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A novel MoS,/PEDOT-PSS counter electrode (CE) is proposed and used for dye sensitized solar cells
(DSCs). The MoS,/PEDOT-PSS composites were facilely obtained from the mechanical mixture of hydro-
thermal synthesized MoS; nanomaterial and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(PEDOT-PSS) aqueous solution, and the composites are compatible to low temperature and cost-effective
screen-printing fabrication technique. DSC with MoS,/PEDOT-PSS CE exhibits comparable power con-
version efficiency and fill factor to the DSC with conventional Pt CE. The good photovoltaic performance
of DSC using MoS,/PEDOT-PSS CE is primarily derived from the high electrocatalytic activity of nano-
sized MoS; and the high conductive feature of PEDOT-PSS. These results reveal the potential application

MosS, of MoS;/PEDOT-PSS composite in the use of low-cost, printable and efficient Pt-free CEs.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Dye-sensitized solar cells (DSCs) are potential substitutes for
traditional silicon solar cells for their low-cost, high efficiency and
flexible applications [1-3]. As one of the most important com-
ponents in DSC, counter electrode (CE) offers electrons in the
reduction process of triiodide [4], which directly influence the pho-
tovoltaic properties of DSCs. An ideal CE is supposed to possess
several features including high electrocatalytic activity, stable, low
cost, and printable (compatible for flexible applications). Platinum
(Pt) is the most commonly used CE and exhibits high electro-
chemical catalytic activity for triiodide reduction [5]. However, it is
expensive and probably be corroded in electrolyte [5,6], hamper-
ing the scale-up application of DSCs. Therefore, the exploration of
Pt-free CE attracts increasing research interests in recent several
years [7-9].

Transition metal dichalcogenides (MoS, in especial), taking the
advantages of low cost and inherent material stability (the ability
of preventing electrolyte corrosion), are widely used for hydrogen
generation [10] and also proved to be active for triiodide reduction
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by Wu et al. [11]. Generally, the activity of MoS, is limited by the
population of its active edges, which only constitute a small pro-
portion of the total surface area in the MoS, film [12,13]. One route
to increase the number of active edges is decreasing the size of the
MoS, to nanometer dimension [14,15]. However, MoS; nanomate-
rials are prone to stacking together because of its layered nature and
the high surface energy of the two dimensional structure, deliver-
ing higher resistance for electron transfer and diffusion of reactant
molecules, and retarding the catalytic reaction [12,16]. In order to
overcome these obstacles, few-layered MoS, nanocatalysts were
deposited on graphene or carbon nanotubes by in situ growth of
MoS; on these supports [16-18]. The obtained composites dis-
play significantly enhanced performance for electrocatalytic HER
and triiodine reduction. However, the synthesis of these compos-
ite materials is complex and the content ratio is hard to control.
Hence, it is important to find suitable support and a facile process
to construct composites consisting of MoS; nanocatalysts.
Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)

(PEDOT-PSS) is a high conductive polymer and is electrochemical
stable in electrolyte which has also been proved to be a good
substitute for Pt CE [5,19,20]. In addition, it is easy processing
and can form a transparent electrode through screen-printing or
spin-coating technique from its aqueous solution followed by a low
temperature processing (120°C for PEDOT-PSS, while typically
450°C for Pt electrode). Nanomaterials, including carbon black
[5], TiN [20], etc., can be well dispersed in PEDOT-PSS solution by
simple mechanical mixing. Thereby, PEDOT-PSS is possible to be
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an ideal support to avoid the aggregation of MoS; nanocatalysts by
dispersing MoS, in its aqueous solution. Meanwhile, the fabrica-
tion of MoS,/PEDOT-PSS composite electrode will be much facile
(such as spin-coating, screen-printing, dip-coating), and as well,
the content ratio in the composite can be well controlled by vary-
ing the adding content of MoS,. In addition, the electrochemical
stability of MoS,/PEDOT-PSS composite electrode in electrolyte
will be sufficiently good due to the good stability of raw materials.
Moreover, the charge transport in the composite film may also be
improved as the high conductive PEDOT-PSS chains can provide
preferential and continuous charge transport pathways.

Hence, in this work, MoS; /PEDOT-PSS nanocomposite is fabri-
cated and employed as CE material in DSCs. MoS; nanomaterials
were synthesized through hydrothermal synthesis and then dis-
persed in PEDOT-PSS solution through mechanical mixing to form
the composite material. The photovoltaic performance of DSCs
with this composite CE was characterized, and the electrochem-
ical catalytic mechanism of MoS, /PEDOT-PSS CE was studied with
electrochemical impedance spectroscopy.

2. Experimental
2.1. Materials and synthesis of MoS, nanocatalysts

TiO, nanoparticles (P25) and N719 dye (Ru(dcbpy);
(NCS)2(dcbpy =2,2-bipyridyl-4,4-dicarboxylato)) were purchased
from Degussa and Dyesol, respectively. PEDOT-PSS aqueous solu-
tion (1.0-1.3 wt% dispersion in water) was obtained from Clevios.
The iodide/triiodide liquid electrolyte (DHS-E23), Pt/FTO counter
electrode (FTO glass, 152/sq) and FTO glasses (15£2/sq) were
acquired from Dalian HeptaChroma SolarTech Co., Ltd. Molybde-
num trioxide (MoOs, AR), sodium sulfide (Na,S, AR), hydrochloric
acid (HCl, AR) and Cetyltrimethyl Ammonium Bromide (CTAB)
were purchased from Sinopharm Chemical Reagent Beijing Co.,
Ltd.

MoS; materials were synthesized referring to Ref. [ 15] by hydro-
thermal method but using an improved procedure. MoOs3 (0.504 g,
3.5mmol) and Na;S-9H,0 (2.52 g, 10.5 mmol) were added to 35 ml
of 0.2 mol/L HCl aqueous solution in a 50 ml Teflon® lined autoclave
reactor. Then the mixed solutions were stirred for a good dispersion
before being putted into an oven. The reaction carried out at 200°C
for 12 h. The black powder product was centrifuged and washed
with distilled water for three times, and dried at 80°C in vacuum.
Therelated resultant was marked as M1. To control the size of resul-
tant and obtain a small sized MoS,, CTAB surfactant was introduced
to the mixed solution of MoOj3 (0.1 mol/L), Na;S-9H,0 (0.3 mol/L)
and HCI (0.6 mol/L), and its concentration was 0.02 mol/L. Other
preparation procedures were same to these used in the fabrication
of M1, and the resultant with CTAB assisted in reaction process was
marked as M2.

2.2. Preparation of MoS,/PEDOT-PSS composite counter
electrode and DSCs

MoS,/PEDOT-PSS nanocomposites were prepared by dispers-
ing MoS, powder in PEDOT-PSS aqueous solution, and then stirred
and sonicated for several hours to form a well dispersed solution.
The counter electrodes (MoS,/PEDOT-PSS, pristine PEDOT-PSS)
were fabricated by spin-coating of their solutions on ozone-
treated FTO-glass followed by the drying process at 120°C in
air for 30 min. Dye-sensitized TiO, film was prepared by doctor-
blading of TiO, slurry on a FTO glass and calcinated at 450°C
for 30 min. After cooled to 80°C, the TiO, film was immersed in
0.3 mmol/L ethanol solution of N719 dye for 24 h. Then the dye-
sensitized TiO film was washed with anhydrous ethanol and dried

in moisture-free air. Finally, the dye-sensitized TiO, photoanode
and the as-fabricated CEs were assembled together with 60 pum
thick Surlyn. The iodide/triiodide liquid electrolyte with acetoni-
trile as the solvent was then injected between the two electrodes.

2.3. Characterization methods

The structure and morphology of the materials were charac-
terized by transmission electron microscopy (TEM, FEI Tecnai F20)
and scanning electron microscopy (SEM, Hitachi S-4800). The cur-
rent density-voltage (J-V) characteristics of DSCs were measured
with a Keithley 2400 source meter under 100 mW/cm? irradiation
from a solar simulator (XES-301S +EL-100). The electrochemical
impedance spectroscopy (EIS) was carried out using the elec-
trochemical workstation (CHI660D), performed on DSCs under
100 mW/cm? irradiation. The frequency range varied from 100 kHz
to 0.1 Hz.

3. Results and discussions

3.1. Morphology study of MoS, materials and MoS,/PEDOT-PSS
composite electrodes

Fig. 1 shows the structural features of as-fabricated MoS, mate-
rials (M1 and M2), characterized by TEM and SEM measurements.
From the TEM image of M1 shown in Fig. 1(a), it can be seen that M1
is composited by the nanosheets which aggregate obviously though
after the ultrasonic treatment in ethanol before TEM measurement.
SEM image in Fig. 1(b) presents the bulk structure of M1 powder,
which consists of large solid aggregates with size of several tens
to hundreds of nanometers. With CTAB surfactant in the prepar-
ing process, the size of the resultant has been reduced as expected,
i.e,, M2 exhibits nanoflake structure with a size of 30-40 nm as
shown by TEM image in Fig. 1(d). The powder of M2 also possesses
a small size than that of M1 (as shown by SEM images in Fig. 1(e)),
and is supposed to be more efficient when used as electrocatalytic
active sites. The high resolution TEM (HRTEM) images in Fig. 1(c)
and (f) reveal the crystalline nature of these two MoS; materials,
which display the typical lattice fringes at the edge of multi-layered
crystalline MoS,.

Fig. 2 shows the film feature of MoS, /PEDOT-PSS nanocompos-
ite electrodes fabricated by spin-coating of the mechanical mixture
of MoS, powders and PEDOT-PSS aqueous solution, characterized
by SEM technique. It can be found that in both cases, M1 or M2
doped PEDOT-PSS, MoS, materials are well dispersed. The particles
in M1/PEDOT-PSS are much smaller than M1 powders (Fig. 2(a)),
indicating that the aggregation of MoS, materials is able to be
suppressed in some extent through dispersing into PEDOT-PSS.
Furthermore, these two composite electrodes are porous with mul-
tiple interspaces, which are expected to possess large effective
electrochemical surfaces and are considered to be crucial for high
electrocatalytic activity [19].

3.2. Photovoltaic performance of DSCs with MoS,/PEDOT-PSS
composite counter electrodes

The photocurrent density-voltage (J-V) curves of DSCs with
different CEs are shown in Fig. 3(a), and the photovoltaic (PV)
parameters are listed in Table 1. The photoelectric conversion effi-
ciency (PCE) and fill factor (FF) of DSC using M2/PEDOT-PSS CE are
higher than these of DSC using M1/PEDOT-PSS CE, which are 5.7%
and 0.58 for the former while 4.7% and 0.50 for the latter, respec-
tively. The differences in PV performance of the DSCs using these
two different CEs prove that MoS; material with small size is more
efficient for the use of CE materials. Nevertheless, both compos-
ite CEs present better performance than pristine PEDOT-PSS CE. As
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Fig. 2. SEM images from M1 doped PEDOT-PSS film (a) and M2 doped PEDOT-PSS film (b), respectively.

can be seen from Fig. 3(a) and Table 1, DSC with PEDOT-PSS CE
yields much lower FF and PCE, as also observed in previous litera-
tures [5,19,20]. The DSC using standard Pt CE was also fabricated,
and it performs a higher V¢ than PEDOT-PSS based CEs due to the
lower overpotential needed in driving the reduction of triiodide in
CE. When comparing the DSC with M2/PEDOT-PSS CE with the one
utilizing conventional Pt CE, it can be found that these two DSCs
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exhibit comparable PV performance with similar fill factors and
shapes of J-V curves. Though the PCE of DSC with M2/PEDOT-PSS CE
is a bit lower, it can be improved by systematic experimental opti-
mization. As illustrated by Fig. 3(b), by simply varying the doping
content of MoS, in PEDOT-PSS matrix and the spin-coating speed
during film fabrication, the PV performance of DSCs presents sig-
nificant changes. For example, when using the conditions of 50 mg

-
o

—~
u’; 'w (a) NE PCE=5.7% ~ (b)
< 2t 4, %, ™. D2l popaw— H"-.
A . W o , .
E “A " ° Yy E %o, 0}
St A, L % % ~ ' =
A, [} o ' .
By sl “a, LT 2 g’ sl PCE=3.9%" %o, .
g AAA L] v g 'o. AAA .
2 Y .' .'- V' % ..0 MA ..-
= A [ 5 e,
- M1/PEDOT:PSS o L Bt MoS,/PEDOT:PSS .,
S 4 M2/PEDOT:PSS W A S 4F| = S0mg&1000mpm %0, “a ",
= PEDOT:PSS fe b e 10mg & 1000rpm 4.
= v =) A 50mg & 750rpm .
o 0 L L L L i U (1] L L 1 L A 8o,
0.00 0.15 0.30 0.45 0.60 075 0.00 0.15 0.30 045 0.60 075
Voltage (V) Voltage (V)

Fig. 3. The current density-voltage characteristics of DSCs using various counter electrodes (a), and using MoS, /PEDOT-PSS CEs with different MoS, dosage and spin-coating

speeds during fabrication (b).
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Table 1

Photovoltaic performance of DSCs using different counter electrodes.
CEs Jsc (mA/cm?) Voc (V) PCE (%) FF
M1/PEDOT-PSS 14.0 0.68 4.7 0.50
M2/PEDOT-PSS 14.55 0.68 5.7 0.58
PEDOT-PSS 14.6 0.68 2.5 0.26
Pt 15.26 0.73 6.6 0.59

MoS; (M2) doped in PEDOT-PSS matrix and a spin-coating speed
of 1000 rpm (marked as (50 mg and 1000 rpm) for abbreviation)
for fabricating MoS, /PEDOT-PSS CE, the PCE of corresponding DSC
is 1.7 times higher than that of DSC with the CE fabricated under
the conditions of (10 mg and 1000 rpm). Hence, it can be expected
that the PV performance of DSC with M2/PEDOT-PSS CE can be
further improved by further optimization of these experimental
parameters, and is potential to be even better than that of DSC with
conventional Pt CE. Hence, these results prove that M2/PEDOT-PSS
CE is potential to be used as a substitute for Pt CE.

3.3. The electrochemical catalytic mechanism of
MoS,/PEDOT-PSS composite CE

Generally, the effect of CE on PV performance is ascribed to the
kinetic features of the electrochemical process. To get an insight
in the electrochemical catalytic mechanism of MoS,/PEDOT-PSS
composite CE, electrochemical impedance spectroscopy (EIS) is
employed. Fig. 4 shows the Nyquist plots from DSCs utilizing Pt,
PEDOT-PSS and MoS, (M2)/PEDOT-PSS CEs, all of which contain
the typical three semicircles relating to the three kinetic stages of
the electrochemical reaction process. Fig. 4 inset shows the equiva-
lent circuit of a DSC, in which Rs, Rc¢; and R, represent for the series
resistance at electrode/FTO interface, the charge transfer resistance
at electrolyte/CE interface and the charge transfer resistance at
TiO, /electrolyte interface, and Zy represents for the Nernst dif-
fusion resistance of redox couple in the electrolyte [21,22]. Zgs
reflects the porous diffusion impedance of redox couple in the
porous CE, which is only involved in the CE with large active areas
and in responses in the mid-frequency region of the Nyquist plot
[22]. The values of these components are simulated by fitting the
experimental spectra with the equivalent circuit. The simulated Rg
values for MoS, /PEDOT-PSS CE is 13.5 €2 and for Pt CE is 23.1 2. The
small Rs indicates that MoS,/PEDOT-PSS is well bonded to the FTO
surface. As Rs from pure MoS, CE is usually higher than that of Pt CE
[11,18], the lower value from MoS, /PEDOT-PSS CE can be ascribed
to the effect of PEDOT-PSS, which acts as a binder and improves
the binding of MoS, to the FTO glass substrate. Indeed, the Rs from
pristine PEDOT-PSS electrode is also low (13.1 2). The Ry from
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Fig. 4. Nyquist plots from DSCs using different counter electrodes under
100 mW/cm?. Inset shows the equivalent circuit of DSCs.

MoS, /PEDOT-PSS and Pt CEs are 8.9 and 10.3 €2, respectively,
indicating the comparable electrochemical catalytic performance
of these two electrodes on triiodide reduction. In addition, the total
impedance differs little in DSCs employing MoS, /PEDOT-PSS or Pt
CEs, in accordance with the comparable PV performance of cor-
responding DSCs. Moreover, the component Zg;¢ associating with
porous CEs has been significantly decreased in MoS, [PEDOT-PSS CE
compared to PEDOT-PSS CE, i.e., 4.6 Q2 for the former while 51.0 2
for the latter, implying an improved catalytic kinetic inner the CEs.
From EIS results, it is further proved that the MoS,/PEDOT-PSS CE
possesses excellent catalytic activity of triiodide reduction.

As MoS, has an intrinsic higher electrocatalytic activity as com-
pared with PEDOT-PSS, when the MoS, nanoflakes doped with
PEDOT-PSS, they will act as high active sites and have a dominant
advantage over PEDOT-PSS to catalytic the reduction of triiodide
to iodide. On the other hand, PEDOT-PSS can improve the inter-
face contact of FTO/CE which facilitates electron transfer at FTO/CE
interface. In addition, PEDOT-PSS chains may provide efficient car-
rier transport paths due to its high electrical conductivity property.
Hence, the MoS,/PEDOT-PSS electrode performs synergetic effect
on triiodide reduction and exhibits the Pt-like electrocatalytic fea-
ture.

4. Conclusions

The novel inorganic/organic nanocomposite composed of MoS,
nanoflakes and PEDOT-PSS was obtained through simple mechan-
ical dispersion of MoS, powders in aqueous PEDOT-PSS solution.
Employing this composite as a counter electrode, the DSC exhibits
comparable photovoltaic performance with the one using Pt
counter electrode. The good photovoltaic performance of DSC
with MoS,/PEDOT-PSS counter electrode results from the Pt-like
electrocatalytic property of MoS,/PEDOT-PSS, deriving from the
combination effect of MoS, and PEDOT-PSS, i.e.,, MoS, acts as
active sites for the triiodide reduction and PEDOT-PSS improves
the electrical performance. This work proves that MoS, /PEDOT-PSS
composite is potential for the use of low-cost, printable and effi-
cient Pt-free counter electrode materials.
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