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Polyaniline Nanotube /Reduced Graphene Oxide Aerogel as
Efficient Counter Electrode for Quasi-Solid-State Dye Sensitized
Solar Cells

 PAniNT/rGOA

CE material ¢
Counter Electrode

Current density / mA cm”

Electrolyte

Ti0, with adsorbed dye

J/mAem®

DSSC fabricated with PANINT/rGOA as the counter electrode exhibits an efficiency of
5.47%, wherein rGOA provides a high surface area support for PAniNTs, which acts as an
electro-catalyst for triiodide reduction.
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5.1 Introduction

With the aim to combine the electro-catalytic property of polyaniline nanotube (PANINT)
and electro-conductivity of graphene aerogel, in the present study PAniNT/reduced graphene
oxide aerogel (PANINT/rGOA) is synthesized and studied as a counter electrode material for dye
sensitized solar cell (DSSC).

Conducting polymers such as polyaniline (PAni), poly(3,4—ethylenedioxythiophene)
(PEDOT) and polypyrrole have great potential to be used as alternatives for the Pt counter
electrode [1-7]. PAni is considered as one of the most preferred alternatives amongst them
because of its low cost, high electrochemical activity and environmental stability. On the other
hand, earth abundant carbonaceous materials also present a great potential to replace platinum
(Pt) because of their high electric conductivities and better chemical resistance to iodine. In the
recent years, a wide range of carbonaceous materials like carbon nanotubes, graphene, carbon
black, activated carbon and carbon-based composites have drawn research attention as Pt free
counter electrodes [8-14]. In particular, graphene aerogels have a great prospect to become an
efficient counter electrode material because of its unique qualities [15]. Graphene aerogels are
three-dimensionally interconnected graphene sheets having a mesoporous structure. They exhibit
much faster charge transport across the graphene sheets in comparison to the porous structures
constructed by physically and randomly staked graphene sheets because of the much higher
electrical conductivities [16]. Furthermore, their large pore volume facilitates the mass transfer of
redox species.

Xue et al. (2012) for the first time prepared a nitrogen-doped 3D graphene foam and
demonstrated its application as a metal-free electro-catalyst for the reduction of triiodide to
replace the Pt cathode in DSSCs, leading to a efficiency value of upto 7.07% [17]. Yang et al.
(2014) prepared a flexible counter electrode based on nitrogen-doped carbon aerogels exhibiting
efficiency of 8.83% [18]. The aerogel was prepared by introducing tripolycyanamide during
synthesis of the organic aerogel precursors. Carbon based aerogel with high surface area is a

promising alternative to the expensive Pt counter electrode.
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5.2 Experimental

5.2.1 Materials

Graphite flakes, sulfuric acid (H.SOs), sodium nitrate (NaNOs), potassium permanganate
(KMnQOs), hydrogen peroxide (H20), hydrochloric acid (HCI), resorcinol, formaldehyde,
Sodium carbonate (Na,CQs), aniline, ammonium persulfate (APS), acetic acid and methanol
were purchased from Aldrich. All other materials used for the device fabrication were same as
mentioned in Section 2.2.1 of Chapter 2.

5.2.2. Preparation of graphene oxide

The precursor material, graphene oxide (GO), used for the preparation of the aerogels was
prepared using modified Hummers method [19]. For typical synthesis of GO, 23 mL
concentrated H,SO4 was added with 1g graphite flakes and 0.5 g NaNOs. This reaction mixture
was stirred for 4 h in an ice bath. 3 mL KMnO4 was added slowly into the solution keeping the
temperature below 15°C, followed by slow addition of 184 mL water with continuous stirring for
another 2 h. The reaction mixture was then transferred to a warm water bath maintained at 35°C
for 2 h under stirring. It was then refluxed at 98°C for 10-15 min followed by lowering the
temperature to 25-30°C, at which the solution turned brown. 8 mL H,O, was added after stirring
for another 2 hours at that temperature whereupon the color of the solution changed from brown
to yellow. The product was finally filtered and washed with 10% HCI solution and deionized

water, and dried in vacuum oven.

5.2.3 Preparation of reduced graphene oxide aerogel

In the preparation of reduced graphene oxide aerogel (rGOA), 0.4 g GO was mixed in 40
mL deionized water in a 100 mL beaker and sonicated for 10 min to get (10 mg mL™?) GO
suspension. Subsequently, 0.674 g resorcinol, 0.724 g formaldehyde and 3.23 mg Na,COs; were
added to the GO suspension and stirred for 30 min. The prepared suspension was sealed in a
beaker and transferred to an oven maintained at 85°C for 3 days. Afterward, the rGO hydrogel
obtained was washed with water, and freeze-dried for 24 h to completely remove the water and
obtain rGO aerogel [15].

5.2.4 Preparation of polyaniline nanotube/reduced graphene oxide aerogel

PANINT was prepared by using aniline monomer and APS solutions [20]. The two
separate solutions were prepared in an aqueous solution of 0.4 M acetic acid and 1 M methanol

in water and were kept in 0-5°C for 30 min. Both the solutions were then mixed and stirred
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vigorously for 30 s followed by keeping the mixture undisturbed overnight at 0-5°C to get
maximum precipitation. Finally, the precipitate was washed with deionized water and dried to
obtain PANINT. The as-prepared PAnINT and GO were used to make the aerogel. In two
separate 50 mL beakers, 0.2 g of GO and PAnINT were sonicated in 20 mL of deionized water to
get 10 mg mL* GO and PANINT suspensions. Then in the GO suspension, 0.337 g resorcinol,
0.362 g formaldehyde and 1.6 mg Na:COs; were added and stirred for 30 min. The two
suspensions were then mixed in a 100 mL beaker and sealed. The sealed beaker with the
suspension was kept in an oven maintained at 85°C for 3 days to get the PAniNT/rGO hydrogel.
Finally, the aerogel with mass ratio 1:1 (PAniNT/rGOA) was obtained by washing the hydrogel
with deionized water followed by freeze-drying for 24 hours. Aerogels with different amount of
PANINT (6, 8 and 12 mg mL?) with GO (10 mg ml?) suspension were also prepared for
comparison purposes. The prepared aerogels were named as PANINT/rGOA(0.6),
PANINT/rGOA(0.8), PAnINT/fGOA and PAniN/rGOA(1.2) with 6, 8, 10 and 12 mg mL™* of
PANiINTs with 10 mg mL™ in GO respectively.

5.2.5 DSSC fabrication

The polymer gel electrolyte (PGE) was prepared by dispersing poly(methyl methacrylate)
(PMMA) with 0.57 wt% of carbon black (CB) in liquid electrolyte according to the protocol
previously reported in Section 3.2.2 of Chapter 3 [21]. N719 dye sensitized titanium dioxide
(TiO2) photoanode was fabricated by following the procedure described in Section 2.2.5 of
Chapter 2.

For preparing the counter electrodes, aerogel pastes were prepared by dispersing 10 mg of
the aerogels in 0.5 mL 0.5% Nafion solution by sonicating for 10 min. Using doctor blade
method, the prepared aerogel pastes were cast onto a cleaned fluorine doped tin oxide (FTO)
glass to make the counter electrode, followed by heating at 80°C. For comparison purpose, Pt
counter electrode was also prepared by following spin coating and chemical reduction methods
as described in Section 2.2.5 of Chapter 2.

Finally, the DSSCs were assembled by sandwiching the PGE between the photoanode and
the counter electrode using 25 pum thick Solaronix thermal polymer spacers. The internal spacer
gap between the two electrodes was completely filled by the electrolyte, following which the
devices were kept at 60°C for 5 min to improve the interfacial contact between the electrolyte
and the electrodes [22,23].
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5.2.6 Characterization

For structural characterization of the aerogels, the Fourier transform infrared (FTIR)
spectra of the prepared samples were recorded. The Raman spectra and the X-ray diffraction
(XRD) patterns of the samples were recorded on a Renishaw basis series with 514 lasers and
Bruker AXS instrument respectively. Scanning electron microscope (SEM) and transmission
electron microscope (TEM) micrographs were obtained to study the surface morphology.
Nitrogen adsorption/desorption isotherms were obtained by a Quantachrome NOVA 1000E
Brunauer-Emmett-Teller (BET) apparatus. Bio-Logic SP-150 potentiostat was used to record the
cyclic voltammogram of the fabricated device in the potential range of -0.5 V to 1.0 V under 1
sun illumination. Current density-voltage (J-V) characteristics data were used to calculate the fill
factors (FF) and photoconversion efficiencies (n) of DSSCs [24]. The same electrochemical
workstation was also used to explore the electrochemical impedance spectroscopy (EIS), Tafel

data and the chemical capacitance (Cp) at both the electrode/electrolyte interfaces.
5.3 Results and discussion

5.3.1 Structural analyses

5.3.1.1 FTIR spectroscopy analysis

The FTIR spectra of the prepared PANINT, GO, rGOA and PAnINT/rGOA are shown in
Figure 5.1. In the characteristic spectrum of PANINT, the peaks at 3421 cm?, 1558 cm™ and
1472 cm* appear due to N-H stretching, and C=C stretching of the quinoid and the benzoid ring
respectively [25]. The peaks at 1304 cm™, 1249 cm?, 1113 cm™ and 812 cm™ appear due C-N
stretching, C—N-C stretching, N-Q-N vibration and asymmetric 1, 4-disubstituted benzoid ring
vibrations respectively. In the characteristic peaks of GO, the oxidation of graphite to GO is
established by the appearance of peaks at 1736 cm™, 1640 cm™and 1055 cm, typical of presence
of carbonyl moiety, C=0 vibrations in carboxylic acid and alkoxy C-O stretching vibrations
respectively [26]. The peaks at 3440 cm™ and 1402 cm™ are assigned to O-H stretching and
deformation vibration mode of intercalated water in the GO. In the spectra of rGOA, some of the
peaks disappear while the intensities of peaks at 3440 cm™, 1736 cm™? and 1402 cm* decrease,
signifying the elimination of oxygen containing groups in rGOA to a high extent during aerogel
formation. PAniNT/rGOA exhibits typical absorption peaks of both the constituting components
suggesting that the desired composite aerogel is formed successfully. Partial reduction of GO to

reduced graphene oxide (rGO) during the synthesis procedure is indicated by the disappearance
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of peaks of oxygen containing groups. Additionally, the intensities of the peaks at 3440 cm™,
1736 cm™and 1402 cm™ also decrease in the spectra of PANINT/rGOA.
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Figure 5.1. FTIR spectra of (a) PANINT, (b) GO, (c) rGOA and (d) PAnINT/rGOA.
5.3.1.2 Raman spectroscopy analysis

The Raman spectra of pristine PANINT, GO, rGOA and PAnINT/rGOA are studied
(Figure 5.2). The peaks at 1620 cm™, 1550 cm™ and 1350 cm™ are assigned to v(C-C) vibration,
imine v(C=N) vibration band and semi-benzoid polaronic v(C-N++) of PAniNT respectively. The
peak at 1200 cm™ is indicative of the C-H in plane bending vibration of quinoid ring [27]. GO
and rGOA exhibit two typical bands. The first band (G band) at 1608 cm™ is ascribed to the
graphitic structure and corresponds to the first order scattering of Ez¢ phonon of sp? carbon atoms
at the Brillouin zone centre [28]. The second band (D band) at 1360-1385 cm™ is due to the
defects arising from structural edge effects, because of the breathing mode of k-point phonons
with Aig symmetry. The increase in the ratio of intensities of D and G bands (Ip/lg) from 0.98 to
1.5 indicates reduction of GO to rGO during the aerogel formation process. This increase of ratio
is due to the reduction of most of the functional groups containing oxygen as well as the decrease
of average size of sp? domain. The spectrum of PAnINT/rGOA is almost similar with pristine
PANINT, however the peak intensity at 1620 cm™ is slightly higher because of the presence of
rGOA.
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Figure 5.2. Raman spectra of (a) PANINT, (b) GO, (c) rGOA and (d) PAnINT/rGOA.

5.3.1.3 XRD analysis
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Figure 5.3. XRD patterns of (a) PANnINT, (b) GO, (c) rGOA and (d) PAnINT/rGOA.

Figure 5.3 exhibits the XRD peaks of PANINT, GO, rGOA and PAnINT/rGOA. The XRD
pattern of PAniNT is recognized by three typical broad peaks at 26 = 14°, 20° and 25° due to the
(011), (020) and (200) crystal planes of PAni. The broad nature of these peaks suggests partial
crystallinity of the PAnINT [29,30]. The successful oxidation of graphite to GO via modified
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Hummers method is shown by a sharp XRD peak at approximately 260 = 10.6° due to the
presence of (002) plane. The conversion of GO to rGOA is apparent in the XRD pattern of
rGOA. A broad peak at around 20 = 24° indicates the reduction of GO to rGOA [31]. The three
broad peaks at 20 = 13.3° 21° and 25° are seen in the XRD plots of PAnINT/rGOA, which
confirms the presence of PANINT in the composite. The broadness of the peaks of

PANINT/rGOA also signifies the partial crystalline nature of the composite.

5.3.2 Morphological analysis
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Figure 5.4. SEM micrographs of (a) GO, (b) rGOA and (c) PAnINT/rGOA, and TEM
micrographs of (d) rGOA and (e) PANINT/rGOA

Figure 5.4(a)-(c) show the SEM micrographs of the GO, rGOA and PAniNT/rGOA.
Layers of sheets are observed in the micrograph of GO as shown in Figure 5.4(a). The rGOA
micrograph (Figure 5.4(b)) exhibits crumpled surfaces and sharp edges of graphene layers. In
the Figure 5.4(c), PANniNTs are seen attached to the graphene sheets in the PAnINT/rGOA
aerogel without any aggregation. Figure 5.4(d) displays the TEM micrograph of rGOA with a
three dimensional inter-connected structure of small graphene layers. The nanotube structures of
PANINT on graphene sheets are observed in the TEM micrograph of PAniNT/rGOA (Figure
5.4(e)). The restacking of rGO sheets in PAnINT/rGOA is prevented to a large extent by the
prominent ©- 7 stacking between the hydrophobic basal planes of rGO and PAniNT in the
aerogel. Furthermore, since GO is only partially reduced in the composite, hydrogen bonding
between the hydrophilic oxygenated rGO and the aniline units of PANINT may also occur.
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5.3.3 Surface area determination

Brunauer-Emmett-Teller (BET) analysis was carried out to analyze the surface area of
rGOA and PAnINT/rGOA. Figure 5.5(a) and (b) show the BET isotherms of rGOA and
PANINT/rGOA respectively. The hysteresis loop profile of both the aerogels is typical of Type-
IV isotherm characteristic of mesoporous materials. The surface area based on BET model is
found to be 168.39 m? g and 294.73 m? g for rGOA and PAniNT/rGOA respectively. The
higher surface area of PANINT/rGOA as compared to rGOA is due to the presence of PANINT in

the rGO aerogel matrix which prevents the restacking of rGO sheets to a significant extent.
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Figure 5.5. N, adsorption/desorption isotherms of (a) rGOA and (b) PAnINT/rGOA. The inset
figures show corresponding pore size distribution of the aerogels (STP stands for standard

temperature and pressure).

The pore volume is determined on the basis of Barrett—Joyner—Halenda (BJH) model.
PANINT/rGOA exhibits (1.94 cm?® g) slightly higher pore volume in comparison to rGOA (1.74
cm® g1). The insets of the Figure 5.5(a) and (b) exhibit the corresponding pore size distribution
of the aerogels. Although rGOA shows a wide range of distribution of pore sizes from 3 to 124
nm, majority of them is concentrated between 3 to 20 nm with average pore size of 9.8 nm.
Whereas PANnINT/rGOA exhibits slightly broader pore size distribution from 4 to 167 nm with
average pore size of 10.1 nm. From the above study, one can conclude that the mesoporous
structure with suitable pore sizes, high surface area and large pore volume of PANINT/rGOA and

rGOA are well suited as counter electrode materials of DSSC.

5.3.4 Electro-catalytic activity

Cyclic voltammograms were recorded to investigate the electrochemical behaviors of
PANINT, rGOA, PANnINT/rGOA and Pt electrodes. The characteristic CV plots for each electrode
were recorded using an electrolyte contains 0.1 M lithium perchlorate (LiClO.), 10 mM lithium

iodide (Lil), and 1 mM iodine (I2) in acetonitrile (scan rate is 50 mV s*) by applying a sweep
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potential from -0.5 V to 1.0 V. Ag/AgCl and a Pt wire are used as the reference and the counter
electrode respectively. All the electrodes, except rGOA, exhibit two anodic and two cathodic
current peaks (Ox-1/Red-1, Ox-2/Red-2, as labeled in Figure 5.6) analogous to Egs. (5.1) and
(5.2).
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Figure 5.6. Cyclic voltammograms of (a) rGOA and PANINT, and (b) PAnINT/rGOA

and Pt electrodes in a three electrode set-up.

Our focus is on the characteristics peaks of the left redox pair (Ox-1 and Red-1) because
they are responsible for reduction of triiodide ions (l3°) to iodide ions (1) at the counter electrode
[32,33]. The catalytic activity of the counter electrode is quantitatively described by the peak
current (Ip) and peak-to-peak separation voltage (Epp) of Ox-1 and Red-1 process. Better electro-
catalytic behavior of the counter electrode is indicated by higher I and lower Epp values.
Additionally, the electrical conductivity of the counter electrode materials is directly correlated to
their peak currents. The anodic peak current density (lpa), cathodic peak current density (lec) and
Erp values of different electrodes are tabulated in Table 5.1. The rGOA electrode shows the
lowest magnitude of lpc of -0.59 mA c¢cm? amongst all the electrodes because of its lower
catalytic behavior towards the reduction of I3 ions. The PAnINT/rGOA electrode exhibits
slightly higher Iec (-1.34 mA cm™) and lpa (1.35 mA cm) values than the Pt counter electrode
(Ipc is -1.16 mA cm? and lIpa is 1.27 mA cm™). This is due to the large active surface area
conferred by the prepared aerogel. Another interesting parameter that can be obtained from the
CV curve is Epp, which can be related inversely to the electrochemical reversibility of the
system. The Epp value for PAnINT/rGOA is 0.50 V, which is comparable with that of Pt (0.47
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V). This study proves that the incorporation of catalytically active PAnINT in conductive rGOA
with high surface area can efficiently enhance the reduction kinetics of I5~ ions. Additionally, the
area inside the curve also increases in case of the PAniNT/rGOA electrode. This is due to the
electrochemical double layer capacitive behavior shown by high surface area of graphene based
aerogel.

Figure 5.7(a) shows the cyclic voltammograms of PAniNT/rGOA electrode at various
scan rates. The current densities increase with the increment of scan rate. Also, the anodic peak
and the corresponding cathodic peak gradually shifts towards positive and negative directions

respectively.
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Figure 5.7. (a) Cyclic voltammograms of PAnINT/rGOA electrode at different scan rates
(from inner to outer: 20, 50, 100, 150 and 200 mV s?) and (b) the relationship between peak
current densities and the square root of the scan rate for Ox-1/Red-1.

Figure 5.7(b) exhibits the relationship of peak current densities of Ox-1/Red-1 with the
square root of scan rate. The linear relationship tells that the ionic diffusion of redox species in
the electrolyte controls the redox reactions on the PAniNT/rGOA electrode and obeys Randles-
Sevcik equation (Eqg. (5.3)) [34].

where K’ is a constant (2.69x10%), n = 2 is the number of electrons involving in the charge
transfer process, A is the area of the electrode, D is the diffusion coefficient of Is” ions, C* is the
bulk concentration of Is~ species and v’ is the applied scan rate. The calculated diffusion
coefficients of Is” ions at different counter electrodes are listed in Table 5.1. The PAniNT/rGOA
electrode exhibits slightly better diffusion coefficient (2.481x10° cm? s) of I3~ ions than the Pt

electrode (1.859x10° cm? s?) indicating good catalytic performances of the aerogel electrode.
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This is due to the higher active surface area present in the mesoporous structure of
PANINT/rGOA.

Table 5.1. Electrochemical parameters of different electrodes derived from CV measurements.

Electrode Iec /MAcCm?  lpa / MA CM? Erp/V D/cm?st
Pt -1.16 1.27 0.47 1.859 x 10°®
rGOA -0.59 0.98 0.86 0.481 x 10°
PANINT -0.64 0.64 0.62 0.566 x 10°
PANINT/rGOA -1.34 1.35 0.50 2.481 x 10°

The stability of the PAnINT/rGOA counter electrode is demonstrated in 100 conjugative
cyclic voltammograms, recorded by applying a scan rate of 50 mV st (Figure 5.8). The
voltammograms exhibit well repetition of peak current positions showing good stability of the

counter electrode material.
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Figure 5.8. Cyclic voltammograms of PAniNT/rGOA electrode for 100 cycles.
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5.3.5 Tafel plots

Tafel analysis was carried out to understand the electrochemical kinetic processes occuring
at different electrodes. Tafel plots were recorded by applying a potential sweep on the

symmetrical dummy cells prepared by sandwiching the PGE in between two similar electrodes.
Figure 5.9
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Figure 5.9. Tafel plots of Pt, PANINT/rGOA, PAniNT and rGOA electrodes for the symmetrical

dummy cells.

Table 5.2. Jo and Jiin data for the symmetrical dummy cells of different types of electrodes.

Electrode Jo/ MA cm?? Jiim/ MA cm2
Pt 13.72 24.55
rGOA 7.67 16.98
PANINT 10.84 20.42
PANINT/rGOA 12.21 2291

illustrates the Tafel curves of PANINT, rGOA, PANINT/rGOA and Pt electrodes. The Tafel
polarization curve is typically divided into three parts: the high potential region, the middle range
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and the low potential region, and they represent the diffusion region, Tafel region and
polarization region respectively [35]. The exchange current density (Jo) can be calculated from
the polarization region, while the limiting current density (Jim) can be measured from the
diffusion region. The magnitude of Jo represents the rate of the reduction of Is ions at the
catalytically active surface of counter electrode. Thus Jo is directly correlated with the number of
active catalytic sites present in the counter electrode. Jo and Jiim values obtained from the Tafel
plots are summarized in Table 5.2. The low Jo value (10.84 mA cm) of PAnINT indicates lower
conductivity and electro-catalytic activity in comparison to Pt electrode (13.72 mA cm?).
However, incorporation of PANINT in mesoporous rGOA increases the Jo value to 12.21 mA cm’
Z indicating enhancement of the reduction rate of Is~ ions at the electrode. It is conclusive from

this study that PAniNT/rGOA electrode can reduce s ions, comparable to that of Pt electrode.

5.3.6 Photovoltaic performance

The J-V characteristics of the fabricated DSSCs employing different counter electrodes are
studied under irradiation of 100 mW cm? light (Figure 5.10(a)). The detailed photovoltaic
parameters are listed in Table 5.3. The DSSC fabricated with rGOA counter electrode shows the
lowest efficiency of 3.29% with open-circuit voltage (Voc) of 0.755 V, short-circuit current
density (Jsc) of 7.59 mA cm2 and fill factor (FF) of 0.57. The DSSC with PAnINT counter
electrode exhibits slightly higher efficiency of 4.13% with Voc of 0.775 V, Jsc of 9.09 mA cm™
and FF of 0.58 due to the higher catalytic activity. When PANINT is added to the rGOA matrix,
it causes an improvement in the photovoltaic parameters of the DSSC. DSSCs with counter
electrodes having different content of PAnINT are also studied to observe their effect (Figure
5.10(b)). PANINT/rGOA, PANINT/rGOA(0.8), PANINT/rGOA(1.2) and PAnINT/rGOA(0.6)
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Figure 5.10. J-V characteristics of DSSCs fabricated with (a) rGOA, PANINT, PAniINT/rGOA

and Pt counter electrodes, and (b) electrodes with different PAnINT content in rGOA.
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represent aerogels with PAnINT:rGO ratio of 1:1, 0.8:1, 1.2:1 and 0.6:1 respectively. A trend of
improvement in the photoelectric performances with increasing PAnINT content in rGOA is
observed. The optimum result is obtained when the ratio of PAnINT to rGO aerogel is 1:1. The
DSSC fabricated with PAniNT/rGOA counter electrode shows efficiency of 5.47% with Voc, Jsc
and FF values of 0.794 V, 11.50 mA cm and 0.59 respectively. The maximum efficiency shown
by PANINT/rGOA counter electrode is at par with the Pt counter electrode (efficiency 5.54%),

asserting its capability to replace the costly Pt counter electrode in DSSCs.

Table 5.3. Photovoltaic parameters for the DSSCs employing different counter electrodes.

Electrode Voc IV Jsc / mA cm FF nl%

Pt 0.766 12.49 0.57 5.54

rGOA 0.755 7.56 0.57 3.29
PANINT 0.775 9.09 0.58 4.13
PANINT/rGOA(0.6) 0.790 10.14 0.59 4.75
PANINT/rGOA(0.8) 0.791 11.10 0.59 5.20
PANINT/rGOA 0.794 11.50 0.59 5.47
PANINT/rGOA(1.2) 0.791 10.77 0.59 5.02

In order to see the effect of thickness of the counter electrode film, the photovoltaic
parameters of the DSSCs are studied by varying its thickness from 1.87 pm to 10.32 pm. As
PANINT/rGOA exhibits the maximum photoconversion efficiency among all the prepared
composite aerogels, it is chosen as the test material (Figure 5.11(a) and (b)). Both Jsc and Voc
values rise gradually with growing thickness upto 9-10 um. The thinner counter electrode layers
have lesser number of catalytic sites resulting in less electron transfer process at the counter
electrode/electrolyte interface. However, when the layers become thick, the rate of reduction of
I3 ions increases because of the availability of larger number of catalytic active sites as well as
an augmented surface area. Hence, an improvement is observed in the photovoltaic parameters of
DSSC including FF and efficiency. The FF obtained in our devices is more than 0.50, which is

the typical value for FF of conventional photovoltaic cells. It is an indication that recombination
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process, which is a major contributor to loss of current in semiconductor based devices, has been
minimized [36]. However beyond 10 um, increase in the film thickness has negligible impact on
the device performance. This is due to the enhancement of the charge and mass transport
resistances with the increment of the film thickness.
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Figure 5.11. Photovoltaic parameters of DSSCs fabricated with PAniNT/rGOA counter

electrodes of different thicknesses.
5.3.7 Contribution of gel electrolyte to the performance of DSSC

The use of PGE in DSSCs is very advantageous as it prevents leakage and evaporation of
the solvent. In addition, it contributes to the performance of the DSSC in many other ways as
described in the following section.

5.3.7.1 Enhancement in Voc

To study the role of PGE, J-V characteristics of DSSCs employing liquid electrolyte under
illumination of 100 mW cm- light was recorded and compared with the DSSC employing PGE.
(Figure 5.12(a)). PANINT/rGOA counter electrode was used to fabricate both the DSSCs. The
DSSC fabricated with liquid electrolyte exhibits efficiency of 5.89% with Voc, Jsc and FF values
of 0.738 V, 12.69 mA cm and 0.62 respectively. The DSSC employing PGE shows efficiency
of 5.47% with Voc, Jsc and FF values of 0.794 V, 11.50 mA cm2 and 0.59 respectively. An
enhancement in Voc from 0.738 V to 0.794 V is observed for the PGE. This enhancement is
crucial for the performance of the DSSC fabricated with PGE. To understand it, the chemical
capacitance of the DSSCs at the photoanode/electrolyte interface is studied using EIS under dark
conditions at different bias. Figure 5.12(b) shows the effect of applied bias on Cp values in both
liquid electrolyte and PGE. Voc is defined as the difference between the potential of the quasi

Fermi level of TiO; (Ef) and the redox potential (Eredox) OF the redox couple. Er can be expressed
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in terms of conduction band edge of TiO: (Ec). The overall expression correlating Voc with Ec
and Eredox is expressed in Eq. (5.4).

Vye =k_T[ Ec _kifEdOX +In ’L‘C J ............................................................. (5.4)
q C
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Figure 5.12. Comparison between performances of DSSCs fabricated with PANINT/rGOA
counter electrode employing liquid electrolyte (LE) and PGE in terms of (a) J-V characteristics
and (b) chemical capacitances at the photoanode/electrolyte interface at various applied
potentials.

where k, T, n¢, Nc and g are Boltzmann constant, temperature, free electron density at conduction
band of TiO;,, density of accessible state in the conduction band of TiO, and charge respectively.
Ec can be quantitatively estimated from the value of Cp, which is determined from the
accumulated electron density at the TiO-/electrolyte interface [37-39]. It can be seen from
Figure 5.12(b) that at a given bias potential, the capacitance of PGE is lower than that of the
liquid electrolyte. The double layer capacitance at the photoanode/gel electrolyte is decreased
due to the restricted movement of Li* ions in polymer matrix. The electron rich groups present in
the PMMA interacts with the positively charged Li* ions inhibiting the movement of Li* ions. As

a result, a negative shift of Voc takes place resulting in enhancement of Voc of the device [37].

5.3.7.2 Long-term stability

Another striking difference between the liquid electrolyte and the PGE is its long-term
stability. Figure 5.13(a) and (b) exhibit the variation of Jsc and Voc values of DSSCs fabricated
with PAnINT/rGOA counter electrode employing PGE and liquid electrolyte for duration of

1000 h in air at room temperature. DSSC employing liquid electrolyte shows a sharp decay of Jsc
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value after 200 h of testing due to the leakage and volatilization of the solvent. However, DSSC
fabricated with PGE retains 92% of initial current indicating better long-term stability. On the
other hand, Voc values with both the liquid electrolyte and the PGE remain mostly unaffected. In
conclusion of this study, the DSSC with the PGE encumbers the leakage and volatilization of
solvents to provide better long-term stability.
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Figure 5.13. Long-term stability of DSSCs over a period of 1000 h in terms of (a) Voc and (b)

Jsc values.

5.3.8. Electrochemical impedance spectroscopy study

To obtain further insight into the interfacial charge transfer processes of the fabricated
devices, EIS data was recorded under illumination. On the basis of transmission line model, the
EIS data can be fitted with an equivalent circuit giving rise to the Nyquist plot. The Z’ vs -Z”’
plot displays three semicircles (Figure 5.14) [40,41]. The semicircle in the high frequency region
represents the charge transfer at the counter electrode/electrolyte interface (Rcrce), the middle
range is assigned to the charge transfer at the TiO/electrolyte interface (Rcr) and the low
frequency region is related to the ionic diffusion in the electrolyte. The intercept point on the
real axis represents the internal series resistance (Rs). The data of Rs, Rcr and Rer,ce for different
DSSCs employing the PGE are tabulated in Table 5.4. The composite aerogel, PAnINT/rGOA
shows 1.13 Q resistance (Rctce) at the counter electrode/electrolyte interface which is lower in
comparison to those of rGOA (1.87 Q) and PAniNT (1.30 Q) electrodes. The lower value of
Rerce of PANINT/FGOA infers higher charge transfer kinetics at the electrode/electrolyte
interface. Thus, faster rate of reduction of I3 ions occurs at the PAnINT/rGOA electrode in
comparison to those of PANINT and rGOA electrodes. This is due to the presence of a larger
surface area, suitable pore size distribution and abundance of catalytically active sites on the
mesoporous PANINT/rGOA. Additionally, the charge transfer kinetics at the PANINT/rGOA
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electrode is quite comparable with that of the Pt electrode (Rcrce of Pt = 1.02 Q) as the Rerce
values of both the materials are almost similar.
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Figure 5.14. Nyquist plots of EIS data of the DSSCs fabricated using Pt, PAnINT/rGOA,
PANINT and rGOA counter electrodes under irradiation of light. The inset shows the

corresponding equivalent circuit model.

Table 5.4. Rs, Rer.ce and Rer data for the DSSCs fabricated with different counter

electrodes.
Electrode Rs/ Q Rerce/ Q Rer/ Q
Pt 19.38 1.02 13.84
rGOA 23.87 1.87 18.05
PANINT 22.89 1.30 15.87
PANINT/rGOA 21.57 1.13 14.36

Furthermore, EIS is used to calculate the values of chemical capacitance (Cp,ce) at the
counter electrode/electrolyte interface by concentrating on the semicircle in the higher frequency
region. The values of Cp,ce are studied to examine the behavior of the surface of counter
electrodes. The Cp,ce values are tabulated in Table 5.5. The surface area of the counter electrode
plays a crucial role in the determination of Cp,ce, which in turn reflects in the value of Voc.
Higher value of Cp,ce implies better value of Voc. Among all the counter electrodes,
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PANINT/rGOA exhibits significantly higher value of 41.7 pF because of higher surface area as
compared to other electrodes. Thus, the highly porous aerogel structure of PANINT/rGOA
enhances the Voc values, which in turn, improves the efficiency of the fabricated device.

Table 5.5. Chemical capacitance at the counter electrode/electrolyte interface of

symmetrical dummy cells with 0.75 V applied bias.

Electrode Pt rGOA PANINT PANINT/rGOA

Cii,ce / UF 22.62 32.65 20.41 41.7

5.4 Conclusion

e A graphene based PANINT/rGOA counter electrode material was successfully
synthesized for fabricating quasi-solid-state DSSCs by incorporating PANINT in rGOA in
different mass ratios.

e Morphology analysis and surface area determination were carried out. The
PANINT/rGOA composite with mass ratio 1:1 exhibited a surface area of 294.73 m? g with
average pore size of 10.1 nm.

e Cyclic voltammogram of PAniNT/rGOA revealed its high catalytic activity towards the
reduction of the triiodide ions. Furthermore, cyclic voltammograms with 100 cycles showed
significant stability of the material in the cell environment.

e The exchange current density computed from the Tafel plot of PAniNT/rGOA was found
to be 12.21 mA cm, which was quite comparable to the value observed in Pt counter electrode
(13.72 mA cm?).

e A photoconversion efficiency of 5.47% with Voc value of 0.794 V, Jsc value of 11.50
mA cm? and FF value of 0.59 was achieved from the optimized DSSC fabricated with
PANINT/rGOA counter electrode employing PGE (PMMA based electrolyte with 0.57 wt%
CB) under irradiation of 100 mW cm? (AM 1.5) light.

e The DSSC exhibited a significant enhancement of Voc from 0.738 V to 0.794 V because
of the restricted movement of Li* ions in the polymer matrix. The non-faradic process (double
layer capacitance) at the large surface area of PANINT/rGOA also contributed to the
enhancement of Voc.

e The same DSSC showed significant durability by retaining 92% of its initial value of Jsc.

These studies alluded to the feasibility of PAniINT/rGOA counter electrode as an efficient, low-
cost alternative to the costly Pt counter electrode.
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