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A Low Cost Carbon Black/Polyaniline Nanotube Nanocomposite
as Efficient Electro-catalyst for Triiodide Reduction in Dye
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A carbon black/polyaniline nanotube nanocomposite is synthesized via in situ oxidation
polymerization reaction for application as a low-cost platinum-free counter electrode in
dye sensitized solar cell for reduction of triiodide ions.
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3.1 Introduction

Solar energy is becoming a focus of worldwide attention as the panacea for the current
energy crisis surrounding depleting oil reserves and environmental pollution. In the last couple of
decades, dye sensitized solar cells (DSSCs) have emerged as a clean energy system that harvest
sunlight and convert it directly into electrical energy. Successfully demonstrated by B. O’Regan
and M. Gratzel for the first time in 1991, DSSCs make very popular candidates as credible
alternatives for conventional solar cells because of their cost effectiveness, simple fabrication
technique and relatively high energy conversion efficiency [1]. In fact, conversion efficiency of
upto 13% has been realized recently [2,3]. DSSCs differ from silicon based solar cells in the
aspect that their light absorption and charge carrier transport components are separate. A dye
sensitized photoanode as working electrode, a counter electrode (CE) and an electrolyte
containing triiodide/iodide (Is/1") redox couple generally constitute the three main components of
a DSSC [4,5]. CE performs the dual function of transferring electrons to the electrolyte from the
external circuit as well as acting as a catalyst to reduce the I3 ions. Platinum (Pt) serves as an
ideal candidate for CE because of its low charge transfer resistance and high exchange current
densities. However, limited reserve and expensiveness of Pt limit its application for large scale
production. Additionally, it can be corroded by the electrolyte to give platinum iodide, (Ptl4) [6].
Therefore, it is desirable to develop low cost CEs that exhibit superior catalytic behavior and

strong corrosion resistance.

Intrinsically conducting polyaniline (PAni) is one of the most intensively studied
polymers due to its high conductivity, good environmental stability, inexpensiveness and
excellent catalytic activity for I5” reduction. Li et al. published the first report on construction of
PAnNi nanoparticles based CE for which they obtained an efficiency of 7.15% [7]. Since then
other groups have also been employing PAni as CEs and efficiency of upto 11.6% has already
been achieved [8]. PAni nanotubes (PANINTS), a class of one-dimensional nanostructures

(ODNS), owing to their dimensionality, possess long conjugation length and high degree of
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electron delocalization. Both these factors contribute to exhibit superior electrical conduction and
electrocatalytic behavior towards the redox couple [9,10]. But there is a probability of PAni
dispersing into the electrolyte, resulting in peeling off of the films and thus negatively affecting
the efficiency of the DSSC [11].

Carbon based materials, on the other hand, have excellent corrosion resistance [12].
There have been many reports on application of these materials as CEs [13,14]. Carbon black
(CB), in particular, has many advantages due to its mesoporous structure, which generates a large
active surface area. The electrolyte can be trapped within the pores increasing the interface
between the electrolyte and the CE [15]. Moreover, CB has low crystallinity and more edges in
comparison to highly oriented carbon materials like graphite and carbon nanotubes. Since the
active sites for reduction of I3 are located at the edges, CB is more active towards catalysis of the
redox couple [16]. But the conversion efficiency of carbon materials obtained so far is low in
comparison to PAni nanoparticles. Furthermore, both PAni and CB suffer from shortage of self-
adhesion [11]. But there have been reports of a site-selective interaction between PAni and
carbon, that can enhance the adhesion of PAni film on the substrate [17]. Nanocomposites
comprising of PAni and CB are expected to incorporate the pros of both the constituents and
hence, provide an optimistic outlook for replacement as CEs. Looking at the literature, there are
several published works on the use of nanocomposites of carbon based materials and PAni as
CEs [11,18]. For instance, Wang et al. prepared PAni/graphene hybrid CEs where the conversion
efficiency reached 6.09% under illumination of light (100 mW cm2) [19]. However, very few
articles focus particularly on CB/PAni nanocomposite. lkeda et al. prepared clay-like CE
material based on polyaniline loaded CB and an ethyleneoxide-substituted imidazolium iodide.

The material showed a maximum efficiency of 4.07% for 23 mW cm 2 irradiation[20].

In this work, we report the template free synthesis of PANINT and CB/PANINT
nanocomposite with different weight percentages (wt%) of CB viain situ chemical oxidation
polymerization technique. The CB/PANINT nanocomposites are investigated as potential CE
material for DSSCs. Cyclic voltammetry (CV) studies indicate their promising property as an
electro-catalyst having catalytic activity at par with Pt as CE. The ratio of [I2J/[I] in the
electrolyte is varied to obtain the optimum results. Furthermore, the effect of film thickness on
the photovoltaic performance of the DSSCs is also measured by electrochemical impedance
spectroscopy (EIS) and photocurrent density vs. voltage (J-V) characteristics in both liquid

electrolyte (LE) as well as polymer gel electrolyte (PGE).
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3.2 Materials and methods

3.2.1 Chemicals

All the chemicals including aniline, ammonium peroxydisulphate (APS), acetonitrile,
titanium  tetrachloride  (TiCls), mesoporous  CB,  di-tetrabutylammonium  cis-
bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylato)ruthenium(ll) (N719), titanium dioxide
(TiOy), chloroplatinic acid (H:PtClg), sodium borohydride (NaBH.), lithium perchlorate
(LiCIOg), lithium iodide (Lil), iodine (1) tertbutylpyridine (TBP), 1-methyl-3-propylimidazolium
iodide (MPI) and N-methyl-2-pyrrolidone (NMP) purchased from Sigma-Aldrich were analytical
reagent grade chemicals and used as received. Fluorine doped tin oxide (FTO) glass substrate

was also procured from Sigma.

3.2.2 Synthesis of CB/PANINT nanocomposite

PANINTs were prepared by chemical oxidation polymerization of aniline described in
Section 2.2.2.1 of Chapter 2. For synthesis of CB/PANINT nanocomposites with different
contents of CB: 0.5, 0.75 and 1.0 wt%, in-situ polymerization of aniline in the presence of CB
was followed. The CB nanoparticles, dispersed in distilled water by sonicating them for 2 hours,
were directly added to the reaction mixture containing the aniline monomer. The other reaction
parameters were kept same. The resulting precipitate obtained after the completion of the

reaction contained the required nanocomposites.

3.2.3 Fabrication of DSSCs

For fabrication of TiO, photoanode, the FTO coated glass substrates were initially
treated with 40 mM TiCl, solution at 70 °C for 30 min. It was followed by their sintering at 400
°C for 30 min to ensure proper contact between the glass and TiO,. After cooling to room
temperature, TiO, paste prepared in ethanol was applied on the pre-treated area using spin
coating technique. The films were dried at room temperature and again sintered at 450 °C for 30
min. After cooling to room temperature, the TiO; coated electrodes were immersed in 0.3 mM
N719 dye prepared in acetonitrile/ethanol (1:1 volume ratio) solvent for 24 h. Following that, the

dried N719 sensitized TiO; electrodes were used as photo-anodes in DSSCs.

To fabricate CB/PANINT CE, a smooth paste of the nanocomposite was prepared by
adding the powder in 0.1% Nafion solution. The paste was deposited onto FTO coated glass
substrate by doctor blade method. After that, the electrodes were heated at 80 °C for 60 min. The
CB/PANINT coated glass electrodes were used as CEs. To prepare Pt CE, the cleaned FTO
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coated glass slide was coated with H2PtCls to deposit a layer of Pt, followed by reduction with
NaBH..

LE used in DSSCs comprised of Lil, I,, 0.5 M TBP and 0.6 M MPI in a mixed solvent of
NMP and acetonitrile (volume ratio 1:4). The amount of Lil and I, were fixed at 0.5 M and 0.05
M respectively. NMP was added to acetonitrile in the mixed solvent to improve the long-term
stability of DSSCs due to low volatility of NMP [21]. The poly(methyl methacrylate)
(PMMA)/PANINT PGE was prepared according to the procedure previously developed by our
group [22]. The electrolytes were dropped on the CE and then the dye sensitized TiO:
photoanode was clipped over it tightly using two clips to fabricate two different types of
sandwich-type DSSCs, one with LE and the other with PGE. 25 um thick Solaronix thermal

polymer spacers were used between the two electrodes to avoid contact between them.
3.2.4 Characterization

The instruments used to record the Fourier transform infra-red (FTIR) spectra and
transmission electron microscope (TEM) micrographs of the samples are described in Section
2.2.3.1 of Chapter 2. Additionally, a Renishaw basis series with 514 lasers was used to obtain the
Raman spectra.Scanning electron microscope (SEM) micrographs at an acceleration
voltage of 20 kV were obtained by a JEOL JSM-6390 LV SEM instrument. The film
thickness was measured by a SurtronicS-100 series profilometer. Bio-Logic SP-150 potentiostat
was used to perform CV measurements with silver/silver chloride (Ag/AgCl) as reference
electrode, a Pt wire as CE and thin films of the nanocomposite powders deposited on FTO coated
glass slide as working electrode. A standard solution of 0.01 M Lil, 0.001 M I, and 0.1 M LiClO4
in acetonitrile was used as supporting electrolyte and the scan rate was kept at 50 mV s, The
same instrument was also used to carry out EIS measurements. The J-V characteristics were
recorded under 1 sun illumination (generated by a solar simulator with xenon arc lamp with
irradiation of 100 mW cm™®). The fill factor (FF) and photo-conversion efficiency (i) were

calculated from the J-V characteristics by applying relations (3.1) and (3.2).

_ UmaxX Vmax)
FF= UscxVoc) 1)
n = Umax*Vmax) x 100 (32)

in

wheremax (MA ¢m?), Vimax (V), Jsc(MA cm?), Voc (V) and Pin (100 mW cm?) are the maximum
current density, maximum voltage, short-circuit current density, open-circuit voltage and incident

light power respectively.
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3.3 Results and discussion

3.3.1 FTIR spectra analyses.Figure 3.1 shows the FTIR spectra of CB and 0.75 wt%
CB/PANINT nanocomposite. The FTIR spectrum of PANINT is shown in Section 2.3.1 of
Chapter 2. In the FTIR spectrum of CB, a peak appears at 3439 cm™ corresponding to -OH
stretching [23]. The bands at 2916 cm™ and 2852 cm™* come from symmetric and asymmetric
CH vibrations in CH, and CH; groups [24]. The bands at 1571 cm * and 570 cm are attributed
to conjugated C=0 in quinine moiety and aromatic hydrogen stretching respectively. The results
indicate that functional groups like hydroxyl, carbonyl and carboxyl groups that contain oxygen
cover the surface of CB [23], which contributes to its ability to form composites with PANINT.
The FTIR spectrum of CB/PANINT appears similar to that of pristine PAnINT. The absorbance
peaks of CB are greatly concealed by PANINT.

CB
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Figure 3.1 FTIR spectra of CB and 0.75 wt% CB/PANnINT nanocomposite.

3.3.2 Raman spectra analyses.Figure 3.2 shows the Raman spectra of PAnINT, CB and
CB/PANINT (0.75 wt%) nanocomposite. In the PANINT spectrum, C-H band in plane bending
vibration of quinoid ring appears around 1200 cm™. The semi-benzoid polaronic v(C-N+s) band,
the imine v(C=N) vibration band and the v(C=C) band appear at 1350, 1550 and 1620 cm™
respectively [25]. CB, on the other hand, have a couple of Raman-active bands, with the D band
appearing at 1375 cm™ and G band at 1616 cm™ corresponding to defects or edge areas and
vibration of sp?-hybridized carbon respectively [26]. The individual identities of each component
are retained in the CB/PANINT nanocomposite. However, the bands of CB are camouflaged by

PANINT since they appear in the same range.
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Figure 3.2 Raman spectra of PAnINT, CB and 0.75 wt% CB/PANINT nanocomposite.

3.3.3 Morphological analyses.Surface morphology of the 0.75 wt% CB/PANINT
nanocomposite and the individual components are investigated by SEM and TEM. CB appears as
small grains as seen in its SEM micrograph (Figure 3.3 (a)). In the SEM (Figure 3.3 (b)) and
TEM (Figure 3.3 (c)) images of 0.75 wt% CB/PAnNINT, the tubular nature of PANINT remains
intact. However, there is an increase in the diameter of PAnINT (Figure 2.5 (a) of Chapter 2
shows the TEM image of PAnINT). This result leads to the conclusion that CB nanoparticles are

Figure 3.3 SEM micrographs of (a) CB and (b) 0.75 wt% CB/PAnINT nanocomposite, and (c)
TEM micrograph of 0.75 wt% CB/PANINT nanocomposite.
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deposited on the surface of the PAniNT. The presence of the mesoporous CB layer can be held

accountable for an increase in the surface area of the composite.

3.3.4 Conductivity of the composites.High electrical conductivity for transportation of
electrons along with high electro-catalytic activity for reduction of the electrolyte are the pre-
requisites for the selection of a material as CE in DSSCs [27]. Conduction in PAni takes place
via polaron and bipolaron defects [28]. Although the conduction mechanism in three-dimensional
structures has been extensively studied, a generalized trend has not yet been established for
ODNS. Nonetheless, work with polypyrrole (PPy) nanotubes has led to the observation that the
nanotubes contain a significant number of bipolarons in contrast to PPy films, where bipolaron
concentration is nil. The authors credited the higher conductivity of PPy nanotubes to higher
concentration of bipolaron and a longer conjugation length [29]. Similarly, Li et al. observed
higher conductivity for PPy nanotubes in comparison to globular ones [30]. The reason for this
observation was proposed to be better connections and crossing of the nanotubes with high
aspect ratio for forming a conducting network. If these properties are applied to PANINT, then an
enhanced conductivity can be expected. R. V. Parthasarathy and C. R. Martin have shown that
the conductivity of hard-template synthesized PANniNTs with smaller diameter show higher
conductivity than conventional PAni powder, and reaches comparable values only when the

diameter is as high as 400 nm [31].

The conductivity value of PAnINT obtained by four probe method is 0.028 S cm™. The
synthesis procedure applied in this work employs weakly acidic acetic acid to produce
nanotubular structures having hydrogen sulfate as counter ions. During oxidation of aniline by
APS in the presence of acetic acid, the PAnINT produced is protonated by sulfuric acid formed

as a by-product during the reaction (Scheme 3.1)[32]. The amount of sulfuric acid produced

4n QNHZ +  5n (NHy),S,04

HSO," HSO,

+3n H,SO, + 5n (NH,),SO,
| —
Scheme 3.1 Reaction scheme of aniline with APS to give the hydrogen sulfate salt and producing

sulfuric acid as by-product.
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during the reaction is capable of fully protonating the PAniNT. On introducing CB, it is seen that
there is an increase in the electrical conductivity of the PAnINT upto 0.75 wt% loading (Table
3.1). This result is mainly attributed to the fact that CB, with a large effective surface area can

act as a “conducting bridges” to join the different conducting PAni domains [33].

Table 3.1 Conductivity measurements of the prepared samples.

Compound Amount of CB/ wt% Conductivity/ S cm™
PANINT 0 0.028
CB/PANINT 0.5 3.562
CB/PANINT 0.75 4.057
CB/PANINT 1.0 3.195

3.3.5 Catalytic activity of the composites.CV was employed to investigate the catalytic
property of the CB/PANINT nanocomposites towards Is~ reduction, and compare it with that of
Pt. Peak current (Ep) and peak to peak separation (Epp) are two important parameters that are
used to determine the catalytic performance of CEs. Higher Er and lower Epp values indicate
better electro-catalytic behavior. Figure 3.4 shows the cyclic voltammograms of pristine
PANINT, CB, CB/PANINT nanocomposites and Pt. Each material exhibits two anodic and two

cathodic current peaks analogous to relations (3.3) and (3.4).
3o I3+ 2¢ (3.3
213 < 3 + 2¢ (3.4)

The positions of the peaks are, however, slightly different in each case. The 0.75 wt%
CB/PANINT nanocomposite shows maximum resemblance to Pt electrode in terms of catalytic
activity. The current density of the left redox pair of 0.75 wt% CB/PANINT (anodic peak current
density is 9.257 mA cm and cathodic peak current density is -5.242 mA cm™), responsible for
reduction of Is” to I" in DSSCs [34,35], is slightly higher than Pt (anodic peak current density is
8.867 mA cm™ and cathodic peak current density is -5.086 mA cm?). Higher current densities
can be attributed to the larger active surface area of mesoporous CB, enabling faster redox
reaction at the CE [36]. In addition, the left redox Epp value, calculated by using relation (3.5)

can also be inversely correlated with the rate of 15" to I reduction.

Erp = Ep(anodic) — Ep(cathodic) (3.5)
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The Epp value of Pt is 0.84 V while that of 0.75 wt% CB/PANINT nanocomposite is 0.82 V. This
result further emphasizes that 0.75 wt% nanocomposite shows superior catalytic activity and can
be used as a potential CE in DSSCs.
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Figure 3.4 Cyclic voltammograms of PAnINT, CB, Pt and CB/PANINT nanocomposites with
0.5, 0.75 and 1.0 wt% CB.

3.3.6 Photovoltaic performance of the DSSCs.

3.3.6.1 Effect of variation of [I,])/[1] ratio: To better understand the redox conditions,

photovoltaic parameters, Voc and Jsc, of pristine PAnINT CE based DSSCs were studied for

different [I2])/[I] ratios. The involvement of the redox couple in the working of a DSSC can be

seen in the relations (3.6 (a)-(e)):

31~ (electrolyte) — 15 (electrolyte) + 2e™ (TiOzconduction bana) (at photoanode) (3.6 (a))

I5 (electrolyte) + 2e~(CE) — 31~ (electrolyte) (at CE)

(3.6 (b))

15 (electrolyte) + 2e™ (TiOzconduction band) = 31~ (electrolyte) (recombination) (3.6 (c))
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317 (electrolyte) + 2 dye* — 2 dye + I3 (regeneration of dye) (3.6 (d))
dye* + e (TiO2conduction pand) — dye (recombination) (3.6 (e)

Voc is the difference between the Fermi level of the TiO, photoanode under illumination
and the redox potential of the electrolyte (Eredox). Eredox IS given by relation (3.7):

lJ I_
Eredox = Eo + R T/n’F In U3 ]/[]—]3 (3.7)
whereE,, R’ and T represent standard potential, universal gas constant and absolute temperature

respectively. n' is the number of electrons involved in the redox reaction (i.e. 2). It follows from

the equation that by varying the concentration of the redox couple, Voc can be manipulated.

The equilibrium constant for the relation (3.8) is 10°78[37]. Since this value is quite
high, increasing the concentration of I, will produce a higher amount of I3 in the electrolyte.
Thus, the recombination process between the electrons of the conduction band of the TiO2 and I3
ions of the electrolyte (relation 3.6 (c)) accelerates, as a consequence of which the value of Voc

decreases [38]. This effect of [I57] on Voc is also very evident from relation (3.9):

_ kT Iinj
Voo = qrua M fne e 157 @9)

where &’, g°, Iinj, No, andke: are the Boltzmann constant, charge of the electron, charge flux from
an electron injection by the oxidized dye, electron concentration at the TiO surface in the dark

and the rate constant for the reduction of I3~ by the conduction band electrons respectively.

Different concentrations of I, were used for preparing the electrolyte: 0.05, 0.1, 0.25 and
0.5 M, while the ratio of [I;])/[I"] was varied as 1:2, 1:5 and 1:10. From Figure 3.5 (a), it is seen
that for all the three ratios of [I;])/[I7], there is a decrease in the value of Voc when [l7] is
increased. This result fits in completely with the effect of recombination kinetics described
above. The decrease in Voc with increasing [I7] at fixed [l2], on the other hand, is a consequence
of the irreversible intercalation of Li* ions (present in the electrolyte) with TiO, [39]. The
electrons, present on the surface of TiO, because of the injection from the oxidized dye, easily
attract the Li* ions. This is a non-Faradic process which results in the formation of an
electrochemical double layer (EDL) at the interface between TiO, photoanode and the
electrolyte. The potential drop in this layer causes a positive shift in the conduction band
potential of TiO, and lowers Voc[40]. The higher number of Li* ions, on the other hand, exerts a

positive influence on the Jsc values. It forms ambipolar Li*e’, which fastens the electron
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transportation process through the photoanode and increases Jsc at higher ratios of [l2]/[I']
(Figure 3.5 (b))[41]. Additionally when [I7] is high, it aids in regeneration of the oxidized dye
(relation (3.6 (d)), thereby inhibiting the regeneration of the dye by the injected electrons of
TiO, photoanode (relation (3.6 (e)). Both these factors account for a high Jsc value when [12]/[I7]
ratio is 1:10. However, increasing [l2] facilitates the recombination process of relation (3.6 (c)).
I, can also act as a dopant for conducting polymers like PAni, thereby increasing its conductivity
[41]. So, two opposing effects are in action. In our case, the recombination reaction predominates
as a result of which Jsc decreases slightly with increasing I, concentration [42].
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Figure 3.5 Variation of Voc and Jsc values of PAnINT with [12] for [I2])/[17] ratios of 1:2, 1:5 and
1:10in (a, b) LE and (c, d) PGE respectively.

The effects of variation of [I2]/[17] ratio seen with both LE and PGE are similar in trend.
However, with PGE, the formation of EDL is hindered since Li" ions get attracted by electron
rich oxygen of ester moieties. This leads to a higher Voc in PGE in comparison to LE (Figure 3.5
(c)). Also, due to higher viscosity of the polymer gel network, mobility of ions is restricted which
is considered responsible for the lower values of Jsc in PGE (Figure 3.5 (d))[43]. It is
noteworthy that for variation of [I2]/[I7] ratios, Voc and Jsc are inversely related, so the challenge
is to find a compromise between the two to get better performance. The efficiency of a DSSC is

most correlated to Jsc[44]. Hence, from the results obtained, it can be concluded that the
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optimum concentration of 1, for electrolyte preparation is 0.05 Mhaving [I.]/[I] ratio of 1:10.
And as such, these values are used for preparing our prototype DSSCs for further evaluation.

3.3.6.2 Effect of variation of CB content: The photovoltaic performance characteristics of
the CE are deduced from the maximum current obtained by the cells under short circuit
conditions. In LE, under light intensity of 100 mW cm?Jsc 10.19 mA cm™ and Voc 0.77 V are
exhibited by pristine PANINT which leads to a moderate » of 4.27% (Table 3.2). But with the
incorporation of CB, a gradual increase in Jsc and decrease in Vocis seen until percolation
threshold is reached at 0.75 wt% CB (Figure 3.6 (a)). This composition corresponds to Jsc 11.86
mA cm?, Voc 0.75 V and 5 5.96%. The enhancement in Jsc values is a manifestation of
comparatively high conductivity and electrocatalytic activity of the nanocomposite for 15" to I
reduction which provides a faster passage for charge transport [19]. On the other hand,
undesirable dark current of the device which is considered responsible for a negative shift in the
energy band levels of the I57/1" redox couple, can be accounted for causing a slight decrease in
Voc[11,45] In the photon to current conversion process, the voltage loss incurred together with
local iodide concentration play a crucial part in the regeneration of the sensitizer [46]. The
interplay of all these factors finally results in exceptional efficiency of the nanocomposite whose
value is comparable to that of Pt (6.75%). However, further increase in CB content causes
agglomeration and hinders charge transportation, which hampers the overall cell performance.
The nanocomposites behave in a similar manner in PGE and an optimized device with 0.75wt%
CB/PANINT shows # 4.39% with Jsc 8.70 mA cm™ and Voc 0.75 V (Figure 3.6 (b)). Pt CE under
analogous conditions exhibits 5.13% efficiency. The results obtained thus far allude to the

feasibility of the nanocomposite to act as CE in DSSCs comprising both LE and PGE.

(a) Pt (b) Pt
—&— PARINT 10 —+— PARINT
—4— (.5 wt% CB ——0.5 wt% CB
—o— (.75 wt% CB s —o—0.75 wi% CB
—— 1.0 wi% CB o 84 —— 1.0 wit% CB
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Figure 3.6J-V characteristics of DSSCs fabricated with Pt, PAnINT and CB/PANINT (with 0.5,
0.75and 1.0 wt% CB) CE in (a) LE and (b) PGE.
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Table 3.2 Photovoltaic parameters of the DSSCs with Pt, PAnINT and CB/PANINT CE in

LE and PGE.

Electrolyte Counter electrode Voc/ V Jsc/ mA cm’? FF nl %
Pt 0.74 12.79 0.71 6.75
PANINT 0.77 10.19 0.54 4.27

Liquid
CB/PANINT (0.5) 0.76 11.46 0.61 5.36

electrolyte

CB/PANINT (0.75) 0.75 11.86 0.67 5.96
CB/PANINT (1.0) 0.76 11.28 0.61 5.30
Pt 0.75 9.65 0.71 5.13
PANINT 0.78 6.91 0.68 3.63

Polymer
el CB/PANINT (0.5) 0.77 8.16 0.67 4.19
e|ectr0|yte CB/PANINT (0.75) 0.75 8.70 0.67 4.39
CB/PANINT (1.0) 0.77 7.87 0.68 4.10

3.3.6.3 Effect of thickness variation: A critical point indicative of the maximum photo-
conversion efficiency was reached at 0.75 wt% CB. Therefore, we used 0.75 wt% CB/PANINT to
study the effect of thickness variation on the photovoltaic performance of the DSSCs employing
LE (Figure 3.7 (a)) and PGE (Figure 3.7 (b)). The notations CBP_1, CBP_2, CBP_3 and
CBP_4 represent thicknesses of 0.78 um, 1.56 um, 7.24 pm and 10.58 pum respectively. In the

devices, growing thickness is found to cause an enhancement in its efficiency. Increase in

(b)

Current density/ mA cm’?
Current density/ mA cm?

0 T T T T T T
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8

T T T 0 T T T T T T T

Voltage/ V Voltage/ V

Figure 3.7Effect of thickness variation on the J-V characteristics of 0.75 wt% CB/PANINT
CE based DSSC in (a) LE and (b) PGE.
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thickness of the CE from 0.78 um to 10.58 um causes 5.97% improvement in its FF in both LE
and PGE (Table 3.3). This improvement in the photovoltaic performance is even more
pronounced when we consider the efficiency of the DSSCs. A 10.58 um thick ideal device shows
6.62% n in LE. For a cell with the same thickness in PGE, n value is 4.82%. This can be
considered as a manifestation of the heterogeneous electron transfer overvoltage losses in the
thinner layers. When the layers are thin, there is insufficient catalytic activity but increase in
thickness increases the reduction rate of I3, which in turn reduces overvoltage losses [16].
Increasing thickness, thus, understandably exert a positive influence on the device behavior upto
10-11 pm. Further increase in film thickness has negligible impact on its behavior.

Table 3.3 Photovoltaic parameters of the DSSCs with 0.75 wt% CB/PANINT with varying

thickness in LE and PGE (CBP_1 is equivalent to CB/PANINT (0.75) in Table 3.2).

Electrolyte Counter electrode Voc/ V Jsc/ mA cm? FF nl %
CBP_1 0.75 11.86 0.67 5.96
Liquid CBP_2 0.75 12.07 0.67 6.06
electrolyte
CBP_3 0.74 12.34 0.67 6.12
CBP_4 0.74 12.52 0.71 6.62
CBP_1 0.75 8.70 0.67 4.39
Polymer CBP 2 0.78 8.86 0.67 4.41
gel
CBP_3 0.77 8.97 0.71 4.73
electrolyte
CBP_4 0.75 9.11 0.71 4.82

3.3.7 Impedance spectra of the DSSCs.EIS was used to elucidate the electron transport
behavior in DSSCs [47]. Under irradiation, the Nyquist plot (Z'vs. —Z”), obtained using the

equivalent circuit diagram (Figure 3.8), displays a semicircle in the higher frequency region

Ry I
C

Figure 3.8 Equivalent circuit diagram for plotting Nyquist plot.
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corresponding to charge transfer resistance (Rcr.ce) at the interface of the CE and electrolyte.
Rerce is a critical parameter that determines the catalytic activity of the CE towards 15 to I’
reduction. Another important parameter is the internal series resistance (Rs) of the DSSCs which
is an amalgam of the electrolyte resistance and the sheet resistance of the electrode. Rs can be
determined from the intercept point on the real axis of Nyquist plot at high frequency. Low
values of Rs and Rcr.ceare indicative of better performance of the DSSCs. 0.75 V was set as the
bias potential since the Voc of the DSSCs was obtained near this point. The values for DSSCs
with LE having different compositions of CB/PANINT (0.0, 0.5, 0.75 and 1.0 wt% CB) as CE are
given in Table 3.4(Figure 3.9 (a)). Initially with pristine PAnINT, the Rcrcevalue obtained is
1.20 Q which decreases with addition of CB. An optimized device with 0.75 wt% CB/PAniNT
exhibits Rercevalue of 1.06 Q. The lowering of Rer,cecan be attributed to availability of a larger
active surface area conferred by both PAnINT and mesoporous CB. Synergistic effect of the
combining mode of both the components also provides high conductivity and fast electron

transfer passage from CE to the electrolyte. Increased conductivity is considered responsible for

16
(b) Pt
—&—PAniNT
—2—0.5 wt% CB
—&—0.75 wi% CB
— 1.0 wit% CB

(a) 14 Pt

—&— PAniNT

| —2—o0s5w%CB
—&—0.75 wit% CB
—v— 1.0 wt% CB

Figure 3.9 Impedance spectra of DSSCs fabricated with Pt, PAniNT and CB/PANINT (0.5, 0.75
and 1.0 wt% CB) CE in (a) LE and (b) PGE, and effect of thickness variation on the impedance
spectra of CB/PANINT (0.75 wt%) based DSSC in (c) LE and (d) PGE.
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lowering the Rs values [11]. Moreover, the electrolyte can be trapped in the pores of CB,
enhancing its stability and improving the overall performance of the DSSCs [8]. However,
further increment of CB leads to its agglomeration, which lowers the effective surface area of the
catalyst. An increase in Rcr.ceis seen which accelerates electronic recombination and decelerates
electrode reaction [8]. Both these effects cause the performance of the DSSCs to deteriorate. A
similar trend is observed with PGE where an optimized device with 0.75 wt% CB/PANINT
displays Rcrcevalue of 1.41 Q (Figure 3.9 (b)). On comparing both the electrolytes, it is seen
that the Rercevalues for PGE are higher than those of LE. The magnitude of Rcrcedepends on
the charge transfer process at electrolyte/CE interface. Thus, higher the number of triiodide ions,
better the charge transfer process. But this process is hampered by the polymer network in PGE

causing an increase in the Rcr.cevalue.

Table 3.4 EIS parameters of the DSSCs fabricated with Pt, PAnINT and CB/PAnNINT

(varying CB content and varying thickness) CE in both LE and PGE.

Liquid electrolyte Polymer gel electrolyte
Counter electrode
Rs/Q Rerce/Q Rs/Q Rerce/Q
Pt 18.84 0.97 23.59 1.26
PANINT 27.10 1.20 33.44 1.73
CB/PANINT (0.5) 25.01 1.09 30.13 1.49
(ezfi@ 'IAE':]'I'\:I é%f_)l) 24.49 1.06 28.90 1.41
CB/PANINT (1.0) 25.23 1.10 31.06 1.58
CBP_2 23.37 1.02 27.44 1.36
CBP_3 22.79 1.00 26.55 1.32
CBP_4 21.94 0.99 25.06 1.30

Effect of thickness variation: The effect of thickness variation on Rcrceand Rs was also
studied with EIS by fabricating a series of DSSCs with different thicknesses. In both the types of
DSSCs comprising of 0.75 wt% CB/PANINT as CE, similar trends of decreasing Rcr,ceandRswith
increasing thickness is seen (Figure 3.9 (c) and (d)). A 0.78 um thick layer of CE shows
RerceandRsvalues of 1.06 Q and 24.49 Q for LE, and 1.41 Q and 28.90 Q for PGE respectively.
Increase in thickness of the CE decreases these values and an optimized device is fabricated with
10.58 um thick CE. The EIS parameters are tabulated in Table 3.4. The main factor contributing
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to this result is the electron transfer process. Initially, this process is slightly impaired and the
electronic transport resistance is high but increasing thickness results in an augmented active
interface which diminishes this effect and leads to better electrocatalytic activity [16].

3.4 Conclusion

We have successfully synthesized a novel CB/PANINT nanocomposite by in-situ chemical
oxidation polymerization technique. Morphological analysis of the nanocomposite reveals that a
layer of mesoporous CB is formed on the surface of PANnINT, causing an increase in the surface
area. The resulting nanocomposite has been studied as a potential CE material in DSSCs. CV
measurements, EIS analysis and J-V characteristic plots show that 0.75 wt% CB/PANINT
exhibits superior electrocatalytic activity towards Is” to I° reduction in contrast to pristine
PANINT. This effect is mainly attributed to an augmented catalytic surface area rendered by
incorporation of mesoporous CB. With LE, 5 value of 6.62% has been realized for the
nanocomposite with 10.58 um thick film, while for the same thickness 4.82% efficiency is
obtained when PMMA based PGE is used. These values are greatly enhanced in contrast to
pristine PANINT because of a significant decrease in Rer,cewith the inclusion of CB. CB/PANINT
nanocomposites, thus, provide an affordable and feasible alternate as a CE material in DSSCs

employing both LE and PGE to replace the expensive Pt electrode.
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