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A B S T R A C T

The porous polypyrrole (PPPy) was synthesized with zeolitic imidazolate framework-8 (ZIF-8) used as template
by simple hydrothermal. The resultant PPPy was employed as counter electrode (CE) in dye-sensitized solar cell
(DSSC). The 5% Cu(ClO4)2 and 2% ZIF-8 ratio in PPPy at 100 °C by simple hydrothermal method demonstrates
comparable performance with traditional Pt in DSSC as CE, 8.63% and 9.05% energy conversion efficiency (η),
respectively. The electrochemical and photo-electrochemical as well as impedance spectra measurements re-
vealed that ZIF-8 as template by simple hydrothermal method is a effective way for preparing PPPy at 100 °C as
CE in DSSC, which may open up an alternative choice for the future industrial application. In DSSC, PPPy at
100 °C is one of the most promising material used for nano-porous thin film when, it serves as CE due to its
appropriate low cost, and easy preparation method. The template polymerization of PPPy on zeolytes is inter-
esting method for DSSC and as electro-catalyst, it can be big perspective in polymer membrane fuel cells, Zn air
battery, Li ion battery and also useful for hydrogen production from water. So, this article will broaden the
application of conductive polymers in DSSCs as well as above described fields.

1. Introduction

The dye-sensitized solar cell (DSSC) is a device to directly convert
the solar energy to electric power and has been widely investigated due
to its low cost, simple fabrication process and high energy conversion
efficiency [1]. A typical DSSC consists of a nano-porous TiO2 film ad-
sorbed with dye, an iodide/tri-iodide redox electrolyte, and a counter
electrode (CE). The CE plays an important role in DSSC especially in
terms of energy conversion efficiency. Although commonly used Pt (CE)
has high catalytic activity for tri-iodide reduction, it is a rare metal on
earth and very expensive, which limits the large-scale production of
DSSC. Therefore, cheap and efficient alternative materials have been
intensively developed to replace Pt recently, such as carbon materials
(graphite, carbon black, activated carbon, carbon nanotube, carbon
dye, and fullerene) [2–7], conducting polymers (PEDOT, polypyrrole,
polyaniline) [8–13], and vary recently metallic compounds (metal
carbides, metal nitrides, and metal sulfides) [14–19]. The polypyrrole
(PPy) has received considerable interest due to its excellent chemical
stability, conductivity and biocompatibility [20]. It can be easily syn-
thesized at a reasonable cost by a wet method such as a chemical oxi-
dation method [21–23]. The PPy suffers from some issues such as

brittle, insoluble and infusible properties due to its rigid conjugated
backbone structure. These properties have made it challenging to pro-
duce solution and melt processing of the synthesized materials [24].
The conductivity of the materials degrades over time or by the en-
vironment, i.e ageing [25]. The zeolite, an alumino-silicates micro-
porous material with three-dimensional frameworks, is considered as a
good candidate for this task [26]. The acidity of the zeolite surface
offers excellent adhesion between the two materials, i.e. conducting
polymer and zeolite and this result in a combination of fast electronic
mobility of the conducting polymer with a possibility of accom-
modating exchangeable cations of the zeolite to the conducting polymer
structure [27]. Few ionic functional groups of the zeolite may act as
dopants in the host conducting polymer matrix during synthesis process
that will control its electrical property which is essential for electronic
and photonic applications [28,29]. So, the conducting polymer/zeolite
composite is expected to exhibit improved electrical, thermal, me-
chanical and sensing properties [30]. This is because of its structure
that comprises of pores, channel and cages with different shapes and
dimensions in the nanometer scale which makes it a promising host for
conducting polymer chain. For this purpose we choose simple hydro-
thermal method as it shows promising features due to its unique
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synthesis condition, environmental friendly, versatile method and may
have promising future in industry. The working principle of DSSCs is
not similar to conventional solar cell, but it is similar to natural pho-
tosynthesis process where light absorption and charge carrier trans-
portation have different substances, as shown in Fig. 1.

Research into the area of porous polymers has been of great interest
for a long time due to their potential applications such as antistatic
paints, electro-chromic devices, electrochemical capacitors, biosensors,
polymer solar cells (PSCs) and polymer light-emitting diodes (PLEDs).
Highly ordered, crystalline materials containing pores are perfect for
use in these applications. So, it was needed to work on pyrrole with
MOFs as pyrrole with inorganic and organic material already studied. In
this work PPPy was synthesized at different temperatures with pyrrole,
Cu(ClO4)2 and ZIF-8 by simple hydrothermal method. The performance
of PPPy as CE for DSSC and detailed optimization procedures were
investigated.

2. Materials and method

2.1. Synthesis of porous polypyrrole (PPPy)

The pyrrole monomer (Merck) used for the present study was pur-
ified by a vacuum distillation before using and others chemicals were
purchased from Shenshi Chemical, Ltd. (Wuhan) and used as received.
The ZIF-8 nano-crystals in methanol were synthesized according to the
route reported by Cravillon et al., [31]. All the chemicals were used
without further purification. Firstly, pyrrole monomer with different
ratios of compounds like ZIF-8 (2%), oxidizing agent copper(II) per-
chlorate Cu(ClO4)2·6H2O (5%) and butanol solution (30%) were
transferred into 100 mL Teflon-Line Autoclave followed by sealing,
maintaining at 40 °C for 48 h and naturally cooling down to room
temperature. After, heating get the darker yellow slurry mixed it with
film-forming agent polyethylene glycol 400 (PEG400 15 wt%) for op-
timization and pasted on a FTO (Nippon Sheet Glass, SnO2: F, 14 Ω
sq.−1) substrate by doctor-blade techniques and incubated at 60–120 °C
for 4 h to finish polymerization as seen from the color change from
yellow over green to brownish black. Then FTO substrate was washed
in methanol and ethanol mixture (with volume ratio 1:1) and FTO was
put overnight into the aqueous hydrochloride (HCl) solution (pH = 4)
to remove ZIF-8 from PPPy. After, that FTO was dried in vacuum at
90 °C to remove HCl from PPPy and corresponding polypyrrole (CPPy)
at 100 °C was synthesized without ZIF-8 as mentioned above procedure.
The procedure of PPPy synthesis by simple hydrothermal method was
shown in Fig. 2.

2.2. Assembling of DSSCs

The nano-porous TiO2 electrodes were prepared on a FTO (Nippon
Sheet Glass, SnO2: F, 14 Ω sq.−1) from the colloidal Nanoxide-T paste
(Solaronix) by doctor-blade techniques. The films were annealed at
450 °C for 30 min in the air. The resulting TiO2 films (thickness is
around 5.5 μm, measured by a profiler, Sloan, Dektak3) were cut into
pieces. Then, the electrodes were immersed into 3.0 × 10−4 M cis-bis
(isothiocyanato)(2,2′-bipyridyl-4,4′-dicarboxylato)(2,2′- bipyridyl-4,4′-
dinonyl) ruthenium(II) (known as N-719 dye, Solaronix, Switzerland) in
a mixture of acetonitrile and tertiary butyl alcohol (with volume ratio
1:1), and maintained at room temperature for 18 h to complete the
sensitizer uptake. The dye-sensitized electrode was then washed with
ethanol to remove unanchored dye before to use. The organic liquid
electrolyte composed of 0.5 M tert-4-butylpyridine, 0.1 M LiI, 0.05 M I2
and 0.3 M 1,2-dimethyl-3-propylimidazolium iodide in 3-methoxy-
propionitrile/acetonitrile (with volume ratio 1:1) was employed for
DSSC. The performance evaluation of the DSSC was studied by re-
cording the current-voltage (I-V) characteristics of the unsealed type
cell under illumination of AM1.5 (1 Sun; 100 mW cm−2) using a solar
simulator (Oriel, 91,167).

2.3. Measurement and characterization

The morphologies and size of different samples were characterized
by field emission scanning electron microscopy (FESEM, Hitachi S-
4800, Japan). The phase of the samples was analyzed by X-ray powder
diffraction (XRD, Rigaku Ultima II, Japan) and absorption spectra
measurements were performed with a Shimadzu UV-3600 UV-VIS
spectrophotometer in the wavelength 300 to 800 nm. The surface area
(BET) was analyzed by NOVA 4200e Surface Area & Pore Size Analyzer.
The iodide species of different PPPy or Pt (CE) in DSSCs, was carried out
in three electrode measurements in 10 mM LiI, 1 mM I2 and 0.1 M
LiClO4 in acetonitrile. A 1 cm2 area of PPPy/FTO and Pt/FTO served as
working electrodes. A platinum foil and Ag/AgCl served as the counter
electrode and the reference electrode (CHI-604D electrochemical
system), respectively. The electrical impedance spectra (EIS) was re-
corded (CHI-604D) over a frequency range of 0.1–106 Hz in dark at
25 °C. The ac amplitude and the applied voltage were 10 mV and set
−700 mV of the cells, respectively.

3. Results and discussion

3.1. Surface morphologies of various counter electrodes

The Fig. 3, presents a set of typical field emission scanning electron
microscopy (FESEM) images of the CPPy (a), PPPy at 60 °C (b), PPPy at
80 °C (c), PPPy at 100 °C (d), PPPy at 120 °C (e), under a strong ul-
trasonic wave treatment for 1 h, have different morphologies obtained
by simple hydrothermal method. The physical properties, morphology
and electro-chemical characteristics of PPPy was greatly influenced by
the oxidizing reagent and ZIF-8 used as template for polymerization.
The particles of pure phase CPPy formed were found to be with particle
sizes of ~450 nm and low polydispersity, which can be seen by the
FESEM image in Fig. 1 (a). The CPPy difficult oxidize as compared to
other PPPy at different temperatures due to its bigger particles size and
aggregation on the FTO surface. The detail, in Fig. 1 (b&c), shows PPPy
porous film on the FTO surface decorated with small particles of dia-
meter around 50–70 nm. The PPPy as shown in Fig. 1 (d), have uniform
and porous structures and well connected networks of conducting
polymer, which is a typical micro-structure for conductive polymer
obtained by chemical oxidation or electrochemical polymerization
method. Among the PPPy films, used of ZIF-8 gives a more porous
structure and such a porous structure of PPPy may favorable for the
high surface area of porous counter electrode. However, the PPPy at
120 °C has quite different morphology with non homogeneous flat crack

Fig. 1. Schematic representation of the working principle of DSSCs.
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Fig. 2. Scheme of PPPy synthesis by simple hydrothermal method.

Fig. 3. FESEM images of the CPPy (a), PPPy at 60 °C (b), PPPy at 80 °C (c), PPPy at 100 °C (d), PPPy at 120 °C (e).

S.A. Khan, et al. Reactive and Functional Polymers 148 (2020) 104483

3



shaped film as sown in Fig. 1 (e), due to high temperature for poly-
merization.

3.2. The phase description of various counter electrodes

XRD patterns of CPPy and PPPy at different temperatures showed in
Fig. 4. The CPPy and PPPy at 100 °C by simple hydrothermal method
showed a broad characteristic peak at around (2θ = 24.7°) corre-
sponding to highly disordered region, which is a proof of amorphous
nature of PPy [32–34]. The PPPy at 100 °C showed broad sharp peak at
around (2θ = 24.7°) due to its uniform and porous structures and well
connected networks of conducting polymer, which is a typical micro-
structure for conductive polymer obtained by chemical oxidation. This
can be attributed to scattering of PPy from all over chains. With the
variation of temperatures polymerization i.e., PPPy at 60 °C and PPPy at
80 °C the spectra look almost similar but peaks shifted toward lower
diffraction angle and decreased intensity with comparison to the PPPy
at 100 °C, respectively. These were attributed to formation of less
porous structure and low level of oxidation process at low tempera-
tures, which not improved and enhanced PPy energy conversion effi-
ciency. Since, the hydrothermal polymerization polymer still keeps the
strongest peak value, it is reasonable to believe that the polymer may
keep its original main structure after hydrothermal polymerization
method. The PPPy at 120 °C peak shifted toward lower diffraction angle
with decreased intensity with comparison to the PPPy at 100 °C and
other PPPy as more cracks and weak connected networks of conducting
polymer formed on FTO surface.

3.3. Absorbance of various counter electrodes

Fig. 5, shows UV–Vis patterns of CPPy and PPPy at different tem-
peratures. The CPPy, PPPy at 60 °C and 80 °C showed low level of
oxidation and absorption shapes revealed two main peaks around wa-
velength 340 nm and 470 nm. It is observed that CPPy, PPPy at 60 °C
and 80 °C peak intensity at wavelength 340 nm is stronger compared
with that at 470 nm. The PPPy at 100 °C film show strong peak at
wavelength 470 nm, which can be assigned to the transition between
the valence band and the anti-bonding bipolaron band. The PPPy at
100 °C well polymerized as showed high absorbance intensity peaks at
wavelength 340 nm and 470 nm after simple hydrothermal method,
which is the featured typically peak in the partially doped (oxidized)
state of conductive polymer and absorption at greater wavelengths is
the “free carrier tail” [35,36], as compared to CPPy, PPPy at 60 °C,
80 °C and 120 °C temperatures. This featured property can be explained

by the fact that the PPPy at 100 °C film is porous and high level of
oxidation, firmly adhere on FTO surface due to good contact of PPPy
and FTO surface. The PPPy at 120 °C absorbance intensity peaks at
wavelength 340 nm and 470 nm after simple hydrothermal method
were very weak due to its cracked non homogenous film. At high
temperature PPPy at 120 °C results in a smoother and thicker film and
noticed that only small part of film was deposited on FTO with weak
peak wavelength at 470 nm.

3.4. Porous information of various counter electrodes

To further evaluate the pore properties and pores structure of ZIF-8,
CPPy, and PPPy at different temperatures nitrogen absorption-deso-
rption isothermal analysis were employed as shown in Fig. 6. A hys-
teresis loop exists in the range between 0.40 and 0.99 P/P0 relative
pressures between the structures of PPPy at (60 °C, 80 °C and 100 °C),
presented as type IV and it indicates that the material has a mesoporous
structure [37]. The hysteresis loop width increased as temperature

Fig. 4. XRD patterns of CPPy and PPPy at different temperatures.
Fig. 5. UV–Vis patterns of CPPy and PPPy at different temperatures.

Fig. 6. BET surface area of ZIF-8, CPPy and PPPy at different temperatures.
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increased of PPPy from (60 °C, 80 °C and 100 °C), respectively. It can be
seen that PPPy at 100 °C has a small amount of micropores and a large
number of mesopores, which could enhance the electron transport be-
tween the I−/I3− redox couple and counter electrodes and show good
catalytic performance. Meanwhile, at low relative pressure (P/
P0 < 0.40), the adsorption isotherm is rapidly saturated, indicating
that it has a microporous structure [38]. The ZIF-8 displayed typical
type-I behavior [39], and it reduced the catalytic performance of DSSC
as compared to other PPPy. As we all know that the micropores were
beneficial to the charges accumulation, while mesopores were helpful
to the adsorption and transport of electrolyte ions [40–42]. Table 1
shows the specific surface area and pore volume parameters of different
samples. The specific surface area and pore volume of the PPPy at
100 °C (323.12 m2 g−1 and 0.197cm3g−1) respectively, were bigger as
compared with PPPy at (60 °C and 80 °C). While CPPy and PPPy at
120 °C catalyst exhibited decreased BET surface area due to absence of
ZIF-8 and blocking of cavity windows by the deposited ZIF-8 film at
high temperature, respectively. The high specific surface area and high
pore volume of the material facilitate ion transfer and charge storage of
the DSSC. The size of the pores affects the material's properties and
therefore their suitability for use in different applications. In further
research, we will focus on the development of conducting polymers
with variable particle sizes and pore-size distributions, which are cri-
tical to achieving the desired performance.

3.5. Photovoltaic performance of various counter electrodes

As shown in Table 2 and Fig. 7, Pt shows the best performance
among all counter electrodes, which is about 9.05%, while PPPy at
100 °C shows almost the same result 8.63% of conversion efficiency due
to homogenous porous film on FTO and faster electron transport. It
indicated that PPPy at 100 °C obtained through simple hydrothermal
method is an excellent candidate for Pt free DSSC. However, when
being treated without ZIF-8 the CPPy as CE based on DSSC device
performance decrease gradually because of their lower Voc and poor FF,
as fill factor and Voc are sensitive to interface properties (interface of
FTO/polymer). The PPPy at 100 °C as CE for DSSC gave over 3.43% of
efficiency than CPPy, we attribute this result to the non-homogeneous
coverage of the FTO substrate during the simple hydrothermal method
procedure. The PPPy at 100 °C as CE for DSSC gave over 1.45%, 0.5%
and 1.91% of efficiency than PPPy at 60 °C, 80 °C and 120 °C respec-
tively, due to the faster electron transport rate as envisaged above.
Additionally, the high surface area of ZIF-8 can also ensure that the

surface of the template metallic nanostructures is readily accessible,
which is critical for the proper function of catalysts. Since, Jsc is the
parameter used to evaluate the catalytic properties of the counter
electrodes in our DSSC system, we believe that PPPy at 100 °C is a good
candidate for use as a CE and more effort needs to be made to further
improve the fill factor and such experiments are under way.

3.6. Cyclic voltammetry and catalytic behavior of PPPy at 100 °C CE

Fig. 8, shows the electrochemical behavior of PPPy at 100 °C in
0.1 M LiClO4 acetonitrile solution. The PPPy at 100 °C exhibits an
oxidation peak at 0.23 V with a redox peak around −0.16 V. It shows
similar CV trace to those of PPy obtained from photo-electrochemical
polymerization. The PPPy at 100 °C demonstrate a higher current
during oxidation/reduction of the PPy thicker film and variation of
peak current of the modified electrode was found to be linearly de-
pendent on scan rate, indicating an electro-active surface bound spe-
cies.

As shown in Fig. 9, two typical I−/I3− redox reaction peaks were
observed when Pt and PPPy at 100 °C were used as the working elec-
trodes in the range of −1.0-1.5 V. The PPPy at 100 °C film shows very
similar catalytic behavior for the redox of I−/I3− to Pt, then it could be

Table 1
Detail of surface area and pore volume of ZIF-8, CPPy and PPPy at different
temperatures.

Sample name BET surface area (m2 g−1) Pore volume (cm3/g)

ZIF-8 1080.907 0.524
CPPy 1.107 0.006
PPPy at 60 °C 125.039 0.098
PPPy at 80 °C 268.636 0.128
PPPy at 100 °C 323.12 0.197
PPPy at 120 °C 30.636 0.026

Table 2
Cell performance of DSSC of Pt, CPPy and PPPy at different temperatures.

Counter electrodes Voc/mV Jsc /mA cm−2 FF η /%

Pt 725 ± 5 17.25 ± 0.2 0.72 ± 0.01 9.05 ± 0.02
CPPy 731 ± 5 11.44 ± 0.2 0.62 ± 0.01 5.20 ± 0.02
PPPy at 60 °C 733 ± 5 14.41 ± 0.2 0.67 ± 0.01 7.18 ± 0.02
PPPy at 80 °C 749 ± 5 15.75 ± 0.2 0.69 ± 0.01 8.13 ± 0.02
PPPy at 100 °C 711 ± 5 17.03 ± 0.2 0.71 ± 0.01 8.63 ± 0.02
PPPy at 120 °C 739 ± 5 13.97 ± 0.2 0.65 ± 0.01 6.72 ± 0.02

Fig. 7. J-V curves of Pt, CPPy and PPPy at different temperatures.

Fig. 8. CV curves of PPPy at 100 °C in 0.1 M LiClO4 acetonitrile solution at
various scan rates.
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confirmed that PPPy at 100 °C obtained by simple hydrothermal
polymerization could enhance the electron transport between I−/I3−

redox couple and counter electrodes of conductive polymer may take
part in electrochemical reaction [43,44]. The PPPy at 100 °C by simple
hydrothermal polymerization, it seems that ZIF-8, serving as template,
is not effect because no additional peak in the scan range during elec-
trochemistry measurement. Therefore, ZIF-8 is stabilized in polymer
chain and will not be released or be captured under the scanning range
between −1 V and 1.5 V. Therefore ZIF-8 is an active stabilized in
polymer chain species from viewpoint of electrochemistry by simple
hydrothermal polymerization is a good means for the preparation of
porous polymers when taking DSSC device operating condition into
consideration.

3.7. Electrochemical impedance of Pt and PPPy at 100 °C

As shown in Fig. 10, two semicircles were observed in the measured
frequency range from 10−1 to 105 Hz for all devices and the results are
based on the equivalent circuits [45–47] shown as an inset in the
Figure. According to the previous works [45], the semicircles in the
frequency regions 103–105 and 1–103 Hz correspond to charge-transfer
processes occurring at the counter electrode/electrolyte (R1) and the

TiO2/dye/electrolyte interface (R2). After PPPy at 100 °C replaces Pt
electrode, R1 increased a lot to 18.38 Ω cm2 compared with 2.60 Ω cm2

of Pt while R2 drops a little bit from 48.23 Ω cm2 to 52.68 Ω cm2

(Table 3). The ZIF-8 is partially intercalated into the polymer structure
that causes porous structure of polymer and causes adhesion of polymer
and FTO surface, which increases flow of charge-transfer for current
flow. The study shows that interface between FTO and conductive
polymer has great impact on R1. Therefore, better performance would
be expected when we further improve the contact between PPPy at
100 °C and FTO substrate. Due to large surface area, it is expected that
ZIF-8 nano-particles yield better contact with polymer matrix.

4. Conclusions

In summary, PPPy was synthesized, used ZIF-8 as template by
simple hydrothermal method and employed as counter electrode in
DSSC. The ZIF-8 increased the surface area and pore volume of PPPy at
100 °C in comparison with other polymers obtained after simple hy-
drothermal method were high, as determined by NOVA 4200e Surface
Area & Pore Size Analyzer. The analyses were consistent with a struc-
ture that ZIF-8 is partially intercalated into the polymer structure.
Electrochemical and photo-electrochemical as well as impedance
spectra measurements revealed that ZIF-8 as template by the simple
hydrothermal method polymerization is a effective way for preparing
PPPy (CE) in DSSC, which may open up an alternative choice for the
future industrial application. In DSSC, PPPy at 100 °C is one of the most
promising material used for nano-porous thin film when, it serves as
counter electrode due to its appropriate low cost, and easy preparation.
However, traditional preparation methods are involved in expensive
equipment, complicated process and high production cost.
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