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a b s t r a c t

Cu2ZnSnSxSe4-x (CZTSSe) has been reported as a promising platinum (Pt)-free counter electrode (CE) for
dye-sensitized solar cells (DSSCs) with porous or crystalline structures. However, it is still challenging to
develop a low-temperature method to synthesize CZTSSe electrodes with high surface area and excellent
electrocatalytic activity. Herein, we present a low-temperature solution-phase synthetic approach to
prepare self-organized CZTSSe nanosheets. As-synthesized CZTSSe nanosheets deposited on fluorine-
doped tin oxide (FTO) substrate and applied as CE, yield a power conversion efficiency of (5.73%),
which is comparable to the value we obtained using Pt-based CE (5.78%). In addition, CZTSSe nanosheets
exhibit excellent electrocatalytic performance (4.60%) on carbon paper (CP) as a Pt/FTO-free CE. This
impressive performance was attributed to the high specific surface area of CZTSSe with nanosheet
morphology and related excellent electrocatalytic activity. Cyclic voltammetry and electrochemical
impedance spectroscopy measurements confirmed that CE made of CZTSSe nanosheets have comparable
catalytic activity with respect to Pt CE due to the low charge transfer resistance at the CE/electrolyte
interface. The as-prepared CZTSSe CE with high reproducibility exhibits good chemical stability in the
electrolyte containing. The low-temperature process, high surface area and high electrocatalytic activity
help the CZTSSe nanosheets stand out as an alternative CE electrocatalyst in DSSC.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Fossil fuels represent over 80% of the world’s energy consump-
tion. On the other hand, their decreasing availability, climate change
and environmental pollution dictate an urgent transition towards
renewable energy sources [1e3]. Amongst various carbon-free en-
ergy sources, solar technologies are particularly promising [1,2].
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Since their invention in 1991, dye-sensitized solar cells (DSSCs)
have been widely studied due to their promising features, such as
cost-effective fabrication technology and eco-friendliness [4e6].
Considerable efforts have focused on using specially designed
nanostructured materials to improve the performance and stability
of the different components in DSSCs [7e11]. A typical DSSC con-
sists of four main components: a wide bandgap semiconducting
oxide, dye sensitizer molecules, an electrolyte, and a counter
electrode (CE). During device operation, the CE plays an important
role by collecting electrons from the external circuit and regener-
ating the oxidized iodide/triiodide redox couple electrolyte at the
CE/electrolyte interface [12e14]. Thus, an ideal CE should possess
the high electrocatalytic activity and exhibit excellent stability to-
wards the electrolyte [6,15,16].

To date, CEs made of fluorine-doped tin oxide (FTO) glass coated
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with a thin layer of platinum (Pt) are the most widely used as
conventional CE material. However, as a noble metal, limited sup-
ply and high cost are unresolved challenges that need to be
addressed for the large-scale commercialization of DSSCs [17]. Pt/
FTO CEs used in DSSCs accounts for more than 40% of the total
device cost [18e20]. In addition, Pt/FTO CE is not stable in contact
with some electrolytes such as cobalt complexes and polysulfide
electrolytes [21]. To overcome these issues and deploy commercial
DSSCs, the design/fabrication of Pt-free CEs, without reducing its
electrocatalytic activity and stability is a key factor. In this regard,
major efforts have focused on replacing Pt with abundant low-cost
narrow bandgap p-type semiconductors [10,22e25].

Copper chalcogenide-based compounds as p-type semi-
conductors are considered promising materials for use as CEs in
DSSCs [17,23,26e28]. Among these, Earth-abundant copper-zinc-
tin-chalcogenide Cu2ZnSnSxSe4�x (CZTSSe) is an interesting mate-
rial due to its electronic structure, bandgap, and synergetic effects
of the different elements [17,21,29]. Xin et al. [17] first introduced
CZTSSe film as a potential substitute for Pt in low-cost CEs for the
triiodide/iodide electrolyte reduction. They employed a simple
solution-phase chemical synthesis approach to prepare the
Cu2ZnSnS4 (CZTS) nanocrystal dispersion that can be coated on the
FTO substrate. The CZTS thin film is then sintered at 540 �C for 1 h in
selenium (Se) vapor for selenization and yields CZTSSe. Chen et al.
[21] reported the effect of the crystallization of CZTSSe film on
DSSCs performance. The CZTSSe film was produced by evaporation
of 40 mg of Se powder mixed with Ar in a graphite box at 550 �C for
30 min. It was found that the formation of a high-crystallinity film
with large grains dramatically improved the charge transport
process. Shen et al. [27] explored a screen-printing process for
CZTSSe CEs. Similar to previous work, CZTSSe filmwas prepared by
screen-printing CZTS pastes (followed by heating at 400 �C for
15 min in the air to remove the organic binders), then by post
selenization (at 500 �C for 10 min) using Se vapor obtained from
elemental Se pellets. Although previous work [17,21,27] demon-
strated a very exciting approach for the application of CZTSSe as a
CE in a DSSC, there are two crucial factors that must be considered:
(i) synthesis of CZTSSe by post selenization requires high temper-
atures (higher than 500 �C) and special annealing environment; (ii)
previous studies mainly focused on designing crystalline films that
could limit the surface contact between CE and electrolyte. The
major issue in these reports is the post selenization reaction of the
deposited film at high temperatures that could create cracks in the
film due to the significant thermal stress.

Hereinwe report the synthesis of CZTSSe nanosheets as efficient
CEs for DSSCs. The aim of this work was to use as-synthesized
CZTSSe with intrinsic Se content to remove the high-temperature
selenization process and related negative impact (thermal stress).
In addition, we synthesized the CZTSSe with nanosheets
morphology to increase the active catalytic surface area of the CE.

The as-prepared CZTSSe nanosheets could be effectively
dispersed in ethanol and the resulting ink was used to fabricate the
CZTSSe thin films on FTO substrates as Pt-free CEs in DSSCs. The
CZTSSe nanosheets CE exhibit excellent electrocatalytic activity and
stability for triiodide/iodide electrolyte reduction with high
reproducibility and a comparable PCE (5.73%) to that based on
conventional Pt CEs (5.78%). On the other hand, when CZTSSe
nanosheets deposited on the carbon paper (CP) as a FTO and Pt free
CE, exhibits a comparable PCE (4.60%).

2. Materials and methods

2.1. Materials

All chemical reagents and solvents in this work were used as
received, without further purification. Tin(IV) bis(acetylacetonate)
dichloride (SnCl2(C5H7O2)2, 98%), copper(II) chloride dihydrate
(CuCl2$2H2O, 99.999%), zinc diethyldithiocarbamate
([(C2H5)2NCS2]2Zn, 97%), selenium (Se) (99%), oleylamine (OLA,
70%), 1-Dodecanethiol (1-DDT, � 98%), and 1-Butanethiol
(CH3(CH2)3SH, 99%) were purchased from Sigma-Aldrich. ACS
grade chloroform (99.8%), toluene (99.7%), acetone (99.8%), meth-
anol (99.8%) and ethanol (99.5%) were purchased from VWR In-
ternational. Glass substrates were bought from Fisher Scientific.

2.2. Preparation of SnSe2 nanosheets

In a typical experiment, SnCl2(C5H7O2)2 (1 mmol, 387.8 mg) and
20 mL of oleylamine (OLA) were loaded into a 100 mL two-necked
round-bottom quartz flask at room temperature and degassed for
30 min by stirring the mixture under vacuum. In parallel, the Se
powder (2 mmol, 157.9 mg) together with 2 mL of OLA and 2 mL of
1-DDT were added to a two-necked 25 mL round-bottom flask,
followed by stirring under vacuum at room temperature for 30min.
Next, the Sn (II) solution was heated to 140 �C under an argon at-
mosphere, while keeping the Se solution at room temperature
(under argon atmosphere). Once the temperature of the Sn solution
reached 140 �C, the Se solution was injected in the Sn (II) solution
flask. Further, the reaction was heated to 220 �C and kept at this
temperature for 1 h. The reaction was quenched by removing the
heating source and cooling to room temperature. The solids were
decanted and washed with a mixture of OLA (8 mL) and 1-DDT
(1 mL) to remove residual Se. Subsequently, the SnSe2 nanosheets
were collected by centrifugation and purified by washing three
times with a mixture of chloroform and ethanol (V: V, 1: 3). The
final product was dried overnight in a vacuum oven at 45 �C.

2.3. Preparation of CTSe nanosheets

The formed SnSe2 nanosheets were used as starting material for
the fabrication of CTSe, by copper incorporation in the SnSe2 lattice.
The Cu precursor was prepared by mixing CuCl2$2H2O (1.6 mmol,
272 mg) and 4 mL of OLA in a 25-mL two-necked round bottom
flask and stirring the mixture under vacuum at 100 �C for 30 min.
Upon backfilling the flask with argon, the Cu (II) solution was
injected into the SnSe2 suspension. The reaction was raised to
220 �C and kept at that temperature for 1 h. The reaction was
quenched by removing the heat and natural cooling to room tem-
perature. Using the same purification process as for the SnSe2
nanosheets, the CTSe precipitate was decanted, washed with a
mixture of OLA (8 mL) and 1-DDT (1 mL), and then collected by
centrifugation. The nanosheets were further purified by washing
three times with a mixture of chloroform and ethanol (V:V, 1:3).
The collected product was dried overnight in a vacuum oven at
45 �C.

2.4. Preparation of CZTSSe nanosheets

CTSe was used as an originating lattice to fabricate CZTSSe. In a
typical experiment CTSe (0.5 mmol, 241 mg), along with
Zn(S2NEt2)2 (0.5 mmol, 181 mg) and 20 mL of OLAwere loaded in a
two-neck 100mL round-bottom quartz flask and the entiremixture
was stirred under vacuum for 30 min at room temperature. The
reaction was further heated to 300 �C and held at the same tem-
perature for 1 h. After the reaction, the mixture was quenched by
removing the heating source and allows cooling naturally. The
precipitate was collected by centrifugation and purified by washing
three times with a mixture of chloroform and ethanol (V: V, 1:3).
The resulting CZTSSe product was dried overnight in a vacuum
oven at 45 �C.



M. Mohammadnezhad et al. / Electrochimica Acta 340 (2020) 135954 3
2.5. CE fabrication

FTO coated glasses were ultrasonically cleaned with water and
soap, acetone and isopropanol for 20 min then dried with nitrogen
gas. The coating dispersion (ink) was prepared by dissolving 2 mg
of CZTSSe in 1 mL ethanol and sonicating in a water bath for
120 min. The cleaned FTO substrates were spin-coated with CZTSSe
ink over different cycles (rotation speed of 3000 rpm with an ac-
celeration of 1000 rpm for 30 s), followed by annealing at 100 �C for
10 min under ambient air conditions to ensure complete solvent
removal. The CZTSSe nanosheets were deposited into CP by elec-
trophoretic deposition (EPD) under direct current (DC) bias of 150 V
for 120 min. The Pt coated FTO/glass substrate CEs with 10 nm
thickness were prepared using a RF magnetron sputtering system
(Kurt J. Lesker, CM818).

2.6. Device fabrication

The TiO2 blocking layer was coated on the FTO substrates using a
single step spin-coating (rotation speed of 6000 rpm with an ac-
celeration of 2000 rpm for 30 s), followed by annealing at 500 �C for
30 min under ambient air conditions. The TiO2 mesoporous film
was then deposited on top of the blocking layer using the tape
casting method. Mesoporous TiO2 photoanodes are composed of
two layers: (i) an active layer of 20 nm-sized anatase TiO2 nano-
particles (18 NR-T from Dyesol) and (ii) a scattering layer of
150e250 nm sized particles (WER2-O from Dyesol). The FESEM
images of the as-prepared TiO2 mesoporous film on the FTO glass
substrate are shown in Fig. S1. Subsequently, the samples were
annealed at 500 �C for 30 min under ambient air conditions. The
XRD analysis of the annealed TiO2 mesoporous film is shown in
Fig. S2 that confirmed the anatase phase of TiO2. For dye-loading,
the prepared photoanodes were immersed into a 0.5 mM etha-
nolic solution of commercial Ru-based molecular complex N719
dye for 24 h. The DSSC devices were sealed with a 60 mm thick
thermal-plastic spacer (Meltonix 1170-60 PF, Solaronix), and an
iodide/triiodide electrolyte injection was performed.

2.7. Characterization

X-ray diffraction (XRD) patterns of the synthesized powders and
films were collected with a Rigaku-MiniFlex600 (Cu Ka radiation,
l ¼ 1.5405 Å). Raman spectroscopy was performed with a Horiba
Scientific spectrometer equipped with an Ar laser source
(l ¼ 532 nm). The morphology of the prepared materials and films
was characterized by scanning electron microscopy (FE-SEM, JEOL
JSM-6900 F) equipped with an energy-dispersive X-ray spectrom-
eter (EDS), and transmission electron microscopy (ZeissLibra120-
TEM). ImageJ software was used to analysis electron microscopy
images. A UV-Vis-NIR spectrophotometer (UV-3600 plus-
SHIMADZU) equipped with an integrating sphere was employed
to measure the absorption spectra of the nanosheet thin films.
Thermogravimetric analysis (TGA) (HITACHI-STA7200) was used to
determine the nanosheets thermal stability. Cyclic voltammetry
(CV) was carried out in a Solartron SI 1287 potentiostat galvanostat
using a three-electrode system, at a scan rate of 10 mVs�1. As-
fabricated CEs (CZTSSe and Pt) acted as the working electrode,
Ag/AgCl as a reference electrode and Pt plate as a counter electrode
in diluted iodide/triiodide electrolyte in acetonitrile (20 times).
Electrochemical impedance spectroscopy (EIS) was carried out
under dark conditions using a SOLARTRON 1260 A. EIS results were
analyzed using an appropriate equivalent circuit model with Z-
View software. The chemical composition of the synthesized
CZTSSe nanosheets was determined by X-ray photoelectron spec-
troscopy (XPS) in a VG Escalab 220i-XL equipped with an Al Ka
source. The photocurrent-voltage (J-V) measurements were pro-
duced by a Keithley 2400 Source Meter under simulated sunlight
with an ABET2000 solar simulator at AM 1.5G (100 mW cm�2).

3. Results and discussion

3.1. Characterization of the as-prepared CZTSSe nanosheets

Fig. 1(a) shows the XRD patterns of the as-synthesized CZTSSe
nanosheets. The diffraction pattern displays three main character-
istic peaks at 2q ¼ 27.39�, 45.53� and 53.92� which can be attrib-
uted to the (112), (220/204) and (312/116) planes of CZTSSe,
respectively. According to the standard XRD pattern of CZTSe
(JCPDS Card, No. 01-070-8930), these peaks moved to higher angles
due to the expansion of the unit cell upon replacement of small S
(1.84 Å) with large Se atoms (1.98 Å) [27,30]. We developed a
cascade approach to the solution-phase preparation of ultra-thin
CZTSSe nanosheets, starting with 2D SnSe2 as an originating lat-
tice to synthesize ultra-thin CTSe nanosheets, subsequently used in
the same fashion to generate 2D CZTSSe. The XRD peaks of the
CZTSSe are slightly broadened and asymmetric due to some im-
purity phase in the final product. This implies the presence of CZTS
in final CZTSSe nanosheets that is in good agreement with the
Raman spectrum acquired from the as-prepared CZTSSe nano-
sheets. Figs. S3eS4 show the XRD patterns acquired from SnSe2 and
CTSe, which confirm their excellent crystallinity. The Raman spec-
trum of the as-prepared CZTSSe nanosheets is shown in Fig. 1(b).
The A1 Raman mode frequencies of CZTSe and CZTS are detected at
189.3 cm�1 and 323.9 cm�1, respectively which are in good
agreement with the literature indicating the formation of pure
CZTSSe [21,30,31]. The Raman spectrum of the synthesized SnSe2
nanosheets (Fig. S5) shows the Raman active modes Eg (113.6 cm�1)
and A1g (182.6 cm�1), respectively, confirming the presence of the
reported 2-H polytype SnSe2 [32]. The Raman spectrum of the CTSe
obtained from the SnSe2 nanosheets (Fig. S6) shows three peaks,
uniquely identifying the CTSe with the Raman shifts at 175.8 cm�1

belonging to the A’ mode of the CTSe crystal, and the two peaks at
201.6 cm�1 and 225.8 cm�1 corresponding to the A” mode of CTSe
crystal [33]. The optical absorption properties of as-synthesized
CZTSSe nanosheets were characterized by UV-Vis-NIR absorption
spectrum of spin-coated thin films of dilute CZTSSe nanosheets
dispersions on glass substrates, see Fig. 1(c). The direct optical band
gap was estimated from Tauc plots. The absorption spectrum re-
veals a broad absorption in the visible region. The bandgap of the
synthesized CZTSSe nanosheets estimated from the Tauc plot (SI) is
~1.42 eV, consistent with previous reports [30,34]. The stability of
the synthesized SnSe2, CTSe and CZTSSe nanosheets was deter-
mined by thermogravimetric analysis (TGA). TGA plots show
decomposition of CZTSSe nanosheets starts at temperatures above
700 �C that confirm high stability of CZTSSe under thermal stress,
see Fig. 1(d) and S7-S8.

The detailed structure and morphology of as-prepared CZTSSe
nanosheets were investigated by FESEM and TEM. The FESEM im-
age shows the formation of the hierarchical microsphere
morphology with an average diameter of ~2.5 mm that is composed
of a group of nanosheets, see Fig. 2(a). Figs. 2(b) and S9 shows the
high magnification FESEM image of CZTSSe nanosheets with an
average thickness of ~20 nm. The root-mean-squared (RMS)
roughness of the surface of nanosheets measured from FESEM
images showed a rough surfacewith RMS roughness of 26.4 ± 4 nm.
The structure of as-synthesized CZTSSe nanosheets is further
characterized by elemental mapping using EDS. The results show
that Cu, Zn, Sn, S and Se elements are homogeneously distributed in
the selected region. Consistent with and XPS results, the EDS
analysis also reveals that no obvious mixed impurity phases are



Fig. 1. (a) XRD pattern, (b) Raman spectra, (c) UVeVis absorption spectra and (d) TGA plot of as-prepared CZTSSe.
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observed. TEM imaging confirms the plate-shape of CZTSSe
(Fig. 2(d) and (g)). SAED pattern shown the three concentric
diffraction rings corresponding to the (112), (220) and (312) planes
that match the structure of CZTSSe (Fig. 2(e)) and XRD results. The
chemical composition of the nanosheets was characterized by EDS
measurements. EDS spectrum is shown in Fig. 2 (h) confirm the
presence of Cu, Zn, Sn, S, and Se in the CZTSSe system. HR-TEM is
shown in Fig. 2 (f) that revealed the highly crystalline nature of
CZTSSe nanosheets. The interplanar spacing of CZTSSe nanosheets
was measured and found to be 3.18 Å, which is attributed to (112)
crystallographic planes (Inset of Fig. 2 (f)). Figs. S10eS11 display the
HR-TEM image of SnSe2 and CTSe with layered morphology. The
small size nanosheets are beneficial for coating fabrication since
they easily disperse in the solvent to form a uniform ink [30]. The
sheet structure can accelerate electron transport faster than the mu
multigrain structure with large numbers of grain boundaries and
defects [21,23]. Moreover, the nanosheets morphology could pro-
mote the formation of a large surface area for increasing the cata-
lytic activity and accelerating charge transport, both being
important factors for an ideal CE [21,30].

The elemental composition of the as-synthesized CZTSSe
nanosheets was further examined with high-resolution XPS to
confirm the presence of the five constituent elements in the sam-
ple. Fig. 3(b) shows the XPS spectrum of Cu 2p with two peaks
located at 933.5 eV and 953.3 eV for Cu 2p3/2 and Cu 2p1/2,
respectively. The peak positions and separation of 19.8 eV are in
good agreement with that of Cu (I) [30,35,36]. The peaks of Zn 2p
appear at binding energies of 1022.1 eV (Zn 2p3/2) and 1045.3 eV
(Zn 2p1/2) with a peak separation of 23.2 eV imply the formation of
Zn (II) [36,37]. The peak of Sn 3d is split into two peaks 3d5/2 and
3d3/2 with a split orbit of 8.7 eV, suggested the presence of Sn (IV)
state [36,37]. Fig. 3(e) shows the binding energies S 2p with two
peaks at 161.3 eV and 162.7 eV, indicating assigned to S valence
state in CZTSSe compound S (II) [28,30,35]. There is another peak
located at 166.3 eV, assigned to Se 3p1/2 [35]. The other peak at
55.3 eV is strong evidence for Se element in CZTSSe. The broad and
low-intensity peak near 60.1 eV can be attributed to the surface
oxidation state of selenium species [37,38].

3.2. Application of CZTSSe nanosheets as CE in DSSCs

To obtain high-efficiency DSSCs, a good quality film without
defects and large contact area are necessary for electron transfer,
catalytic reaction and fast regeneration of the oxidized electrolyte
[10,14,23,39]. Fig. 4 shows SEM images acquired at different mag-
nifications of CZTSSe thin films formed on the FTO substrate with
different spin coating cycles. As observed in these images, the
uniformity of the films is gradually enhanced by increasing the
cycles of the spin coating. As displayed, the homogeneity of CZTSSe
films before 5 cycles is very low, due to the non-uniform distribu-
tion of the nanosheets. However, a uniform CZTSSe film covers the
FTO substrate after 5 cycles. CZTSSe nanosheets with uniform size
distribution and good dispersibility are made up of many hierar-
chical microspheres, with each bunch consisting of several nano-
sheets. The combination of nanosheets together provided abundant
pores, increasing the specific area of the catalytic material
[23,34,39].

To investigate the influence of film morphology on the PV per-
formance of the DSSCs, we measured the current-voltage charac-
teristic of six different CEs. Fig. 5(aee) and Table 1 display the



Fig. 2. Structural characterization of as-synthesized CZTSSe nanosheets: (a) FESEM images at low magnification and related EDS element mapping images. (b and c) High
magnification. (d) Bright-field TEM image of one individual CZTSSe nanosheet, (e) SAED, (f) HR-TEM (g) dark-field TEM image, (h) EDS of the selected area.
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photocurrent density-voltage (J-V) curves obtained under one sun
simulated sunlight at AM 1.5G (100 mW cm�2) and dark condition
and corresponding photovoltaic parameters, such as the Jsc, Voc, FF
and PCE of DSSCs with CEs based on the CZTSSe and Pt. The results
show that the structure of CZTSSe film has a significant influence on
the PV parameters of DSSCs. As shown in Fig. 5 (a), the PCE of the
device assembled with five cycles deposition is 17.77% higher than
the one obtained with three cycles. The relatively high catalytic
activity of CZTSSe CE fabricated with five or more cycles of coating
deposition can be attributed to the uniformity and homogeneity of
the CZTSSe film (Fig. 4). The significantly enhanced Jsc values
contribute to the superior performance and indicate a rapid rate of
hole recovery at the CZTSSe CEs and electrolyte interface [36,38].
The enhancement in Jsc and consequently PCE can be ascribed to
the higher active surface area of the CEs compared to the samples
that fabricated with 1 and 3 cycles. A high surface contact area of
the CE/electrolyte and faster electrolyte reduction decrease the
availability of tri-iodide ions to recombine with photo-injected



Fig. 3. XPS spectrum of the as-synthesized CZTSSe nanosheets (a) Cu 2p, (b) Zn 2p, (c) Sn 3d, (d) S 2p, (e) Se 3d.
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electrons, thus resulting in improved performance [18,19,40].
Furthermore, the results show essentially the same value of Voc.
Based on the bandgap theory, the difference between the quasi-
Fermi level of the semiconductor and the electrolyte determines
the Voc of the DSSC [6,23]. In a DSSC, the FF is mainly influenced by
the series resistance of the CE, the resistance at the interface of CE/
electrolyte, the transport resistance in photoanode, etc. The DSSC
based on the CZTSSe CEs has a similar FF of with Pt CE due to the
high charge transfer at the CE/electrolyte interface and catalytic
ability [36,41]. The DSSC based on the CZTSSe CE (7 cycles), yielding
a good power conversion efficiency (5.73%), which is comparable to
that obtained using the Pt CE (5.78%).

In a DSSC, one of the main possible recombination reactions is
the transfer of the injected electrons from the conduction band of
the semiconductor to the oxidized state of the electrolyte. The
considerable loss in performance of DSSCs can be ascribed to



Fig. 4. FESEM images of CZTSSe film with different spin coating cycling on the FTO substrate: (a) 1 cycle, (b) 3 cycles, (c) 5 cycles, (d) 7 cycles, (e and f) 9 cycles.
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various factors including undesirable carrier recombination at in-
terfaces (TiO2/dye/electrolyte and Pt/electrolyte), regeneration ki-
netics of oxidized dye molecules and redox couple electrolyte. The
fast kinetics of the electrolyte reduction at the surface of the CE is a
crucial factor for reducing recombination. Thus, the optimization of
the CE structure to delay the interfacial charge recombination dy-
namics is a crucial factor to improve DSSC performance [39,42]. It
has been shown that the limited recombination with the oxidized
electrolyte results in a slower photovoltage decay [43]. The pho-
tovoltage decay and calculated electron lifetime (te) [defined by
using Equation (1)] curves of DSSCs assembled with different CEs
are shown in Fig. 5 [44].
te ¼
�
�kBT

e

���
dVoc

dt

�
(1)

In this equation T is the absolute temperature, kB is Boltzmann’s
constant, and e is the elementary charge [44]. The results show that
the photovoltage decay decreases when increasing the cycles of
film deposition [Fig. 5 (f)]. The high te of the DSSCs based on the
CZTSSe CEs (7 cycles) is due to the uniform film and high surface
area. The comparable photovoltage decay and lifetime of the
CZTSSe and Pt CEs confirmed the strong ability of CZTSSe for
electron collection and high electrocatalytic properties.

To gain more insight into the electrocatalytic ability of the



Fig. 5. Photovoltaic performances of the DSSCs assembled with different CEs (a) Current density-voltage curves of solar cells under AM1.5G irradiation (100 mW cm�2) and dark, (b)
Jsc, (c) Voc, (d) FF and (e) PCE. Transient photovoltage decay measurement: (f) transient Voc decay and (g) obtained electron lifetime (te) for DSSCs assembled with different CEs.

Table 1
Performance parameters of DSSCs fabricated using different CEs.

Sample PCE/% FF/% Voc/V Jsc/mA cm�2

CZTSSe 1 cycle 2.19 29 0.67 11.3
CZTSSe 3 cycle 4.50 58 0.67 11.6
CZTSSe 5 cycle 5.30 63 0.69 12.2
CZTSSe 7 cycle 5.73 66 0.69 12.6
CZTSSe 9 cycle 5.22 63 0.67 12.9
Pt 5.78 68 0.68 12.5

M. Mohammadnezhad et al. / Electrochimica Acta 340 (2020) 1359548
prepared CEs, the electrochemical properties were evaluated using
CV. The CV curves of CZTSSe and Pt electrodes are shown in Fig. 6
(a). All curves were obtained in the standard three-electrode sys-
tem composed of a working electrode (CZTSSe and Pt), Pt plate as a
counter electrode, Ag/AgCl as a reference electrode and iodide/
triiodide electrolyte. Two typical pairs of oxidation-reduction peaks
are observed in the CV curves, presenting superior electrocatalytic
activity towards iodide/triiodide electrolyte. The peaks at more
negative potentials correspond to the reduction of the electrolyte,
whereas the right one at the high potential range is assigned to the
oxidation [38,45]. The reduction and oxidation peak current
densities of the sample produced with 7 cycles are higher than
those deposited with 5 and 3 cycles, indicating that by increasing
the spin coating cycling a higher amount of CZTSSe nanosheets is
deposited on the substrate, as observed by FESEM. The current
density of the reduction reaction of CZTSSe (seven cycles) is -
0.022 mA cm�2, that is more negative than that of the Pt-based
electrode (- 0.015 mA cm�2). The current density in the oxidation
peak of the CZTSSe film deposited with seven cycles also is higher
than those of the Pt, 0.11 and 0.09 mA cm�2, respectively. These
functional properties improvement should be attributed to the
nanosheet architecture of the CZTSSe that can increase the active
catalytic surface area of the CE. A higher specific surface area of the
CE produces more catalytic sites, which is favorable for the elec-
trolyte reduction. Thus, imparting a higher surface contact between
electrolyte and catalysts is desirable for enhancing the catalytic
activity of CEs [6,23]. These results indicate that CZTSSe nanosheets
are as effective as Pt in catalyzing the reduction of the iodide/
triiodide electrolyte.

Electrochemical impedance spectroscopy (EIS) measurements
were further carried out to investigate the reaction kinetics at the
CE/electrolyte interface. The EIS analysis was carried out in four
symmetric cells fabricated with Pt and CZTSSe CEs. Fig. 6 (b) shows



Fig. 6. (aeb) Cyclic voltammogram and Nyquist spectra of different CZTSSe CEs and Pt, respectively. (c) 30 consecutive cyclic voltammogram scanning for Pt CE and (d) 30
consecutive cyclic voltammogram scanning for the best performing CZTSSe CE (7 cycles).
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Nyquist plots for the symmetrical cells fabricated with different
electrodes. The size of the semicircle is assigned to the charge
transfer resistance (Rct) that is the most important characteristic to
demonstrate the electron transfer of different CEs for electrolyte
reduction [45,46]. A lower Rct increases the rate of electron transfer
at the CE/electrolyte interface for catalytic reduction of electrolyte
and consequently results in less recombination [21,45,46]. Table 2
shows the obtained Rct values for the fabricated devices. The
simulated Rct value for CZTSSe CE after 7 cycles of spin coating, a bit
higher than for the Pt CE, confirming CZTSSe CE can exhibit
excellent electrocatalytic activity for electrolyte reduction which is
comparable to the standard Pt CEs. The series resistance (Rs) is
defined by the intercept of the Nyquist plots (left side) with the
horizontal axis which is very close for the CZTSSe and Pt CEs, see
Table 2.
Table 2
Comparison of Rs (U) and Rct (U) calculated from EIS measurements of symmetric
cell configuration of spin-coated CZTSSe and Platinum CEs.

Types of CEs 3 Cycles 5 Cycles 7 Cycles Pt

Rs (U) 17.2 15.4 13.19 10.1
Rct (U) 95 67 49 25
Aside from high catalytic activity, chemical stability in the
electrolyte containing triiodide/iodide redox couple is another
major concern in the development of Pt-free CEs that affecting the
potential applications of DSSCs. To evaluate the chemical stability of
CEs in the iodine-based electrolyte, CE usually subjected to
sequential CV scanning [10,23]. As shown in Fig. 6(ced), the best
performing CZTSSe CE (7 cycles) shows slow reduction in the
oxidation (~20%) and the reduction current density peaks (~18%)
after 30 cycles of CV which is comparable to that obtained using
“standard” Pt CEs by (~12%) for oxidation (~11%) for reduction
current density. Moreover, the Epp undergo nearly no change for
CZTSSe CE after multi-cycle successive CV scanning. This result
demonstrates that CZTSSe CE materials are relatively stable and
have properties that are comparable to those of Pt CE.

An important aspect of solar cell research and development is
batch-to-batch reproducibility without large scale variations of the
PV parameters. To assess the reproducibility of the counter elec-
trode fabrication procedure, six different batches of DSSCs based on
the CZTSSe and Pt CEs produced and the corresponding functional
performances comparatively evaluated. Fig. 7 reports the perfor-
mance parameters for each cell batch. Similar parameters for cells
within the different batches can be observed. This similarity con-
firms the remarkable reproducibility of our solar cells within the



Fig. 7. Comparison between working parameters of different devices produced based on the Pt and CZTSSe CEs, highlighting the high reproducibility. (a and b) Current density-
voltage curves of solar cells assembled with Pt and CZTSSe CEs respectively, under AM1.5G irradiation (100 mW cm�2), (c) Voc and FF, (d) Jsc and PCE.

M. Mohammadnezhad et al. / Electrochimica Acta 340 (2020) 13595410
different batches. In consideration of the similar PV parameters for
all devices, CZTSSe CEs are effective for the fabrication of high-
performance DSSCs with high reproducibility.

Similar to Pt materials, the transparent conducting oxide (TCO)
glass substrate is also known as a high-cost component for DSSC
Fig. 8. (a) Current density-voltage curves of solar cells assembled with bare CP and CZTSS
images of CZTSSe deposited on CP at different magnifications and (e) SEM images of bare
[18e20]. Therefore, the design of a low-cost alternative TCO free
substrate-based efficient CEs is of practical significance. Thus, we
conductedmore experiments to evaluate the application of CZTSSe/
CP as a TCO and Pt free CE for DSSC. The electrocatalytic activity of
as-synthesized CZTSSe nanosheets deposited on a CP was
e/CP CEs, under AM1.5G irradiation (100 mW cm�2) and dark conditions, (bed) SEM
CP.



Table 3
Performance parameters of DSSCs fabricated using different CEs.

Sample PCE/% FF/% Voc/V Jsc/mA cm�2

Bare CP 1.76 38 0.50 9.27
CZTSSe/CP 4.60 63 0.67 10.9
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investigated by fabrication of a series of DSSCs based on the bare CP
and CZTSSe/CP CEs. Fig. 8 (a) displays the J-V curves obtained under
one sun simulated sunlight at AM 1.5G (100 mW cm�2) of DSSCs
with different CEs. The calculated PV parameters of the corre-
sponding devices are summarized in Table 3. The results show that
the bare CP has poor catalytic activity. However, the CZTSSe/CP CEs
resulted in an excellent PV performance. The devicewith bare CP CE
exhibits PCE (1.76%) and CZTSSe/CP based DSSCs shows (4.60%).
This may be mainly ascribed to the high surface area and excellent
catalytic activity of homogenously deposited CZTSSe nanosheets on
the surface of the fiber, which is confirmed by FESEM of CZTSSe/CP
CE at different magnification (Fig. 8 (b)e(d)). For the comparison,
Fig. 8 (e) displays FESEM of bare CP based CE.
4. Conclusions and perspectives

In conclusion, we have demonstrated a fast and highly repro-
ducible solution-processable approach to synthesize CZTSSe with
nanosheet morphology. Microstructure evaluation confirmed that
the synthesized CZTSSe has nanosheet morphology with uniform
distribution on the surface of the coating. EDS, Raman, XRD and XPS
measurements verified the structure and composition of the
CZTSSe nanosheets. The synthesized CZTSSe nanosheets exhibit
good catalytic performance toward the reduction of the electrolyte
and exhibited an impressive PCE of 5.73%, which is comparable to
that obtained using “standard” Pt CEs (5.78%). The electrochemical
measurements showed that the CE based on the CZTSSe nanosheets
has strong catalysis ability and comparable Rct and Rs with Pt.
Multi-cycle successive CV scanning confirms that the as-prepared
CZTSSe CE with high reproducibility exhibits good chemical sta-
bility in the electrolyte containing triiodide/iodide redox couple.
The DSSCs assembled with CZTSSe/CP CEs as a FTO-Pt free device
yield a PCE of 4.60%. These results provide a simple wet-chemistry
synthesis of CZTSSe nanosheets and a viable spin-coating fabrica-
tion of CE as a prospective candidate to replace highly expensive Pt
CEs.
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