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Facile construction of a polypyrrole—cobalt sulfide
counter electrode for low-cost dye-sensitized solar
cellst

Qin Liu@* and Cunxi Cheng®®

A polypyrrole—cobalt sulfide composite counter electrode (CE) was prepared in this work. Firstly,
polypyrrole (PPy) nanorods were prepared by an in situ polymerization method on FTO, then cobalt
sulfide (CoS) nanoparticles were coated on PPy nanorods by the electrodeposition method. The DSSC
with PPy—CoS CE exhibits superior photoelectric conversion efficiency than that based on platinum (Pt,
one of common counter electrodes), which is 7.52%, improving more than 20% compared to Pt CE
(6.19%). In addition, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
measurements demonstrated that the PPy—CoS CE exhibited excellent catalytic performance for Is7/1~

rsc.li/rsc-advances solution.

1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted considerable
attention because of low cost, facile manufacturing process and
high photovoltaic efficiency."” The counter electrode (CE), as
one of the most important component of DSSCs, plays a critical
role for collecting electrons from external circuit and facilitating
reversible electron exchange through the iodide/tri-iodide (I"/
I;7) redox couple.? Thus, the CE must has high conductivity and
catalytic properties; in other words, the CE should has low
charge transfer resistance (R.) and high cathodic peak current
density to meet the requirement of high-performance DSSCs.
Nowadays, platinum (Pt) coated on fluorine doped tin oxide
(FTO) glass has been widely employed as the CE due to its
superior catalytic activity for the regeneration of I, /I redox
couple. However, the high cost, low abundance and instability
to electrolyte (Pt is prone to change to Ptl, in electrolyte con-
taining I3 /I") limited its application. Therefore, Pt-free CEs
with low cost, good conductivity, acceptable catalytic activity
and good stability are crucial for DSSCs with high performance.
Until now, kinds of materials such as conducting polymers,**
carbon materials,”"® sulfides'™** and nitrides™ have been
studied as potential candidates for Pt-free CE. In recent
decades, many researchers have fabricated composite CEs
using these materials, which gave comparable or superior
performance than Pt-based CE via the advantage of synergetic
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effects between different components of the hybrids.**” Xu and
co-authors*® prepared TiN(P)/PEDOT:PSS CE in 2012; the DSSC
based on this composite CE produced a cell efficiency () of
7.06%, which was higher than that of Pt CE (6.57%). Yue and co-
authors® fabricated a composite CE with multi-wall carbon
nanotubes (MWCNTs) and tungsten sulfide (WS,). By
combining the high conductivity from MWCNTs and high
catalytic activity from WS,, the DSSC with a satisfactory n of
6.41% was achieved, which is comparable to that based on Pt
CE. Although the exact reason why each component in the
composite CE contributes superior performance to DSSCs and
the corresponding quantitative mechanism analysis are still far
away, the composite CE demonstrates a new route to construct
DSSCs with high-performance and low-cost properties.*

As a conductive polymer, polypyrrole (PPy) has been inten-
sively studied as a CE due to its simple fabrication process, good
catalytic property and superior stability to harsh environ-
ment.**** Many studies have reported PPy or PPy composite CE
to date.”**** For example, Wang and co-authors® combined Co
and C with PPy to fabricate PPy—-Co-C CE; the DSSCs based on
PPy-Co-C CE obtained a 7 of 6.01%, slightly lower than that of
Pt based DSSC (6.61%). Peng and co-authors® had introduced
carbon nanoparticles into PPy nanorod networks; the DSSC
based on PPy-C CE gave a high 7 of 7.2%, which increased by
44% compared with pristine PPy-based DSSC and also was
comparable to Pt based DSSC (7.8%). On the other hand, tran-
sition metal sulfides attracted much attention in DSSC appli-
cation due to their good catalytic ability for I;~ and high
electrical conductivity. Among them, CoS was the first sulfide
material studied as the alternative of Pt CE in DSSCs. To date,
cobalt sulfides with different compositions (e.g., CoS, C0S; o365,
C08S;.097, C03S4, and CoS,) have been exploited in DSSCs.>* It
has been proved that the DSSC based on sulfur-deficient CoS,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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shows better performance than that based on sulfur-rich CoS,
attributed to different surface characteristics and electrical
properties of CoS,.** For the sulfur-deficient CoS,, Lin and co-
authors® studied how to control the formation of CoS and
found that the CoS pure phase can be synthesized via the
potentiodynamic deposition method using CoCl, and thiourea
(TU) because TU could suppress the combination of Co>" to
other ions (like OH ™) by forming Co(TU),** and enhancing the
reduction of Co(TU),>" to CoS; the prepared CoS CE endows the
DSSC with comparable 7 to that based on Pt CE.

Though both PPy and CoS are good candidate materials for
CE of DSSCs, there are no reports about their hybrids in DSSC
applications. Herein, we fabricated PPy-CoS CE as the
replacement of Pt CE in DSSCs. The PPy nanorods were firstly
prepared by chemical deposition in this work, then CoS was
deposited on a PPy film via potentiodynamic deposition. The
fabricated composite CE demonstrated superior electrical
conductivity and electrocatalytic activity. The photovoltaic
conversion efficiency of the DSSC based on PPy-CoS CE is
7.52%, which exceeds 20% of that based on Pt CE (6.19%).

2. Experimental
2.1 Materials

Tetrabutyl titanate, sodium iodide, iodine, acetonitrile, tetra-
methyl ammonium iodide, 4-tert-butylpyridine, pyrrole, cobalt
chloride hexahydrate, thiourea, hydrochloric acid (36 wt%,
aqueous solution), n-butyl ammonium iodide, methyl orange
and ferric chloride were all A.R. grade and purchased from
Sigma Aldrich. Fluorine-doped tin oxide (FTO, 8 Q cm™ %) was
purchased from Sigma Aldrich. RuL,(NCS), and L 4,4’-dicar-
boxylate-2,2'-bipyridine (N-719) was obtained from Solaronix
SA.

2.2 Preparation of PPy-CoS CEs

PPy-CoS CEs were fabricated by two steps. Firstly, a nanorod
PPy layer on the FTO was synthesized as follows: 0.0327 g of
methyl orange and 0.07 mL of pyrrole were dispersed in 40 mL
of deionized water solution, then FTO (3 cm x 2 cm) was
immersed in the mixture solution. 0.56 g of ferric trichloride
was added to the above mixture solution and kept at 4 °C for
24 h. The fabricated PPy CE was washed by deionized water and
ethanol successively and vacuum dried at 60 °C. Secondly, a CoS
layer was coated on the PPy CE by the potentiodynamic depo-
sition method using a electrochemical workstation (CHI660C,
CHI Instruments). The FTO with a PPy layer was used as the
working electrode and immersed in the water solution con-
taining 0.05 M CoCl, and 0.75 M thiourea; Pt and Ag/AgCl were
employed as the counter electrode and reference electrode,
respectively. In addition, the potentiodynamic deposition
procedure was performed at a potential from —0.8 V to 1.2 V for
1, 3, 5, 7 and 10 cycles (scan rate of 5 mV s~ ') at room
temperature. The PPy—CoS composite CEs were named as PPy-
CoS-1, PPy-CoS-3, PPy—-CoS-5, PPy-CoS-7 and PPy—CoS-7 in the
following discussion, where the number denotes the CV cycles
when preparing CoS by potentiodynamic deposition.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.3 Preparation of dye-sensitized TiO, photoanodes

TiO, colloid was obtained according to the hydrothermal reac-
tion method reported by Yune.?** The microporous TiO, film was
prepared as follows. TiO, colloid was cast on a FTO glass by
a casting knife with a thickness of 400 pm. Then the samples
were heated in a Maffei furnace at 450 °C for 30 min to form
a compact TiO, film, following which, the nanocrystalline TiO,
film was immersed in a TiCl,/H,O solution with TiCl, concen-
tration of 0.05 mol L. The sintering process was repeated in
the furnace as described above. The resultant TiO, film was
immersed in a dye N-719/ethanol solution (2.5 x 10~* M) for 1
day to obtain the dye-sensitized TiO, electrode.

2.4 Fabrication of DSSCs

The DSSC was assembled by injecting the liquid electrolyte (1 M
1,3-dimethylimidazoliumiodine, 0.15 M iodine, 0.5 M 4-tert-
butylpyridine, and 0.1 M guanidine thiocyanate in 3-methox-
ypropionitrile) into the aperture between the TiO, electrode and
the CE. The two electrodes were clamped and sealed together
before the photovoltaic conversion efficiency measurement.

2.5 Measurements

Elemental distribution in CE was investigated by an Energy
Dispersive X-Ray (EDX) spectrometer (JED-2300). The surface
and cross-sectional morphologies of the CEs were observed
using a field-emission scanning electron microscope (JSM-
6700F). The chemical structure of PPy was analyzed via atten-
uated total reflection Fourier-transform infrared (ATR-FTIR)
spectroscopy (Nicolet 6700 FTIR). The crystal structure of CoS
was determined by X-ray diffraction (XRD, X'Pert Pro). Cyclic
voltammetry (CV) analysis was performed in the three-electrode
one-compartment cell: the PPy-CoS working electrode, one Pt
sheet counter electrode and Ag/AgCl reference electrode were
immersed in an acetonitrile solution of 10 mM Lil, 1 mM I,, and
0.1 mM LiClO,.

Electrochemical impedance spectroscopy (EIS) was con-
ducted with two identical electrodes, which was the same as
that used in the DSSC. The EIS measurement was performed
under the simulating open-circuit conditions at ambient
atmosphere, and the frequency ranged from 0.1 to 10> Hz. The
photovoltaic test of the DSSC was carried out by measuring the
current-voltage (/-V) curves on an electrochemical workstation
(CHI660C, Shanghai Chen hua Device Company, China) under
irradiation with a simulated solar light from a 100 W xenon arc
lamp (XQ-500 W, Shanghai Photo-electricity Device Company,
China) in ambient atmosphere. The intensity of incident illu-
mination was 100 mW cm™ 2 (AM 1.5). The fill factor (FF) and
light-to-electric energy conversion efficiency () of the DSSC
were calculated according to the following equations:

Pmax _ Jmax X Vmax

FF = =
Jsc X Voc Jsc X Voc

(1)

Pmax FF
Imax o 100% = Jsc x Voc x FF

n(%h) = b x 100%  (2)
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Fig. 1 The EDX results for (A): PPy and (B) PPy—CoS-5 CEs.

where Py, is the maximum power output, Jsc and Voc are the
short-circuit current density (mA cm ?) and the open-circuit
voltage (V), respectively. Jimax (MA cm™?) and Vi (V) refer to
the current density and voltage at the point of maximum power
output in the J-V curves, respectively. P, is the incident light
power.

3. Results and discussion

FTIR spectroscopy and XRD were performed to identify the
compositions of PPy and CoS, respectively. Fig. S1Af illustrates
the characteristic peaks of PPy.>** For example, the bands at
1550, 1462 and 1186 cm ™' come from the pyrrole ring and C-N
stretching in PPy, respectively; the peak located at 920 cm™*
corresponds to the C-N stretching vibration, the bands at 1043
and 790 cm " are ascribed to C-C stretching and C-H vibra-
tions, respectively. Fig. S1Bf presents the XRD results of CoS.
The 26 values of 30.4, 36.2, 47.0 and 54.5° are indexed to the
planes of (100), (101), (102) and (110), respectively.>” EDX and
SEM were employed to confirm the successful construction of
PPy-CoS CEs, in which PPy-CoS-5 was selected as the repre-
sentative to compare with the pristine PPy CE. The C, N and CI
elements in the EDX spectrum of Fig. 1A were derived from PPy,
Sn and O elements were from the conductive glass matrix; the
new elements Co and S in Fig. 1B demonstrates the successful
deposition of CoS on the PPy layer. Fig. 2 presents the SEM
images of the PPy (A1 and A2) and PPy-CoS (B1 and B2) CE with
different magnification. The increased diameter of nanorods
and roughness of the surface morphology further confirms the
successful uniform growth of CoS on the PPy nanorod.

Fig. 3A gives the CV results of the PPy and PPy-CoS CEs, in
which all CEs show two pairs of redox peaks that correspond to
I /I;~ and I /I, redox couple.

137 +2e — 317
312 +2e — 213_

The magnitude cathodic peak current density refers to the
catalytic ability of the CE for I~ reduction reaction.>® PPy—-CoS
CEs show higher cathodic peak current densities than PPy CE,
indicating that the catalytic ability of CE was improved after

38148 | RSC Adv, 2021, 11, 38146-38151

Fig.2 The surface morphology of PPy (Al and A2) and PPy—CoS-5 (B1
and B2) CE with different magnification.

depositing CoS. Moreover, among these composite CEs, PPy-
CoS-5 CE presents the highest peak current density, implying
that 5-sweep-circle deposition is the optimal condition for PPy-
CoS CE preparation. Further, comparing the cyclic voltammo-
grams of PPy-CoS-5 and Pt CE (Fig. 3B), it is obvious that our
PPy-CoS-5 CE even shows higher cathodic peak current density
than that of Pt CE; in other words, the PPy-CoS-5 CE has
superior electrocatalytic ability than that of Pt CE.

Fig. 4A presents the electrochemical impedance spectros-
copy (EIS) results of the Pt and PPy-CoS CEs. The R, values of
CEs are listed in Table 1, in which the R, of PPy is 6.37 Q cm?,
and PPy-CoS CEs show lower R.. The lower charge transfer
resistance (R) is in accordance with the lower overpotential for
electron transfer at the CE-electrolyte interface. The decrease of
R can be due to the excellent electrocatalytic ability of CoS;
besides, the large surface area provided by PPy nanorods also
contributes to the good electrocatalytic ability of PPy-CoS CEs,
thus accelerating the electron transport from CE to I;~ and the
I;~ reduction reaction. On the other hand, the CE's thickness
increases with the increasing deposition time of CoS (Fig. S31),
which might result in the increase of R for CEs. In our work,
the optimised CE is PPy-CoS-5 with a thickness of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The cyclic voltammograms for (A) PPy and PPy—CoS CEs, and (B) PPy—CoS-5 and Pt CE (the scanning speed is 50 mV s™%).

—oO

—a—PPy
—4—PPy-CoS-1
—&—PPy-C0S-3
—v—PPy-Co0S-5
—6—PPy-CoS-7
—~4—PPy-C0S-10)
——Pt

-Z'lohm.cm*

6 9 12 15 18 21
Z'/ohm.cm’

——PPy
——PPy-CoS-1
—— PPy-C0S-3
——PPy-CoS-5
—— PPy-CoS-7
—— PPy-CoS-10
—pt

141

Voltage /V

Fig. 4 The (A) EIS and (B) /-V curves for DSSC based on PPy—CoS and Pt CEs.

approximately 300 nm. It exhibits the lowest R of 2.83 Q cm?,
which is comparable to that of Pt CE (3.04 Q cm?). Here, the
results of R . are well consistent with the analysis of CV test in
Fig. 3A.

Fig. 4B shows the I-V analysis results of the DSSCs with the
PPy-CoS and Pt CEs under a simulated solar illumination of 100
mW cm > (AM 1.5). The photo voltaic parameters of the DSSCs
based on different CEs are listed in Table 1. The PPy CE based
DSSC shows low J,. and 7, but exhibits the highest V,; this
might be due to the thin thickness of the PPy film. However,
after incorporating CoS, the DSSCs based on PPy—CoS CEs show
improved 7. The different potentiodynamic deposition time of
CoS endows PPy-CoS CE with various thickness and photovol-
taic parameters. The J;. for DSSCs based on PPy-CoS CEs
increases with the decrease of R, which is in accordance with
the cathodic current density results in the above-mentioned CV
analysis. Notably, PPy-CoS-5 shows the highest J;. of 16.78 mA
cm 2, which is highly improved compared with PPy CE and this
value is even higher than that of Pt-based DSSCs. This can be
attributed to the high cathodic current density of PPy-CoS-5 CE
and enhanced catalytic ability of the I7/I;~ redox couple.*
Furthermore, the enhancement of fill factor (FF) after intro-
ducing CoS can be attributed to the lower R, at the electrolyte—
CE interface.***® Though the FF of the DSSC based on PPy-CoS

© 2021 The Author(s). Published by the Royal Society of Chemistry

Table 1 The parameters of DSSC based on PPy—-CoS and Pt CEs

CEs Ry (Qem®) Voo (mV)  Joe (MAem™) FF 5 (%)
PPy 6.37 801 11.77 0.530  5.00
PPy-CoS-1 5.70 731 10.44 0.660 5.03
PPy-CoS-3 5.36 760 12.12 0.589 5.42
PPy-CoS-5 2.83 715 16.78 0.627 7.52
PPy-CoS-7 3.02 724 16.15 0.565 6.61
PPy-CoS-10  5.24 772 10.94 0.662 5.59
Pt 3.04 774 10.77 0.743 6.19

CE is lower than that based on Pt CE, it obtained a superior n
due to its high J,. and low R;.

Fig. 5A presents the 20-sweep-circle cyclic voltammograms of
the PPy-CoS-5 CE with a scan rate of 50 mV s~ . Obviously, the
20-sweep-circle cyclic voltammograms exhibit good repeat-
ability, and the redox peak current density of the PPy-CoS-5 CE
almost remains the same (Fig. 5B), which has a linear rela-
tionship with the number of cyclic voltammetry scans. This
indicates that the prepared PPy-CoS-5 CE tightly attached on
the surface of the FTO substrate and has good electrocatalytic
stability.* Fig. 5C shows the cyclic voltammetry curve of the PPy-
CoS-5 CE at different scanning speeds; the scanning speed from
inside to outside is25 mvVs™*, 50 mVs™*,75mVs "}, 100 mvs '

RSC Adv, 2021, 11, 38146-38151 | 38149
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the redox peak current versus square root of scan rates; (E) the variations of cell efficiency with time for DSSCs based on PPy—CoS-5 CE.

and 125 mV s~ ', respectively. With the increase of the scan rate,

the oxidation peak shifts to the positive direction and the
reduction peak gradually shifts to the negative direction,
respectively. In addition, there is a linear relationship between

38150 | RSC Adv, 2021, 11, 38146-3815]

the current density and the square root of the scan rate
(Fig. 5D), indicating that there is no other reaction between the
I"/I; redox system and the PPy-CoS-5 CE.* In the consecutive
stability test of DSSC based on PPy-CoS-5 CE (Fig. 5E), the  did

© 2021 The Author(s). Published by the Royal Society of Chemistry
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not change greatly after 72 h, it reduced by ~2%, indicating that
the DSSCs with PPy-CoS-5 CE had satisfactory stability; this
result is also in accordance with the analysis of above consec-
utive CV.

4. Conclusion

The PPy-CoS CE was prepared by a two-step method. The
synergy of polypyrrole nanorods and cobalt sulfide endows the
CE with superior electrochemical activity. The DSSC based on
the PPy-CoS CE presents a high cell efficiency of 7.52%, which
is almost 1.2 times that of the DSSC based on Pt CE (6.19%). The
successful construction of the PPy-CoS composite CE demon-
strated its potential application in the photoelectric field, as
well as the importance of fabricating Pt-free CEs for DSSCs.
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