with prepared CEs are shown in Fig. 8b.
IPCE response at 350 nm is ascribed to the direct band gap
photoelectron excitation of TiO,."> The IPCE of DSSCs with S—
CFTS-CE, S-CCdTS-CE, N-CFTS-CE, N-CCdTS-CE are observed
to be about 87.3%, 83.5%, 69.8%, 63.8% at 520 nm, respectively,
while IPCE of DSSCs with Pt-CE is found to be 92.8% at 520 nm.
The IPCE spectra results are in good agreement with the J.
value of DSSCs fabricated with prepared CEs.

4. Conclusions

Quaternary chalcogenides (Cu,FeSnS, (CFTS) and Cu,CdSnS,
(CCATS) nanoparticles) have been synthesized by the thermal
decomposition of metal precursors at different temperatures
(300 °C to 500 °C) for 1 h. XRD, Raman spectroscopy, and FEG-
TEM analysis revealed that heat treatment at 300 °C for 1 h is
enough to form single phase CFTS and CCdTS nanoparticles. Sn
and S-deficiencies in N-CCdTS and N-CFTS films led to higher
resistivity as compared to S-CFTS and S-CCdTS films. Electrical
conductivity and electrochemical parameters together demon-
strated that S-CFTS-CE and S-CCdTS-CE are more efficient for
the rate of conversion of I;~ to I", as compared to N-CFTS-CE
and N-CCdTS-CE. The DSSCs fabricated with S-CFTS-CE and
S-CCdTS-CE achieved 90% and 87% of the photoconversion
efficiency of DSSCs with conventional Pt CE, respectively. The

This journal is © The Royal Society of Chemistry 2017
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obtained results indicate that the annealing atmosphere plays
a vital role in the performance of DSSCs.
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