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1. Introduction

The increasing concern on energy and the global warming due to the depletion of fossil fuel
demands to search the alternative renewable energy resources for covering the energy crisis
in the coming decade. A very popular renewable source called photovoltaic device is antici‐
pated to solve energy problem, which converts directly the solar energy from sun to the
electricity energy. Recently, dye sensitized solar cells (DSSCs) are widely used as promising
photovoltaic device owing to its important properties like high solar to electricity energy
conversion efficiency, low production cost, ease of fabrication and vast varieties of various
semiconducting materials. DSSC is composed of few micrometer-thick nanocrystalline
semiconducting oxides thin film combined with monolayer of charge-transfer dye as a
photoanode, a redox electrolyte and a platinum metal electrode as counter electrode. In
principle, upon illumination, the electron injection to conduction band of semiconductor takes
place by the absorption of photons from dye molecules and the redox electrolyte regenerates
the oxidized dye by the transportation of charges or ions. These days, the photovoltaic devices
are facing inherent drawbacks such as leakage and evaporation problem that limits its practical
application. In this regards, efforts are being done to overcome the leakage and evaporation
of liquid electrolyte with solid or gel electrolytes such as room temperature molten salts
(RTMSs), p-type semiconductor, conducting organic polymers and polymer gel electrolytes.
Furthermore, the choice of catalytic in counter component of DSSCs is crucial to improve the
reduction rate of I3

- to I- in the redox electrolyte. In general, the conducting glass electrode
without any catalytic materials such as metals, conducting polymers etc shows very low
electrocatalytic activity towards the iodide couple electrolyte due to overvoltage and high
energy loss. It has been realized that the low resistance and high electrocatalytic materials
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might deliver the better catalyst to avoid the overvoltage and energy loss for the high reduction
of I3

- in redox electrolyte.

The semiconducting nanomaterials based thin film electrodes with high surface area are of
great significance for acquiring the high amount dye adsorption which leads to the higher light
harvesting efficiency and photocurrent density. Various metal oxides semiconductors such as
TiO2, ZnO and SnO2 have shown good optical and electronic properties and are accepted as
the effective photoanode materials for DSSCs. Additionally, the morphology and sizes of metal
oxides semiconducting materials, particularly one dimensional (1D) nanostructures like
nanorods (NRs), nanowires (NWs) and nanotubes (NTs) based electrodes have shown
increased electron transfer during the operation of DSSCs owing to their high surface to
volume ratio and arrangements. Until now, the photoanodes with TiO2, SnO2/ZnO, Nb2O5 and
ZnO nanomaterials have presented the maximum solar to electricity energy conversion
efficiencies of ~11.2%, ~8%, ~2% and ~5% respectively.

On the other hand, the conducting polymers are regarded as promising semiconducting
materials due to distinguishable electrical properties, mechanical flexibility, and the relative
ease of processing. The conductive polymers such as polypyrrole, poly (3, 4-ethylenedioxy‐
thiophene) and polyaniline (PANI) are frequently used in DSSC as hole transport materials,
electron acceptor and electrocatalytic materials for tri-iodide reduction in redox electrolyte.
Among them, PANI is an excellent host for the trapping of semiconducting nanomaterials and
conducts the electric charges through the polymeric chain due to extended π-electron conju‐
gation. The conducting polymers and dye sensitized metal oxides are good electron donors
upon the photo-excitation during the operation of DSSCs.

In this chapter, we have briefly discussed the different conducting polymers, metal oxides and
their application for the performance of DSSCs. The chapter includes the brief literature
surveys, properties and photovoltaic properties of various metal oxides nanomaterials,
nanofillers in polymer electrolytes and the conducting polymers. Additionally, the latest
research advancements are surveyed for the development of efficient conducting polymers as
p-type semiconducting nanomaterials for counter electrode materials and efficient nanofillers
in the solid polymers of DSSCs. Moreover, the doping and the utilization of TiO2 and ZnO
nanomaterials for the performance of DSSCs have been discussed in details. It has been seen
that the preparation methods, doping, morphologies, and the sizes of conducting polymers
and metal oxides have shown the considerable impact on the electrical properties of the
nanomaterials and performances of DSSCs. The study also demonstrates the enhanced
properties of inorganic metal oxides like ZnO and TiO2 with different sizes and morphologies
for achieving the efficient photovoltaic properties of DSSCs such as JSC, VOC, FF and conversion
efficiency.

2. Types of conducting polymers

The conducting polymers are composed of π-conjugated polymeric chain and are known as
“synthetic metals” [1-2]. These extended π-conjugated systems of conducting polymers have
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alternating single and double bonds along the polymeric chain [3]. The conducting polymers
display the overlapping of molecular orbital to allow the formation of delocalized molecular
wave functions and secondly these molecular orbital must be partially filled so that there is a
free movement of electrons in the polymeric structure. The presence of unusual electronic
properties such as electrical conductivity, low ionization potential and high electron affinity
are associated with the π-electron backbone of the conjugated polymers. These are promising
candidates for electronics applications, and offer possible replacements of the conventional
metals and inorganic semiconductors [4-5]. The electrical conductivity of the conducting
polymers could be altered upon partial oxidation or reduction by a commonly referred process
called ‘doping’. The electrical conductivity of these polymers could be changed from insulating
to metallic by chemical or electrochemical doping and they could be used to produce electronic
devices. These polymers have the electrical properties like that of metals, and have attractive
characteristics of organic polymers such as light weight, resistance to corrosion, flexibility and
lower cost. Additionally, these polymers could be tailor-made to the requirements of the
application through modifications in the polymer structure by varying the functional groups
in the organic moiety. The commercial applications of conducting polymers are in thin film
transistor, batteries, antistatic coatings, electromagnetic shielding, artificial muscles, light-
emitting diodes, gas and bio-sensors [6], fuel and solar cells, fillers [7] and corrosion protective
coatings [8]. The conducting polymers are easy to synthesize through chemical or electro‐
chemical processes, and their molecular chain structure could be modified conveniently by the
copolymerization or structural derivations. Typically, the conducting polymers are of several
types as listed below:

2.1. Polypyrrole (PPy)

Polypyrrole (PPy) is a versatile polymer of significant properties like redox activity [9] ion-
exchange, ion discrimination capacities [10], electrochromic effects, charge/discharge process‐
es [11] and exhibits strong absorptive properties towards gases [12], catalytic activity [13] and
corrosion protection properties [14]. It is one of the important conducting polymers due to its
good electrochemical reversibility between its conducting and insulating states and the ease
of preparation through chemical or electrochemical routes [15].

2.2. Poly phenylenes) (PP)

Poly phenylene (PP) is one of the most unusual electro conducting polymers due to the
extended planar conjugated π-system, along with high strength and high heat resistance [16].
The most widely used method of PP production is benzene oxidation with a Friedel-Crafts
catalyst (the Kovacic method) [17], which yield a polycrystalline powder. Besides, electro‐
chemical polymerization is also a method for PP synthesis, but the molecular weight of the
polymer is limited due to its insolubility and chemical defect [18].

2.3. Polyacetylene (PA)

Polyacetylene (PA) is the polymer of highest conductivity as compared to those of conventional
metals. PA has the simplest structure of the linear chains of C-H units with alternating single
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and double bonds [19]. Moreover, the existence of the two hydrogen atoms in its repeat unit
offers ample opportunity to decorate the backbone with pendants which perturbs the elec‐
tronic conjugation and influences the molecular alignment of the polymeric chain. Signifi‐
cantly, the proper structural design might tune the backbone-pendant interplay into harmony
and synergy, generating new substituted PAs with novel functionalities [20].

2.4. Polyazule (PAz)

The electron-donor and electron-acceptor character of polyazulene (PAz) has been explained
by the electron-donor effect of the seven-membered ring toward the five-membered ring. The
five-membered ring carries a partial negative charge and the seven-membered ring of azulene
carries a partial positive charge. The polymers and its derivatives show high electrical
conductivity almost similar as polythiophene, polypyrrole and polyaniline [21].

2.5. Polyindole (PIN)

Polyindol (PIN) is an electroactive polymer which could be obtained by the anodic oxidation
of indole in various electrolytes. It is reported that the conductivity of PIN is lower than that
of PPy and PANI but its thermal stability is better with respect to PANI and PPy. PIN, a
macromolecular compound, is a good candidate for applications in various areas, such as
electronics, electrocatalysis, and active materials for anodes of batteries, anticorrosion coatings
and pharmacology.

2.6. Polycarbazole (PCz)

Polycarbazole (PCz) among conducting polymers, is attributed with good electroactivity, and
useful thermal, electrical and photophysical properties [22]. However, π-π electron system
along its backbone imparts rigidity to the polymer and therefore, makes it infusible and poorly
processable. The increasing interest in PCz is towards its role as a hole-transport material and
an efficient photoluminescence unit [23]. Derivatives of carbazole are easily prepared by the
substitution at -N atom and thus, the solubility and functionality of the resulting polymers
could be improved. More importantly, the substituted groups might influence the effective
conjugation length which is promising materials in making the emitting light in devices.

2.7. Polyaniline (PANI)

Polyaniline (PANI) exhibits the high stability, conductivity and low cost [24-25]. PANI
basically undergoes oxidative polymerization in the presence of a protonic acid. Protonation
induces an insulator-to-conductor transition, while the number of π-electrons in the chain
remains constant. The oxidation and reduction takes place on this –NH– group, and various
forms are obtained due to the number of imine and amine segments on the PANI chain. Other
substituted aniline like N-benzenesulfaniline [26], o-, p- and m-toluidine, o-chloroaniline [27],
o-, m- and p-halogenated anilines [28] and 1-Napthylamine are also the subject of current
studies and could be used for the semiconducting polymers based electronic applications.
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Out of several conducting polymers, the interest of researchers in PANI could possibly be linked
to the numerous applications that exist for the electronic conducting polymers and also aniline
is cheap product and also a very stable material. On the other hand, the nanocomposites of
conducting  polymers  with  inorganic  semiconducting  nanomaterials  show  the  improved
mechanical, electrical and thermal properties due to the combined effects of both the semicon‐
ducting nanomaterials and conducting polymers. In particular, PANI nanocomposites display
applications on a large scale for various electrochemical, electrorheological and in the electron‐
ic fields such as batteries, sensors, controlling systems and organic displays [29]. The nanocom‐
posites of PANI with cadmium sulphide has been discussed in the next section of the chapter

3. Nanocomposites of conducting polymers

3.1. Nanocomposites of PANI and cadmium sulphide

Cadmium Sulphide (CdS) is a semiconductor with a direct band gap of ~2.42 eV which displays
superior optical, photophysical and photochemical properties [30]. The nanocomposites of CdS
and PANI have presented the effective electrode materials for many electrochemical, photoelec‐
trochemical, sensing and electrochromic devices [31]. The nanocomposites are anticipated as
effective and promising electrode materials in many electrochemical devices. Xi et al studied
the influence of optical and absorption properties of CdS by the incorporation of CdS into PANI
matrix [32]. R. Seoudi et al studied the dependence of structural, vibrational spectroscopy and
optical properties on the particle sizes of PANI/CdS nanocomposites [33]. B.T. Raut et al reported
the novel method of fabrication of PANI/CdS nanocomposites and studied the structural,
morphological and optoelectronic properties [34]. In this regards, Ameen et al has reported a
simple solution method to synthesize the CdS decorated PANI nanorods (NRs) and studied the
electrochemical impedance properties of the nanocomposites [35].

The synthesized PANI NRs exhibit the entangled network with diameter of ~40-50 nm and
length of several hundred nanometers, as shown in Fig. 1 (a). The uniform decoration and the
thicknesses of CdS-PANI NRs increase gradually with the increase of CdCl2 concentration.
After sensitization with the highest concentration of CdCl2 (0.1 M), the surface of PANI NRs
(Fig. 1(b)) is completely decorated by CdS nanoparticles which results in the enhanced
diameter of ∼60-70 nm. The TEM characterization (Fig. 1 (c and d)) clearly justifies the
decoration of CdS nanomaterials on the surface of PANI NRs and shows the increased
thickness of PANI NRs with the average diameter of ~60-70 nm due to the decoration of CdS
nanoparticles with highest concentration of CdCl2 (0.1 M). From the EDS studies, the overall
CdS contents have been estimated as 0.34, 0.53 and 1.08 wt% in the synthesized CdS-PANI
NRs with CdCl2 concentrations of 0.01 M, 0.05 M and 0.1 M respectively.

The Raman bands at ∼1175 cm−1, ∼1507 cm−1, ∼1595 cm−1 are observed in all the samples of
CdS-PANI NRs (Fig. 2), corresponding to the C-H bending vibration of the semi quinonoid
rings (cation-radical segments), N-H deformation vibration associated with the semiquinonoid
structures and C=C stretching vibration in the quinonoid ring respectively [36]. PANI NRs
show a relatively high band at ∼1368 cm−1 in the spectrum which provides the information of
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the C-N+• vibration of delocalized polaronic structures [37]. The absence of this band in CdS-
PANI NRs might due to the efficient interaction of imine (-NH) group of PANI with CdS
nanomaterials.

The UV-Vis absorption spectra of the PANI NRs and CdS-PANI NRs are depicted in Fig.
3(a). In PANI NRs, the broad absorption bands at ~617 nm is related to n-π* transition, and
the absorption peak at ~268 nm and ~327 nm arises due to π-π* transition within the benzenoid
segment which is associated to the extent of conjugation between adjacent phenyl rings in the
PANI [38]. On comparison to PANI NRs, the red shifting are seen and absorption bands move
to higher wavelength of ~279 nm, ~338 nm and ~630 nm respectively in CdS-PANI NRs due
to the sensitization of CdS nanomaterials with PANI NRs. The red shift of absorption bands
with high intensities reveals that PANI NRs might form a partial bond with CdS nanoparticles.
The room temperature photoluminescence (PL) spectra (Fig. 3(b)) of PANI NRs and CdS-PANI
NRs exhibit a single large amplitude band in the blue green region which originated due to
the π–π* transition of the benzenoid unit of PANI [39]. The sensitization of PANI NRs with
the highest concentration of CdCl2 (0.1 M) causes a significant red shift from ~421 nm to ~438
nm as compared to the PANI NRs which might occur by the chemical interaction between -

Figure 1. FESEM (a, b) and TEM (c, d) images of synthesized PANI NRs and CdS-PANI NRs. Reprinted with permission
from [Ameen S., 2012], Chem. Eng. J. 181 (2012) 806 ©2012, Elsevier Ltd.
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Figure 2. Raman Spectra of PANI NRs and CdS-PANI NRs. Reprinted with permission from [Ameen S., 2012], Chem.
Eng. J.181 (2012) 806 ©2012, Elsevier Ltd.

Figure 3. UV-vis absorption spectra (a) and photoluminescence spectra (b) of PANI NRs and CdS-PANI NRs. Reprinted
with permission from [Ameen S., 2012], Chem. Eng. J.181 (2012) 806 ©2012, Elsevier Ltd.
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NH groups of the PANI chains and surface of CdS. The CdS-PANI NRs sensitized with 0.1 M
CdCl2, shows the lowest PL intensity and the highest peak shift, suggesting the large π–π*
transition of the benzenoid unit and the strong chemical interaction between -NH groups of
the PANI chains and surface of CdS.

The X-rays Photoelectron Spectroscopy (XPS) has studied to examine the interaction between
CdS nanoparticles and the PANI NRs, as shown in Fig. 4. The C 1s XPS spectrum (Fig. 4 (a))
of CdS-PANI NRs shows the center peak at ∼284.0 eV with five resolved peaks at the binding
energies spanning the range from ∼288 to ∼283 eV. The strong peak at ∼ 283.4 eV represents
the carbon (C) of benzonoid ring in which a combination of protonation of imine and amine
sites are formed via shake-up processes [40]. The next three resolved peaks at ∼284.8 eV, ∼285.7
eV and ∼286.8 eV confirm the origin of the neutral C-C/C-H bond-PANI backbone, C-N+/C=N
+ bond and C=O/C-O bond (might occur due to the absorption of moisture on the CdS-PANI),
respectively [41]. The resolved peaks at ∼287.8 eV assigns to the π-π* bonding in a long-range
order with a polymer chain shake-up satellite structure and coincides with the doped states.
On comparison with typical PANI peak [42], C 1s peak has shifted backwardly, suggesting
that C toms of PANI is interacted with other materials (CdS, TiO2 etc.) or impurities [43]. The
O 1s XPS spectrum (Fig. 4(c)) exhibits the center peak at ∼530.1 eV with three resolved peaks

Figure 4. (a) C 1s, (b) N 1s, (c) O 1s, (d) Cd 3d and (e) S 2p XPS spectra of CdS-PANI NRs. Reprinted with permission
from [Ameen S., 2012], Chem. Eng. J.181 (2012) 806© 2012, Elsevier Ltd.
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at ∼530.7, ∼531.8 and ∼532.7 eV, suggesting the absorption of moisture and some oxygen
impurities on the surface of CdS-PANI NRs during the synthesis. In N 1s XPS spectra (Fig.
4(b)), the main center peak with binding energy at ∼400.5 eV and a resolved peak with lower
binding energy at ∼399.4 eV attribute to nitrogen atom originated from benzenoid diamine
and quinoid di-imine nitrogen of PANI respectively. The other binding energies of ∼401.7 and
∼402.6 eV are ascribed to the positively charged nitrogens i.e. oxidized amine ( N+) and
protonated imine ( N+) respectively [44]. The positive shifting is seen in the binding energies
at ∼401.7 eV and ∼402.6 eV as compared with N 1s spectrum of pristine PANI indicating the
involvement of positively charged nitrogen or protonated nitrogen for the partial bonding
between PANI and CdS. Furthermore, the singlet peak at ∼404.01 eV observes in Cd 3d XPS
(Fig. 4(d)) spectrum, corresponding to Cd 3d5/2 and the typical peak of Cd+2 atoms in CdS [45].
Fig. 4(e) presents the S 2p XPS spectrum of CdS-PANI NRs and observed one distinct peak of
S2p3/2 at ∼161.9 eV, corresponds to S−2 of CdS nanoparticles. This suggests the interaction and
bonding between CdS nanomaterials and PANI molecules. Thus, it is concluded that the PANI
and CdS nanomaterials are partially interacted and bonded by two charged nitrogen species
(N+ and N+) of PANI with CdS nanomaterials.

Fig. 5 shows the Nyquist plot of EIS measurement for PANI NRs and CdS-PANI NRs electrodes
in the electrolyte (LiI, I2 and LiClO4 in ethanol) at a frequency range from 100 kHz to 1 Hz. The
almost same RS (electrolyte resistance) with a depressed semi circle in the high frequency
region is observed for the all the samples. The presence of depressed semi circle plot is ascribed
to the parallel combination of the charge transfer resistance (RCT) of the electrochemical reaction
and the double layer capacitance (Cdl) of the PANI film/electrolyte interface [46] has been
removed. As shown in Fig. 5, the PANI NRs electrode displays large RCT value of ~17 kΩ. The
RCT values drastically decreases by the incremental addition of CdCl2 in PANI NRs, and the
order of RCT values are measured as 8.4 kΩ (CdCl2 (0.01 M)-PANI NRs) < 5.7 kΩ (CdCl2 (0.05
M)-PANI NRs) < 4.08 kΩ (CdCl2 (0.10 M)-PANI NRs). Usually, the electrode with large RCT

leads the slow charge transfer rate of the electrochemical system [46]. It could be seen that the
highest RCT value of PANI NRs electrode might result the low charge transfer rate to the
electrochemical system. Moreover, the CdS decorated PANI NRs electrode with 0.01 M
CdCl2 presents lowest RCT value which delivers the higher charge transfer rate. The variation
in charge transfer resistance (RCT) after the CdS sensitization by different concentrations of
CdCl2 might attribute to the changes in the NRs structure. Considerably, the direct band gap
of CdS nanoparticles might also affect which improve the electronic state like polarons and
bipolarons of PANI for the high charge carriers and enhance the charge transfer. Therefore,
the CdS-PANI NRs is potential and cost effective electrode materials for the fabrication of
efficient electrochemical (sensor, field emission transistor), photoelectrochemical and photo‐
voltaic devices.

4. Basic structure and kinetics of DSSCs

Last few decades, considerable researches on DSSCs have extensively explored in terms of
both fundamental and applied viewpoints. The basic components of DSSCs involves the
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conducting fluorine doped tin oxide (FTO) glass, sensitized dye, titania nanoparticles,
electrolyte and Pt deposited FTO glass. The working principle of DSSC, involves the adsorp‐
tion of photons by dye molecules upon light illumination and the injection of electrons from
their excited states into the conduction band of the TiO2 nanoparticles. During the entire
process, the oxidized dye molecules are recharged by a redox electrolyte, which transports the
positive charges by diffusion to a Pt counter electrode. The low absorption coefficient of a dye
monolayer is compensated by the mesoporous structure of the TiO2 film, which leads to a
strong increase in the number of TiO2/dye/electrolyte interfaces through which photons pass,
thus increases the absorption probability. The following steps are in photoelectric chemical
mechanism process of DSSC:

i. TiO2|D + hν →  TiO2|D* Excitation

ii. TiO2|D* →  TiO2|D+ + ē (cb) Injection

iii. TiO2|2D+ + 3I– →  TiO2|2S + I3
– Regeneration

iv. I3
– + 2 ē (Pt) → 3I– Reduction

v. I3
– + 2 ē (cb) → 3I– Recaption (dark reaction)

vi. TiO2|S+ + ē (cb) →  TiO2|S Recombination (dark reaction)

For the efficient working of DSSCs, the rate of re-reduction of the oxidized dye must be higher
than the rate of back reaction of the injected electrons with the dye as well as the rate of reaction
of injected electrons with the electron acceptor in the electrolyte. The kinetics of the reaction

Figure 5. Nyquist plots of PANI NRs and CdS–PANI NRs at a frequency range from 100 kHz to 1 Hz. Reprinted with
permission from [Ameen S., 2012], Chem. Eng. J.181 (2012) 806 ©2012, Elsevier Ltd.
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at the counter electrode and mesoscopic semiconductor materials with an enormous internal
surface area to absorb more incident light via dye as sensitizers determines the fast regenera‐
tion of charge mediator performance [47]. Apart from this, the other significant parameters
which influence the performance of DSSCs are the mesoporous morphology with high surface
area of semiconducting electrode to allow absorption of a larger amount of dye and the efficient
charge carriers transport at the interface of photoanode and counter electrode by the semi‐
conducting electrode. Moreover, the oxidized dye should be reduced to its ground state
rapidly, after the injection of photoexcited electron from dye into the conduction band of
semiconducting electrode. Furthermore, the semiconducting electrode must be able to permit
the fast diffusion of charge carriers (higher conductivity) and produces good interfacial contact
with the porous nanocrystalline layer and the counter electrode, the long-term stability,
including chemical, thermal, optical, electrochemical, and interfacial stability of the electrolyte,
which does not cause the desorption and degradation of the dye from the oxide surface and
lastly, the optimized concentration of I–/I3

– which could reduce the visible light absorption by
the dye, and the efficient reaction of I3

– ions with the injected electrons to increase the dark
current.

5. DSSCs based on conducting polymers

5.1. PANI as hole transport materials for DSSCs

The DSSCs and polymer solar cell have been exploring the new approaches in the design of
both active materials and device architectures [48]. J. Wagner et al reported the new carbazole-
based polymers for DSSCs with hole-conducting polymer [49]. N. Kudo et al fabricated the
organic-inorganic hybrid solar cells based on conducting polymer and SnO2 nanoparticles
which were chemically modified with a fullerene derivative [50]. S. Woo et al reported the
hybrid solar cells with conducting polymers and vertically aligned silicon nanowire arrays
and studied the effects of silicon conductivity [51]. F. Tan et al synthesized PANI films by
electrodepostied methods and applied as anode buffer layers in solar cells [52]. M. Y. Chang
et al fabricated the polymer solar cells by incorporating one-dimensional polyaniline nano‐
tubes [53]. T. H. Lim et al utilized PANI for a flexible organic solar cells anode [54]. H. Bejbouji
et al reported PANI as a hole injection layer on organic photovoltaic cells [55]. S. Zhu et al
synthesized the hybrid structure of PANI/ZnO nanograss for the application in dye-sensitized
solar cell1 [56]. PANI is also known as large band gap hole transporting material (HMTs) which
could easily deposit as thin film on several substrates. In this regards, Ameen et al has reported
the application of PANI as photoelectrode using N710 and Z907 as sensitizers for the per‐
formance of DSSCs [57].

The morphologies of ZnO nanoparticles, PANI/N719/ZnO and PANI/Z907/ZnO thin films
exhibit well crystalline ZnO nanoparticles of size ~30-40 nm. The size of ZnO nanoparticles
increases by ~10-15 nm from their original particle sizes after the plasma enhanced chemical
vapor deposition (PECVD) polymerization of PANI molecule on dye (N719 and Z907)
sensitized ZnO nanoparticulate thin film. PANI/Z907/ZnO thin film displays uniform covering
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or coating of PANI, indicating the well penetration of PANI on the surface of Z907/ZnO
nanoparticulate thin film. The arrangement of ZnO/PANI nanoparticles are more pronounced
for PANI/Z907/ZnO thin films might due to the substantive interaction and the incorporation
of Z907 into ZnO nanoparticulate thin film which might allow the uniform deposition and well
penetration of PANI through PECVD process. Likewise, the TEM images of ZnO nanoparticles
and PANI/Z907/ZnO thin film electrode, again confirm the enhancement in the size of ZnO
nanoparticles after PECVD polymerization of PANI. Significantly, after PECVD deposition of
PANI, the aggregation of nanoparticles enhances the size of ZnO nanoparticles [57].

UV-Vis spectroscopy is investigated to describe the optical properties of PANI and PANI/ZnO
thin film. The PECVD polymerized PANI exhibits the characteristic absorption bands at ~273
nm and ~345 nm which are ascribed to π–π* transitions. However, the broad band at ~611 nm
is referred to n-π* transitions which provides the information of the polarons formation into
the conducting PANI. The UV-visible spectrum of PANI/ZnO thin film shows the clear red
shifts with the absorption bands at ~299 nm and ~628 nm from ~273 and ~611 nm, indicating
the interference in the absorption bands of PANI by ZnO nanoparticles. These shifts in the
peaks are usually associated to the interactions between ZnO and PANI in PANI-ZnO thin
film which might due to the existence of partial hydrogen bonding between NH (PANI)..O–
Zn (metal oxide) [58].

The room temperature PL spectra of PECVD polymerized PANI shows two absorption bands
in blue-green region at ~438 nm and ~642 nm. The significant higher absorption wavelength
shift at ~452 nm with slightly decreased peak intensity is observed in the PANI/ZnO thin film.
The considerable changes in the PL emission peak might arise due to the effective interaction
between imine (-NH) of PANI and hydroxyl (-OH) group of ZnO nanoparicles in PECVD
polymerized PANI-ZnO thin film [57].

The current density-voltage (J-V) characteristics at one sun light illumination (100 mW/cm2,
1.5AM) have been carried out to evaluate the performances of solar cell fabricated with PANI/
N719/ZnO and PANI/Z907/ZnO thin film electrode. The measurements of VOC, JSC, FF and
overall solar-to-electrical energy conversion efficiency are obtained from the J-V characteristics
of both the DSSCs. The PANI/N719/ZnO electrode based DSSC exhibits low solar-to-electricity
conversion efficiency of ~0.6%, with JSC of ~2.80 mA/cm2, VOC ~0.432 V and FF ~0.51, whereas,
PANI/Z907/ZnO electrode based DSSC executes the greater overall solar-to-electricity
conversion efficiency of ~1.31% with VOC of JSC ~4.56 mA/cm2, ~0.521 V, and FF ~0.55. On
comparison with PANI/N719/ZnO electrode, DSSC with PANI/Z907/ZnO electrode attains
considerably improved the solar-to-electricity conversion efficiency by ~53% along with other
parameters of J-V characteristics. The enhanced performances and JSC might attribute to the
fast movements of photon generated electrons at the interface of the PANI/ZnO and the nature
of Ru dye (Z907) with long chain alkyl group at pyridine rings. Moreover, as seen in FESEM
results, the high penetration of the hole conductor (PANI) into the pores of Z907 sensitized
ZnO thin film might execute reasonably fast charge injection and electron transfer at the
interface of PANI and ZnO layer to Pt layer of electrode. Thus, the choice of dye is crucial to
obtain the high performance DSSC with PECVD polymerized PANI/ZnO electrodes. In other
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previous report, Ameen et al showed the effects of PANI on TiO2 as an effective photoelectrode
for the performance of DSSCs [59].

A schematic energy level diagram for the device FTO/TiO2/Dye/PANI/Pt is shown in Fig. 6
(a). The diagram, in accordance with step (1) indicates that the electrons from the dye, upon
illumination, jumps from the HOMO level to the LUMO level and thus, as per step (2), these
electrons are transferred from the conduction band (C.B) to the valence band (V.B) of TiO2. The
step (3) shows the transfer of electrons from V.B to the HOMO of PANI. As indicated by step
(4), further transfer of electrons could be preceded through two different possible ways. Firstly,
the electron could move either through the LUMO of PANI, followed by step (5) or then may
jump to the LUMO of the dye and finally move onwards by repeating the step (2). Secondly,
electrons, from step (3), could also jump to the HOMO of dye and would move ahead by
following the same step (1), leading to the transfer of electrons to the entire cell. During the
entire cycle, the recovery of the holes is accomplished at the counter electrode. Additionally,
Fig. 6(b) depicts that PANI participates in the light absorption through the effective injection
of electrons from its LUMO to the C.B of TiO2. Therefore, the proposed mechanism presents
that FTO/TiO2/Dye/PANI/Pt system might deliver the high transportation of charge carriers
during the operation of device under the illumination.

Figure 6. An overview of the energy level diagram of the fabricated devices (a) FTO/TiO2/Dye/PANI/Pt (b) FTO/TiO2//
PANI/Pt. Reprinted with permission from [Ameen S., 2009], J. Alloys comp. 487 (2009) 382.© 2011, Elsevier Ltd.

To elucidate the charge transfer properties of TiO2/PANI electrodes, an electrical impedance
spectroscopy (EIS) measurement is used. According to the diffusion recombination model
proposed by Bisquert [60], an equivalent circuit representing device is illustrated [(Inset of
Fig. 7 (a)]. Equivalent circuit is composed of the series resistance (RS), the charge transfer
resistance at the junction of TiO2 and PANI layer in TiO2/PANI or TiO2/Dye/PANI electrodes
(RCT), the charge transfer resistance at the interface of TiO2/PANI or TiO2/Dye/PANI and TCO
(RP/TCO), the capacitance of accumulation (of e−) layer of the TiO2 (Cacc), and space charge
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capacitance (CSC) [61]. The values of real impedance (Zre) are used to estimate the values of RP/

TCO and RCT at different frequencies. Fig. 7 (a, b) exhibits the Nyquist curve of cell fabricated
with TiO2/PANI and TiO2/Dye/PANI electrodes. A very high RP/TCO of 52.4Ω and RCT of 3700
Ω observed for TiO2/PANI electrodes based cells, which are estimated from Fig. 7(a). Compa‐
ratively, TiO2/Dye/PANI based device (Fig.7 (b)) shows the low RP/TCO (35.8 Ω) and RCT (81.9
Ω) due to the influence of dye layer which is placed between the TiO2 and PANI layer of the
electrode. It is reported that a small RCT of the device suggests the fast electron transfer, while
a large RCT indicates the slow charge transfer at the junction of inorganic and organic layer [62].
In our case, it is found that the value of RCT in TiO2/Dye/PANI based device is very low as
compared to the RCT of TiO2/PANI based device. Therefore, it explains the high electron transfer
at the junction of TiO2 and PANI in TiO2/Dye/PANI based device, resulting in the high
photocurrent density and overall conversion efficiency, which are in the excellent agreement
with the J-V curve results of the devices. The impedance results clearly indicate that the high
photocurrent density, high overall conversion efficiency and low RCT are resulted from the
uniform distribution of PANI molecules on the mesoporous surface of TiO2 electrode.
Therefore, the lower RCT and RP/TCO in TiO2/Dye/PANI based device reveals that the dye and
PANI layers on the surface of TiO2 electrode play an important role in the charge transfer at
hole conductor (PANI)-dye absorbed TiO2 region, which results the high JSC, FF, and conver‐
sion efficiency than that of TiO2/PANI electrode based cells.

Figure 7. AC impedance of (a) FTO/TiO2/PANI/Pt and (b) TiO2/Dye/PANI thin film electrode based DSSCs at the fre‐
quency range from 10 Hz to 100 kHz. Inset shows the equivalent circuit model of the device. Reprinted with permis‐
sion from [Ameen S., 2009], J. Alloys comp. 487 (2009) 382. ©2011, Elsevier Ltd.

The J-V performance of solar cell FTO/TiO2/Dye/PANI/Pt and FTO/TiO2/PANI/Pt are shown
in Fig. 8 (a, b) under 100 mW/cm2 light intensity. On comparison with TiO2/PANI, the solar
cell based on TiO2/Dye/PANI electrode executes great improvement in the overall conversion
efficiency with the incorporation of dye layer on TiO2/PANI electrode. The conversion
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efficiency of the solar cell drastically increases from ~0.005% to ~0.68%. It is noteworthy that
the photovoltaic properties such as VOC, JSC and FF of the DSSCs enhance dramatically as
compared to TiO2/PANI electrode based DSSC. The high JSC is imputed to the high electrical
conductivity of PANI/TiO2 thin film. The enhancement in JV parameters are resulted from the
formation of TiO2/PANI thin film, where the photon generated electrons could freely travel at
the interface of PANI and TiO2 without decay, and dissociate into free charge carriers effec‐
tively. Moreover, the pore filling extent of the hole conductor into the dye-sensitized TiO2 film,
and the electric contact of the hole conductor are the two important factors to determine the
photovoltaic behaviors of device. The advanced TiO2/Dye/PANI electrode executes reasonably
fast charge injection and transfer of electron at the interface of hole conductor (PANI) and Pt
layer of electrode.

Figure 8. J–V curve of fabricated solar cell (a) FTO/TiO2/Dye/PANI/Pt (b) FTO/TiO2//PANI/Pt. Reprinted with permis‐
sion from [Ameen S., 2009], J. Alloys comp. 487 (2009) 382 ©2011, Elsevier Ltd.

5.2. PANI as counter electrodes for DSSCs

The counter electrode in DSSCs is responsible for the electrocatalytic reduction of I3
− ions. Until

now, Pt counter electrode shows the high electrocatalytic activity for I3
− ions reduction, high

conductivity, and stability. Pt is one of the most expensive components in DSSCs. Therefore,
the development of counter electrodes with alternative materials is expected to reduce
production costs of DSSCs. Several varieties of materials such as carbon nanotubes, activated
carbon, graphite, and conducting polymers are employed as active catalysts for counter
electrodes. In this regards, M. H. Yeh et al reported the conducting polymer-based counter
electrode for a quantum-dot-sensitized solar cell (QDSSC) with a polysulfide electrolyte [63].
K. M. Lee et al fabricated the DSSC based on poly (3, 4-alkylenedioxythiophene) as counter
electrode [64]. In another report, K. M. Lee et al exhibited the effects of mesoscopic poly (3, 4-
ethylenedioxythiophene) films as counter electrodes for DSSCs [65]. W. Maiaugree et al
optimized the TiO2 nanoparticle mixed PEDOT-PSS counter electrodes for high efficiency of
DSSCs [66]. J. Chen et al reported polyaniline nanofiber-carbon film as flexible counter
electrodes in platinum-free dye-sensitized solar cells [67]. Q. Li et al fabricated the microporous
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polyaniline thin film as counter electrode for DSSCs [68]. J. Zhang et al applied the nanostruc‐
tured PANI thin film as counter electrode for DSSCs and investigated the electrochemical
formation mechanism [69]. Furthermore, G. Wang et al synthesized PANI-graphene hybrids
thin film and utilized as a counter electrode in DSSCs [70]. Tai et al prepared the highly uniform
and transparent PANI counter electrodes by a facile in situ polymerization method for the
DSSCs [71]. In this regards, Ameen et al performed the doping of PANI with sulfamic acid
(SFA) and applied as counter electrode for the efficient performance of DSSCs [72].

Fig. 9(a) shows the J-V curve of the DSSCs fabricated with the counter electrodes made of PANI
NFs and SFA-doped PANI NFs under dark and light intensity of 100 mW/cm2 (1.5AM). DSSCs
fabricated with SFA-doped PANI NFs counter electrode achieve high conversion efficiency (η)
of ~5.5% with JSC of ~13.6 mA/cm2, VOC of ~0.74 V, and FF of ~0.53. Significantly, the conversion
efficiency increases from ~4.0% to ~5.5% after SFA doping into the PANI NFs. DSSC fabricated
with SFA-doped PANI NFs counter electrode has appreciably improved the conversion
efficiency and JSC by ∼27% and ∼20% than that of DSSC fabricated with PANI NFs counter
electrode. These improvements are resulted from the higher electrocatalytic activity of SFA-

Figure 9. J-V curve (a) and IPCE curves (b) of a fabricated solar cell of PANI NFs and SFA doped PANI NFs as counter
electrodes. Reprinted with permission from [Ameen S., 2010], J. Phys. Chem. C 114 (2010) 4760. ©2010, American
Chemical Society.
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doped PANI NFs, which serves a good path for the charge transport of I-/I3
– redox. Therefore,

the superior photovoltaic properties such as η, JSC, and VOC of the cell are attributed to the
sufficiently high conductivity and electrocatalytic activity of doped PANI NFs, which allevi‐
ates the reduction of I3

- at the thin SFA-doped PANI NFs layers. Fig. 9(b) presents the IPCE
curves of DSSCs fabricated with PANI NFs and SFA-doped PANI NFs counter electrodes.
DSSCs fabricated with PANI NFs counter electrode exhibits the low IPCE of ~54% in the
absorption range of 400-650 nm. The IPCE value is prominently increased by ~70% with the
SFA doped PANI NFs counter electrode-based DSSCs. It is noteworthy that the IPCE of the
device is considerably enhanced by ~24% upon SFA doping on PANI NFs-based counter
electrodes. The enhanced IPCE results are consistent with high electrical conductivity [73] and
the electrocatalytic activity of the SFA-doped PANI NFs electrode. Thus, SFA doping signifi‐
cantly enhances the electrical conductivity and increases the higher reduction of I3

- to I- in the
electrolyte at the interface of PANI NFs layer and electrolyte.

5.3. Other ions doped PANI counter electrode based DSSCs

Z. Li et al recently studied on the in situ electropolymerized-PANI thin film of thickness ~5–
20 µm, deposited on FTO glass. The PANI thin films were doped by various counter ions like
SO2

-4, ClO-4, BF-4, Cl-, p-toluenesulfonate (TsO-), etc. Different doping counter ions showed
different impact on the morphology, electrochemical activity of the electropolymerized-PANI
thin film. The electropolymerized-PANI doped by SO2

-4 anion (PANI-SO4) film was much
porous morphology with pore size diameter of several micrometers and possessed the higher
reduction current for the reduction of I3

- and a low charge transfer resistance of 1.3 Ωcm2 as
compared with Pt as counter electrode (CE). Dye-sensitized solar cell (DSSC) with PANI-SO4

as CE was assembled, and the device under full sunlight illumination (100mWcm-2, AM 1.5 G)
showed ~5.6% photovoltaic conversion efficiency, which was comparable to ~6.0% of that with
Pt CE under the same experimental condition. The electropolymerized-PANI doped with
SO2

-4 ion with a porous and homogeneously structure was a promising candidate which
showed the high performance of DSSC. On the other hand, PANI-BF4 and PANI-Cl was porous
and fibrillar thin film which exhibited the modest efficiency of ~3.9% and ~2.6%. On the other
hand, PANI-ClO4 and PANI-TsO showed the very low performance of DSSC ca. <1%, and the
RCT was greatly increased accordingly to over 100 Ωcm2 [74].

6. DSSCs based on metal oxide semiconductors

In DSSCs, the choice of semiconductor is governed by the conduction band energy and density
of states, which facilitate the charge separation and minimize the recombination. Secondly, the
high surface area and morphology of semiconductors is important to maximize the light
absorption by the dye molecules while maintaining the good electrical connectivity with the
substrate [75]. The semiconducting metal oxides such as titania (TiO2), zinc oxide (ZnO), and
tin oxide (SnO2) have shown good optical and electronic properties and are accepted as the
effective photoelectrode materials for DSSCs. To improve the light harvesting efficiency, the
metal oxide nanostructures must possess a high surface-to-volume ratio for high absorption
of dye molecules. Particularly in DSSCs, the porous nature of nanocrystalline TiO2 films
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provides the large surface for dye-molecule adsorption and therefore, the suitable energy
levels at the semiconductor-dye interface (the position of the conduction band of TiO2 being
lower than the excited-state energy level of the dye) allow for the effective injection of electrons
from the dye molecules to the semiconductor. Compared with other photovoltaic materials,
anatase phase TiO2 is outstanding for its stability and wide band gap and, thus, widely used
in the devices [76]. On the other hand, ZnO nanomaterials are chosen as an alternative material
to TiO2 photoanodes due to their wide band gap with higher electronic mobility, which would
be favorable for the efficient electron transport, with reduced recombination loss in DSSCs.
Studies have already been reported on the use of ZnO material photoanodes for the application
in DSSCs. Although the conversion efficiencies of ZnO (0.4-5.8%) is comparably lower than
TiO2 (~11%), ZnO is still a distinguished alternative to TiO2 due to its ease of crystallization
and anisotropic growth. In this part of the chapter, the TiO2 and ZnO have been briefly
summarized for the application for DSSCs.

6.1. DSSCs Based on TiO2 Photoanode

Due to versatile and the exotic properties, TiO2 nanomaterials are so far used in many
technological applications as a photocatalyst, photovoltaic material, gas sensor, optical
coating, structural ceramic, electrical circuit varistor, biocompatible material for bone im‐
plants, and spacer material for magnetic spin valve systems etc [77]. The dimensionality of
TiO2 at the nanoscale level is the crucial characteristic for determining the physiological and
electrical properties. In recent years, one dimensional (1D) TiO2 nanomaterials like NRs, NWs
and NTs display significantly larger surface areas as compared to bulk materials, which deliver
unique chemical and the physical properties [78] and contribute towards the electrical and
photoelectrochemical applications [79]. The 1D TiO2 such as NRs and NTs have shown the
reduced recombination rate for the excited electron-hole pair and display unique optical and
the electric properties [80]. Particularly, the vertically grown TiO2 NRs allow shorter and the
uninterrupted electrical pathways for the photogenerated carriers and improves the charge
separation and charge transport properties in many photoelectrochemical devices like dye
sensitized solar cells (DSSCs) [81]. As compared to TiO2 nanoparticles, it is expected that the
highly oriented TiO2 NRs could be the potential electrode and photocatalyst material for
several photoelectrochemical applications. S. Ameen et al reported the TiO2 nanorods (NRs)
based photoanode for the fabrication of DSSCs [82].

The morphology of the TiO2 NR thin films deposited on FTO substrates by the hydrothermal
process with variations of the ethanol/DI water precursor solution is shown in FESEM images
(Fig. 10). With an ethanol/DI water ratio of 0:100 v/v as the precursor solution, the distorted
hexagonal TiO2 NRs (Fig. 10 (a, b)) of average diameter ~100-200 nm and length of 3.0 mm are
obtained. However, the round headed TiO2 NRs with ethanol/DI water (50: 50 v/v) as the
precursor solution (Fig. 10 (c, d)) is formed. The highly ordered tetragonal TiO2 NRs have
grown on the FTO substrate with the precursor solution of ethanol/DI water (80: 20 v/v) as
seen in Fig. 10 (e, f). The grown TiO2 NRs possess the average lengths of 2-4 mm and diameters
of ~50–70 nm respectively. The high amount of ethanol in the precursor solution is crucial to
achieve the highly ordered nanorods.
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Figure 10. Low and high resolution FESEM images of the TiO2 NR thin films obtained with the precursor solutions of
ethanol/DI water with ratios of (a, b) 0 : 100 v/v, (c, d) 50 : 50 v/v and (e, f) 80 : 20 v/v. Reprinted with permission from
[Ameen S., 2012], RSC Adv. 2 (2012) 4807 ©2012, RSC Publications Ltd.

Fig. 11 shows the transmission electron microscopy (TEM), high resolution (HR) TEM and the
selected area electron patterns (SAED) of the grown TiO2 NR coated FTO substrate. Similar to
the FESEM results, the highly ordered tetrgonal TiO2 NRs from the precursor solution of
ethanol/DI water (80:20v/v) solvent comprises the average length of 2-4 mm and the diameter
of 50-70 nm, as shown in Fig. 11 (a). Each NR is made of a bundle of the densely packed
nanofibers (NFs) with an average fibril’s diameter of ~5 nm. The corresponding SAED pattern
(Fig. 11 (b)) displays the clear phases, suggesting the high crystal quality with the single
crystalline fibrils derived from TiO2 NRs along the [001] direction. However, the HRTEM
image (Fig. 11 (c)) shows the well-resolved lattice fringes of the grown TiO2 NRs and estimates
an average interplanar distance of 0.35 nm between the two fringes, which reveals the typical
interplanar distance of anatase TiO2 [83]. On the other side, the width and length of distorted
hexagonal TiO2 NRs are respectively observed as ~200 nm and ~3.2 mm, as seen in Fig. 11(d).

The XRD patterns (Fig. 12) of grown TiO2 NRs from both precursor solutions exhibit the anatase
phase with the peaks at 25.1o, 37.9o, 48.1o, 53.8o and 55.1o, which correspond to typical anatase
TiO2 materials and indexes at JCPDS no. 89-4203. However, the diffraction peaks of the FTO
substrate are also observed at 33.8o, 35.7o and 52.8 o (JCPDS no. 88-0287). On comparison with the
distorted hexagonal TiO2 NRs, the intensities of XRD diffraction peaks have slightly changed,
which might indicate the high crystalline nature of the highly ordered tetragonal TiO2 NRs.
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Figure 12. XRD patterns of (a) the distorted hexagonal TiO2 NRs and (b) the highly ordered tetragonal TiO2 NR thin
film. Reprinted with permission from [Ameen S., 2012], RSC Adv. 2 (2012) 4807 ©2012, RSC Publications Ltd.

Figure 11. TEM image of (a) highly ordered tetragonal TiO2 NRs, (b) SAED patterns, (c) HRTEM image and (d) TEM
image of grown hexagonal distorted TiO2 NRs. Reprinted with permission from [Ameen S., 2012], ], RSC Adv. 2 (2012)
4807 ©2012, RSC Publications Ltd.
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The J-V characteristics (Fig. 13 (A)) have been performed to elucidate the performance of the
DSSCs fabricated with the photoanodes of grown TiO2 NRs and are measured under a light
intensity of 100 mW cm-2 (1.5 AM). DSSC fabricated with the distorted hexagonal TiO2 NRs
photoanode shows a relatively low solar efficiency of ~1.08%, with a low JSC of ~4.48 mA cm-2,
VOC ~0.571 V and FF of ~0.42. However, DSSCs fabricated with the highly ordered tetragonal
TiO2 NRs photoanode achieves an appreciably improved overall conversion efficiency of ~3.2%
with a high JSC of ~8.7 mA cm-2, VOC of ~0.67 V, and FF of ~0.54. As compared to the distorted
hexagonal TiO2 NRs photoanode based DSSC, the photovoltaic performance, JSC, VOC and FF
are significantly enhanced by ~ 67%, ~48%, ~15% and ~22% respectively. It is seen that the size
of the NRs also plays an important role for achieving the high photocurrent density and
performance of the device. It is known that the high photovoltaic performance and photocur‐
rent density are related to high light harvesting through the highly uniform and high surface
to volume ratio of the photoanode materials [84]. In general, the TiO2 thin film electrodes with
larger particles have the smaller surface area and produce moderate contact points between
nanoparticles at the interface of the sintered nanoparticles and the conducting substrate,
leading to the lower availability of the active surface for dye adsorption, which perhaps
decreases the amount of light absorbed and generates the large number of electrons and holes.
Whereas, the TiO2 thin film with smaller particles acquires the larger surface area and higher
number of contact points of the sintered colloidal particles present at the interface of the
nanoparticles and the conducting substrate, which gives rise to larger dye adsorption and
higher light harvesting efficiency [85]. In this case, the distorted hexagonal TiO2 NRs consist
of larger diameters and lengths as compared to the highly ordered TiO2 NRs, as shown in the
FESEM images. It is believed that the smaller diameters of the NRs might generate the high
light harvesting efficiency, which might lead to the high photocurrent density and the
conversion efficiency. From the UV-Vis spectra (Fig. 13 (B)) of the dye desorption from dye
absorbed TiO2 NRs photoanodes in NaOH solution, the photoanode of highly ordered
tetragonal TiO2 NRs attains the higher dye loading than the photoanode of the distorted
hexagonal TiO2 NRs. Herein, the enhanced photovoltaic performance and JSC are related to the
highly ordered NRs morphology, high dye loading and improved light harvesting efficiency
through the high surface area of the film. Besides these, the unique ordered morphology of the
NRs might retard the recombination rate and contribute to longer electron lifetimes [86],
resulting in the increased VOC and FF of device.

The IPCE (Fig. 14) of DSSCs fabricated with highly ordered tetragonal TiO2 NRs and distorted
hexagonal TiO2 NRs photoanodes have shown the broad the absorption edge of visible
spectrum from 400-800 nm. The highly ordered tetragonal TiO2 NRs photoanode based DSSC
exhibits the maximum IPCE of ~31.5% at the highest absorption edge of ~528 nm, whereas
~17.9% IPCE at ~528 nm is achieved by the distorted hexagonal TiO2 NRs photoanode based
DSSC. The highly ordered tetragonal TiO2 NRs photoanode based DSSC considerably
improves IPCE by approximately two times to DSSC with distorted hexagonal TiO2 NRs
photoanode, which is attributed to the high dye loading of the photoanode, resulting in the
high light harvesting efficiency and the electron injection from dye to CB of TiO2. Thus, the
highly ordered tetragonal TiO2 NRs photoanode with enhanced dye loading, light harvesting
and IPCE, have resulted to increased JSC, VOC and the photovoltaic performance for DSSC.
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6.2. DSSCs based ZnO photoanode

Another metal oxide nanomaterials such as ZnO nanomaterials, are recently dealing with the
versatile applications in various fields such as field-effect transistors, lasers, photodiodes,
sensors and photovoltaics owing to their unique photoelectric properties, optical transparency,
electric conductivity and piezoelectricity properties [87]. Importantly, ZnO nanomaterials
possess similar wide band gap (~3.37 eV) with large exciton binding energy (~60 meV) and
higher electron mobility [88]. Moreover, ZnO nanomaterials with different nanostructures
have presented the versatile properties like higher surface-to-volume ratio, chemical stability,
high exciton binding energy, and moderate charge transport capability [89] and therefore, it
becomes one of the promising alternatives of nanocrystalline TiO2 photoanode in DSSCs and
hybrid solar devices. To control the parameters like morphology, physical and the crystalline
properties of ZnO nanomaterials, the performance of DSSCs could be accelerated [90]. So far,
the different morphologies of ZnO nanostructures such as nanorods [91], nanotetrapods,

Figure 13. (A) J-V curve of the DSSC fabricated with (a) distorted hexagonal TiO2 NRs and (b) highly ordered tetrago‐
nal TiO2 NRs. (B) UV-Vis spectroscopy of desorbed dye from (a) distorted hexagonal TiO2 NRs and (b) highly ordered
tetragonal TiO2 NRs. Reprinted with permission from [Ameen S., 2012] ], RSC Adv. 2 (2012) 4807©2012, RSC Publica‐
tions Ltd.
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nanosheet [92] and nanobelts based photoanodes have been studied for the fabrication of
efficient DSSCs [93] and achieved encouraging results. Law et al. firstly designed ZnO NW
arrays to increase the electron diffusion length, and applied as photoelectrodes for the
fabrication of DSSCs [94]. The grown ZnO NW array films exhibited relatively good resistivity
values that ranged from 0.3 to 2.0 Ωcm for individual NWs and a mobility of 1-5 cm2 V−1s−1.
The overall conversion efficiencies of ~1.2-1.5% were obtained by DSSCs fabricated with ZnO
NW arrays with JSC of ~5.3-5.85 mA/cm2, VOC of ~0.610-0.710 V, and FF of ~0.36-0.38. Another

Figure 15. FE-SEM images of (a) ZnO–NH3, (b) ZnO-citric, and (c) ZnO-oxalic materials prepared by hydrothermal
method. Inset shows the high magnification FE-SEM images of (a), (b), and (c). Reprinted with permission from [Akh‐
tar., 2008], Electrochim. Acta 53(2008)7869.© 2008, Elsevier Ltd.

Figure 14. IPCE curve of the DSSC fabricated with (a) the distorted hexagonal TiO2 NR photoanode and (b) the highly
ordered tetragonal TiO2 NR photoanode. Reprinted with permission from [Ameen S., 2012], RSC Adv. 2 (2012)
4807©2012, RSC Publications Ltd.
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group synthesized ZnO NWs by the use of ammonium hydroxide for changing the super
saturation degree of Zn precursors in solution process [95]. The length-to-diameter aspect ratio
of the individual NWs was easily controlled by changing the concentration of ammonium
hydroxide. The fabricated DSSCs exhibited remarkably high conversion efficiency of ~1.7%,
which was much higher than DSSC with ZnO NR arrays [96]. Jiang et al. fabricated the flexible
DSSCs with a highly bendable ZnO NWs film on PET/ITO substrate which was prepared by
a low-temperature hydrothermal growth at 85oC [97]. The fabricated composite films obtained
by immersing the ZnO NPs powder in a methanolic solution of 2% titanium isopropoxide and
0.02 M acetic acid was treated with heat, which favored a good attachment of NPs onto the
NW surfaces [97]. Here, the achieved conversion efficiency of the fabricated DSSCs was less
as compared to DSSCs based on NPs. Recently, Akhtar et al. demonstrated that the perform‐
ance of DSSCs effectively altered by varying the morphologies of ZnO nanomaterials. They
reported the morphology of ZnO nanomaterials through a hydrothermal process using Zinc
acetate, NaOH and different capping agents, as shown in Fig 15. The photoanode was prepared
by spreading the ZnO paste on an FTO substrate by a doctor blade technique for the fabrication
of DSSCs [98], and they obtained non-uniform surface of film. Unfortunately, the DSSCs with
ZnO NRs photoanode presented a very low conversion efficiency of ~0.3% with a high FF of
~0.54 (Fig 16), which might attribute to the low dye absorption on the surface of ZnO NRs due
to the less uniformity of the thin film with low surface-to-volume ratio (Fig 17). Furthermore,
a flower-like structure consisted of NRs/NWs could deliver a larger surface area and a direct
pathway for electron transport with the channels arisen from the branched to NR/NW
backbone. Recently, hydrothermally grown ZnO nanoflower films accomplished an improved
overall conversion efficiency of ~1.9%, with a high JSC of ~5.5 mA/cm2 and an FF of ~0.53 [99].
These parameters are higher than NR arrays film-based DSSCs of the conversion efficiency
~1.0%, JSC ~4.5 mA/cm2, and FF ~0.36. Recently, S. Ameen et al reported the nanospikes
decorated ZnO sheets thin film as photoanode for the performance of DSSCs [100].

The FESEM image (Fig. 18) shows dense and uniform deposition of the nanospikes decorated
ZnO sheets morphology on the FTO substrate. Each nanospikes decorated ZnO sheets is
comprised of a sheet with the average thickness of ~50-60 nm and the aligned nanospikes with
the average diameter of ~80-100 nm and length of ~150-200 nm. Interestingly, the nanospikes
are consisted of the bundles of small nanorods. The nanospikes are aligned either on one side
or other side of ZnO sheet, but in some cases, these nanospikes are found on the both sides of
ZnO sheets.

Similarly, TEM images (Fig. 19(a)) present the nanospikes with nanosheets in which nano‐
spikes decorated on both the sides of ZnO sheet. The average thickness of the sheet is ~50-60
nm and the decorated nanospikes possess the average diameter of ~30 nm (single rods) and
the length of ~150-200 nm. From the HRTEM image (Fig. 19 (b)), the well-resolved lattice
reveals that the grown ZnO nanomaterials exhibit the good crystallinity. The inter-planar
spacing of ~0.52 nm is observed which is consistent to the lattice constant in the reference
(JCPDS No. 36-1451) for ZnO nanomaterials. This inter-planar spacing value of the lattice
fringes correspond to the [0001] crystal plane of the wurtzite ZnO confirms that the grown
ZnO nanomaterials are almost defect free [100]. Moreover, the corresponding selected area
electron diffraction (SAED) also indicates the typical wurtzite single crystalline structure and
the ZnO nanomaterials are grown along caxis direction [0001].
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Figure 16. Current–voltage curve of DSSC fabricated with (a) ZnO–NH3, (b) ZnO-citric, and (c) ZnO-oxalic at 1.5 AM.
Reprinted with permission from [Akhtar., 2008], Electrochim. Acta 53, (2008) 7869.© 2008, Elsevier Ltd.

Figure 17. UV-vis absorption of dye (N-719) extracted with 2 M NaOH from the electrodes of (a) ZnO–NH3, (b) ZnO-
citric, and (c) ZnO-oxalic. Reprinted with permission from [Akhtar., 2008], Electrochim. Acta 53 (2008) 7869.© 2008,
Elsevier Ltd.
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Figure 19. TEM image (a) and HR-TEM image (b) of grown nanospikes decorated ZnO sheets. Inset shows the corre‐
sponding SAED patterns of grown nanospikes decorated ZnO sheets. Reprinted with permission from [Ameen S.,
2012], Chem. Eng. J. 195 (2012) 307 ©2012, Elsevier Ltd.

Figure 18. FESEM images of nanospikes decorated ZnO sheets (a) at low magnification and (b) at high magnification.
[Ameen S., 2012], Chem. Eng. J. 195 (2012) 307©2012. Elsevier Ltd.
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XRD patterns (Fig. 20 (a)) of the nanospikes decorated ZnO sheets obtain all the diffraction
peaks appeared at 32.3o (100), 35.2o (002), 36.8o (101), 48.2o (102), 57.2o (110), 63.5o (103) and
66.2o (200) which are well matched with the JCPDS card No.36-1451. It confirms that the ZnO
nanomaterials possess the hexagonal wurtzite phase with the lattice parameters: a-3.246 and
c-5.206 Å. The intensity of (101) diffraction peak is much higher compared to other peaks,
indicating the preferential growth direction due to the instability of polar (101) plane [101]. A
single narrow absorption peak is observed near the UV region at ~376 nm in the UV-Vis
absorbance spectrum of nanospikes decorated ZnO sheets structures (Fig. 20 (b)), corresponds
to the characteristic band of the wurtzite hexagonal structure in bulk ZnO [102]. Moreover, the
single peak suggests purity of the grown nanospikes decorated sheets morphology.

Figure 20. XRD patterns (a) and UV-Vis spectra (b) of nanospikes decorated ZnO sheets. Reprinted with permission
from [Ameen S., 2012], Chem. Eng. J. 195 (2012) 307©2012, Elsevier Ltd.
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The survey XPS spectrum (Fig. 21 (a)) of grown nanospikes decorated ZnO sheets shows the
three strong binding energies of Zn 2p3/2, Zn 2p1/2 and O 1s along with small C 1s binding energy.
The other binding energies peaks are not detected, indicating the presence of Zn and O with‐
out other impurities. However, the C1s binding energy at ~ 284.6 eV is usually used as calibra‐
tion for other binding energies in the spectrum to avoid the specimen charging [103]. The Zn 2p
spectrum of the doublet peaks with the binding energies of ~1021 eV and ~1045 eV are shown
Fig 21(b), corresponding to Zn 2p3/2 and Zn 2p1/2 in better symmetry, respectively. These binding
energies and the difference between two binding energies to ~24 eV are attributed to the typical
lattice Zinc in ZnO [104]. The peak at ~1021 eV is associated with the Zn2+ in ZnO wurzite structure
[105]. Moreover, Zn 2p binding energy and the binding energy difference values confirm that
Zn atoms are in +2 oxidation state in ZnO. The deconvolution of O 1s XPS spectrum (Fig. 21(c))
exhibits the main peak at ~528.3 eV along with three resolved peaks at ~529.2 eV, ~530.1 eV and
~531.1 eV. The higher and lower binding energy component at ~528.3 eV and ~529.2 eV are
attributed to O2

- ions on the wurtzite structure of the hexagonal Zn2+ ions [106]. Every O2
- ions

are surrounded by Zn atoms with the full appreciation of nearest neighbor O2
- ions. The other

binding energies at ~530.1 eV and ~531.1 eV are ascribed to few oxygen deficiency or oxygen
vacancies within the ZnO materials. Therefore, highest binding energy of Zn 2p and O 1s spectra
are associated with Zn2+ and O2

- ions which form Zn-O bonds in ZnO crystals.

Figure 21. Survey (a), Zn 2p (b) and O 1s (c) XPS spectra of nanospikes decorated ZnO sheets. Reprinted with permis‐
sion from [Ameen S., 2012], Chem. Eng. J. 195 (2012) 307 ©2012, Elsevier Ltd.
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The J-V curve (Fig. 22(a)) of DSSC fabricated with nanospikes decorated ZnO sheets photo‐
anodes is demonstrated under the light intensity of 100 mW/cm2 (1.5 AM). The fabricated DSSC
with the photoanode of nanospikes decorated ZnO sheets has achieved the overall conversion
efficiency of ~2.51% with the reasonably high JSC of ~6.07 mA/cm2, VOC of ~0.68 V and FF of
~0.60. The relatively high JSC is associated to high dye absorption through nanospikes decorated
ZnO sheets morphology, resulting from the high amount of dye absorption (2.05 x10-7 mol/
cm2) which is calculated by area integration of the maximum absorbance in the UV-Vis
spectrum of desorbed dye from the photoanode (as shown in inset of Fig. 22(a)). The unique
morphology of the prepared nanospikes decorated ZnO sheets might pronounce the charge
collection and transfer properties of electrode due to the presence of standing spikes on the
ZnO sheets [107]. The improved VOC and FF of DSSC might attribute to the reduced charge
recombination and the series resistance by the photoanode of nanospikes decorated ZnO
sheets. As compared to the reported DSSCs based on ZnO nanostructures photoanodes, the
nanospikes decorated ZnO sheets photoanode based DSSC shows the significantly higher
conversion efficiency and JSC [108]. It has been estimated that the conversion efficiency and
JSC are enhanced by ~40% and ~25% as compared to reported values. In this case, the sheets
morphology of ZnO display highly uniform and the standing nanospikes might considerably

Figure 22. J-V curve (a) and IPCE (b) curve of the DSSC fabricated with nanospikes decorated ZnO sheets photoanode.
Inset (a) shows the UV-Vis spectrum of desorbed dye from the nanospikes decorated ZnO sheets photoanode. Reprint‐
ed with permission from [Ameen S., 2012], Chem. Eng. J. 195 (2012) 307 ©2012, Elsevier Ltd.
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facilitates the electrons transfer at the interface of the conduction and the electrolyte layer. The
fabricated DSSC with photoanode of nanospikes decorated ZnO sheets attains the moderate
IPCE of ~31.8%, as shown in Fig. 22 (b), which is probably originated from the larger amount
of dye-loading through large surface area of sheet and the standing spikes of photoanode.
Moreover, the presence of nanospikes on ZnO sheets might efficiently enhance the electron
transport and reduces the recombination rate to high IPCE and JSC value 109].

7. Doping of ZnO for improved electrical and photovoltaic properties

One of the modifications is still in the developing stage called doping of ZnO nanomaterials
by metals like F, Cu, Ag, Ga, Al, In, Sn and Sb which usually tailors the chemical, conductive
and the electrical properties of ZnO nanomaterials [110]. The metal doping is an effective
procedure to modify the grain size, orientation and the conductivity and could greatly
influence the crystalline, optical and the electrical properties of the ZnO nanostructures.
Among various metal doping, Sn-ion is recently known as promising dopant to ZnO nano‐
materials for enhancing the electrical and optical properties [111]. Tsay et al. [112] prepared
the Sn doped ZnO thin films coated glass substrates and investigated the effects of Sn doping
on the crystallinity, microstructures and the optical properties of ZnO thin film. Several reports
are available on the preparation of the Sn doped ZnO thin films and the effects of Sn doping
on grain size, vibrational structure, optical and the structural properties of ZnO thin film
substrates [113]. Ameen et al recently reported the doping of ZnO nanostructures with Sn ion
by simple hydrothermal process for the fabrication of DSSC [114].

7.1. Sn doped ZnO nanostructures for solar cell performance

The synthesized ZnO and Sn-ZnO nanostructures are morphologically characterized by the
FESEM images, as shown in Fig. 23. The ZnO nanostructure shows the irregular, non-uniform
and highly aggregated nanoparticles with the average size of range ~150–200 nm. After Sn-ion
doping, the ZnO nanostructures have dramatically arranged into the spindle shaped mor‐
phology and each Sn-ZnO spindle comprises of small aggregated nanoparticles with average
size of 350 ±50 nm.

Fig. 24 (a, b) shows the high resolution TEM images of Sn-ZnO nanostructures which are
completely consistent with FESEM observations. The aggregated ZnO nanoparticles arranged
spindle shaped morphology is observed with some black spots or particles, clearly indicating
the presence of the Sn-ions. The HR-TEM image of Sn-ZnO displays dark spots on the fringes
which are expressed by the circles in Fig. 24(c). The morphological changes in Sn-ZnO
nanostructures might due to the substantive influence of Sn-ion into ZnO nanostructures. The
EDS spectrum (Fig. 24 (d)) obtains two high intense peaks (Zn & O) and single small peak (C)
along with Sn peaks, again confirming the Sn-ion doping into the ZnO nanostructures.

From the UV-DRS spectra of ZnO and Sn-ZnO nanostructures (Fig. 25), the broad intense
absorption edge from ~400 nm to lower wavelengths region is assigned to the charge-transfer
process from the valence band to conduction band of ZnO [115]. After Sn-ion doping, the
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Figure 23. FESEM images of ZnO (a) and Sn-ZnO (b) nanostructures at low resolution, and FESEM images of Sn-ZnO
nanostructures at high resolution (c and d). Reprinted with permission from [Ameen S., 2012], Chem. Eng. J. 187
(2012) 351 ©2012, Elsevier Ltd.

Figure 24. TEM images of Sn-ZnO nanostructures at low resolution (a and b), HRTEM image (c), and EDS spectrum of
Sn-ZnO nanostructures (d). Reprinted with permission from [Ameen S., 2012], Chem. Eng. J. 187 (2012) 351 ©2012,
Elsevier Ltd.
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absorption wavelength of ZnO has significantly shifted from ~389 nm to ~406 nm and its band
gap has changed from ~3.18 eV to ~3.05 eV. It has arisen due to the presence of interstitially
embedded Sn-ion into ZnO nanomaterials. This small variation in band gaps again confirms
the Sn-ion doping into ZnO nanomaterials.

Figure 25. UV-DRS spectra of ZnO and Sn-ZnO nanostructures. Reprinted with permission from [Ameen S., 2012],
Chem. Eng. J. 187 (2012) 351 ©2012, Elsevier Ltd.

The XPS survey (Fig. 26 (a)) spectrum displays all Zn 2p, O 1s and Sn 3d binding energy
peaks with very small C 1s binding energy. Sn-ZnO nanomaterials show the doublet bind‐
ing energies at ~1022.1 eV and ~1046.1 eV in Zn 2p XPS spectra (Fig. 26 (b)) which corre‐
spond to Zn 2p3/2 and Zn 2p1/2 respectively. The energy difference between doublet binding
energies is calculated to ~24 eV, which is in excellent agreement with the standard value of
~22.97 eV. The deconvoluted O 1s XPS presents the four binding energies peaks at ~533.6 eV,
~532.4 eV, ~530.8 eV and ~529.1 eV, as shown in Fig. 26 (c). The highest binding energy at
~533.6 eV is originated from the oxygen atoms chemisorbed at the surface of synthesized
materials [116]. The binding energy at ~532.4 e V is ascribed to O2

− ions (surface hydroxyl
(OH) group) on the synthesized Sn-ZnO (in the oxygen deficient region) and the lowest
binding energy at ~529.1 eV is attributed to O2

− ions in the Zn-O structures The binding en‐
ergy at ~530.8 eV is attributed to oxidized metal ions in the synthesized Sn-ZnO such as, O-
Sn and O-Zn in the ZnO lattice. Sn 3d spectra (Fig. 26 (d)) presents the doublet binding
energies at ~487.2 eV and ~496.7 eV, correspond to Sn 3d5/2 and Sn 3d3/2 respectively. The ap‐
pearance of these peaks indicates the incorporation of Sn dopant in the form of O-Sn in the
ZnO lattice [117], as deduced by O 1s XPS results. Moreover, the energy gap of ~9.5 eV is
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observed between these two peaks which resembles to the reported value [118]. It is ob‐
served that since no diffraction peaks corresponding to the SnO and SnO2 are observed in
the XRD spectra therefore, the O-Sn bonding could be considered as the substitutional dop‐
ing of Sn-ions into the ZnO lattice.

Figure 26. Survey (a), Zn 2p (b), O 1s (c), and Sn 3d (d) XPS spectra of Sn-ZnO nanostructures. Reprinted with permis‐
sion from [Ameen S., 2012], Chem. Eng. J. 187 (2012) 351. ©2012, Elsevier Ltd.

DSSC fabricated (Fig. 27) with Sn-ZnO photoanode depicts reasonably high solar-to -electricity
conversion efficiency of ~1.82% with JSC of 5.1 mA/cm2, VOC of 0.786 V and FF of 0.45. While,
DSSC with ZnO photoanode shows relatively low conversion efficiency of ~1.49% with JSC of
~4.05 mA/cm2, VOC (~0.761 V) and FF of ~0.48. Noticeably, the conversion efficiency and JSC are
considerably enhanced by ~20% and ~21% respectively after Sn-ion doping into ZnO nano‐
structures. Moreover, it could be explained that Sn-ZnO nanostructures might due to the
increase of high charge collection and the transfer of electrons at the interface of Sn-ZnO and
the electrolyte layer. The dopants like Sn, is known to enhance the electrons transport capacity
and electron mobility of ZnO nanomaterials [119]. Moreover, the Sn-ion doping into ZnO
nanostructures might increase the specific surface area by lowering the particle size and
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arranging into spindle shaped morphology, which might contribute to high dye absorption.
The increased photocurrent density and the improved photovoltaic performance might also
result from high dye absorption and the improved electron transport by Sn-ZnO nanostruc‐
tures, leading the enhancement in light harvesting efficiency and photo-excited electron
transportation under sun light. Therefore, the arrangement of ZnO nanoparticles into Sn-ZnO
spindle shaped, and good optical properties of Sn-ZnO are crucial to improve the conversion
efficiency and the photocurrent density of the fabricated DSSCs.

Figure 27. J-V curve of the DSSC fabricated with ZnO and Sn-ZnO nanostructures based photoanodes. Reprinted with
permission from [Ameen S., 2012], Chem. Eng. J. 187 (2012) 351. ©2012, Elsevier Ltd.

7.2. Ga doped ZnO nanostructures with improved electrical properties

ZnO nanomaterials along with conjugated polymers like PANI, PPy and poly (3-alkylthio‐
phene) comports the high quality organic/inorganic Schottky diodes [120]. Recently, ZnO-
PANI films sandwiched between indium tin oxide (ITO) and a Pt electrode have displayed the
linear I-V behavior [121]. The effects of Ga ion doping on ZnO NPs have been studied by Ameen
et al on the basis of optical and electrical properties of the fabricated heterostructure devices
[122]. The morphology of the synthesized ZnO and Ga-ZnO NPs were studied by FESEM and
TEM analysis, as shown in Fig. 28 (a-d). The synthesized ZnO NPs obtain an average diameter
of ~20–25 nm. After Ga ion doping, the average diameter increases to ~30–35 nm by the agglom‐
eration of NPs due to entrapping and the substantive influence of Ga ion with ZnO NPs.

The optical properties of ZnO and Ga-doped ZnO NPs were studied by the UV-Vis spectra,
as shown in Fig. 29 (a, b). ZnO and Ga-doped ZnO NPs present the absorption in the UV region
with strong absorption peak at ~370 nm and ~378 nm respectively, corresponding to the
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characteristic band of wurtzite hexagonal ZnO nanomaterials [123]. A considerable red shift
from ~370 nm to ~378 nm after Ga ion doping is seen in the absorption peak of Ga-ZnO NPs
and results that the band gap of ZnO NPs has changed from ~3.4 eV to ~3.26 eV due to the
presence of interstitially embedded Ga ion on the surface of ZnO NPs. Thus, the small variation
in band gaps again confirms the Ga doping on the surface of ZnO NPs.

Fig. 30 shows the XPS of PANI/Ga-ZnO thin film electrodes. The Carbon (C 1s), oxygen (O 1s),
nitrogen (N 1s) and Zinc (Zn 2p) peaks at ~284.4 eV, ~529.8 eV, ~400.9 eV and ~1019.4/1042.5
eV are taken to investigate the interaction between PANI and Ga-ZnO NPs. The deconvoluted
C 1s peak at ~284.4 eV presents four resolved peaks at ~289.1, ~286.8, ~285.7 eV and ~284.9 eV
(Fig. 30 (a)) and are ascribed to C = O/C–O bond, C–N+/C = N+ bond, neutral C–C/C–H bond
of PANI backbone and C of the benzonoid ring showing a combination of protonation of imine
and amine sites via shake-up processes [124]. Figure 30(b) shows the four O 1s XPS resolved
peaks of PANI/Ga-ZnO thin film. The main peak at ~529.8 eV confirms the nature of oxygen
atom originated from metal oxide [125] i.e. the oxide of ZnO NPs. Zn 2p XPS of PANI/Ga-ZnO
thin film typically exhibits the doublet peaks at ~1019.4 eV/1042.5 eV (Fig. 30 d), suggests that
Zn atoms are linked with oxide bond in Ga doped ZnO NPs. Moreover, Fig. 30(e) shows the
Ga 2p peak at ~1116.2 eV which confirms the doping of ZnO with the Ga+2 oxidation state [126].

Figure 28. FESEM (a, b) and TEM (c, d) images of ZnO NPs and Ga-ZnO NPs. Reprinted with permission from [Ameen
S., 2011], Microchim. Acta 172 (2011) 471. © 2012, Springerlink Ltd.
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N 1s XPS spectrum of PANI/Ga-ZnO thin film (Fig. 30(c)) exhibits the bonding between imine
group of PANI and Ga-ZnO. The centered peak at ~400.9 eV ascribes quinoid di-imine nitrogen
of PANI [127]. The main peak at ~400.9 eV is resolved into four hide peaks at ~400.5, ~401.3,
~401.9 and ~402.8 eV which correspond to benzenoid di-amine nitrogen, quinoid di-imine
nitrogen, positively charged nitrogen (−N+) and the protonated imine (=N+) respectively. It is
known that the protonation of PANI produces electronic defects such as polarons or bipolarons
which might form by the addition of protons to the neutral polymer chain. In this case,
positively shifted binding energy at ~401.9 and ~402.8 eV might exhibit the participation of
protonated N atom for the bond formation between PANI and Ga-ZnO. These two charged
nitrogen species (−N+ and =N+) are originated from these defect states [128] and are observed
in N 1s results of PANI/Ga-ZnO thin film. In conclusion, the PANI and Ga-ZnO are interacted
to each other by the formation of partial hydrogen bonding between two charged nitrogen
species (−N+ and =N+) of PANI and surface hydroxyl of Ga-ZnO.

The I-V characteristics of Pt/PANI/ZnO and Pt/PANI/Ga-ZnO heterostructure devices are
obtained at 298 K with applied voltage from −1 V to +1 V, shown in Fig. 31. Both the devices
display non-linear and rectifying behavior of I–V curves due to the existence of Schottky barrier
via a Schottky contact at the interfaces of Pt layer and PANI-ZnO thin film layer. Pt/PANI/ZnO
device shows almost Ohmic or very weak rectifying behavior (Fig. 31(a)) that attains very low
turn-on voltage (~0.0005 V) with least current (~0.002 mA). Similarly, in forward bias, a
breakdown voltage (~0.05 V) and high leakage current (~0.015 mA) indicate poor I-V charac‐
teristics of Pt/PANI/ZnO device. Whereas, Pt/PANI/Ga-ZnO device (Fig. 31 (b)) presents

Figure 29. UV-Vis spectra of ZnO (a) and Ga-ZnO NPs (b). Reprinted with permission from [Ameen S., 2011], Micro‐
chim Acta 172 (2011) 471© 2012, Springerlink Ltd
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rectifying behavior of lower turn on voltage (~0.4 V) with least current (~0.09 mA) and
breakdown voltage (~0.56 V) with high leakage current (~0.5 mA). The I-V properties of Pt/
PANI/Ga-ZnO device are considerably better than the data reported elsewhere on PANI/ZnO
and PANI based heterostructure devices [129]. Herein, the Ga ion doping to ZnO NPs might
generate high density of minority charge carriers and the efficient charge movement at the
junction of PANI and Ga-ZnO interfaces, resulting in the high leakage current with moderate
turn on and breakdown voltage [130]. Additionally, the improved I-V properties might result
from the molecular geometry of PANI chains and the increased electronic conduction by Ga
ions in ZnO NPs which likely generate the hopping effect.

Figure 30. (a) C 1 s, (b) O 1 s, (c) N 1 s, (d) Zn 2p and (e) Ga 2p XPS spectra of PANI/Ga-ZnO thin film electrode. Reprint‐
ed with permission from [Ameen S., 2011], Microchim. Acta 172 (2011) 471©2012, Springerlink Ltd.
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Figure 31. I-V characteristics of (a) Pt/PANI/ZnO (b) Pt/PANI/Ga- ZnO heterostructure device. ln(I) versus (V) plots of
(c) Pt/PANI/ZnO and (d) Pt/PANI/Ga-ZnO heterostructure devices. (e) the schematic of Pt/PANI/Ga-ZnO heterostruc‐
ture device. Reprinted with permission from [Ameen S., 2011], Microchim. Acta 172 (2011) 471©2012, Springerlink
Ltd.

8. Metal oxides as nanofillers in polymer electrolytes

The inorganic semiconductor especially metal oxides nanomaterials as nanofillers are con‐
ceived to improve the mechanical, thermal, interfacial, and ionic conductivity properties of the
polymer electrolytes, which could effectively utilize for high performance solid-state DSSCs.
In general, the introduction of inorganic NPs in the polymer alters the conduction mechanisms,
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which assigns to the ions conduction. In 1998, Croce et al. [131] studied the enhancement of
the ionic conductivity of polymer electrolytes by the addition of TiO2 and other NPs. Later, a
ternary component polymer-gel electrolyte with TiO2 NPs was prepared by Kang et al and
explicated that these NPs led to a light-scattering effect [132]. The fabricated DSSC with the
ternary component polymer electrolyte showed a high overall conversion efficiency of ~7.2%
under 100 mW/cm2. Falaras et al [133] developed the polymer composite electrolyte by the
addition of commercial TiO2 nanoparticles (NPs, P25, Degussa) consisted of polyethylene
oxide (PEO), LiI, and I2. The addition of TiO2 NPs considerably prevented the re-crystallization
and decreased the degree of crystallinity of PEO due to their large surface area. The differential
scanning calorimetry (DSC) studies revealed that the introduction of TiO2 NPs caused a
significant increase in the glass transition temperature of PEO, which indicated the incorpo‐
ration of the polymer to the inorganic oxide fillers. The fabricated DSSCs with TiO2-PEO
nanocomposite electrolyte achieved a reasonably high overall conversion efficiency of ~4.2%
with a JSC of ~7.2 mA/cm2, VOC ~0.664 V, and FF ~0.58 at ~65.6 mW/cm2 [134]. Additionally,
other research groups have also used TiO2 NPs as nanofillers and explained the effects of
nanofillers on different polymer electrolytes. Recently, Akhtar et al [135] reported a composite
electrolyte of polyethylene glycol methyl ether (PEGME) and TiO2 NPs and demonstrated the
heat treatment effects on the properties of PEGME-TiO2 composite electrolyte. It was found
that the heat treatment was an essential step to improve morphology, amorphicity, and ionic
conductivity of PEGME-TiO2 composite electrolytes. From AFM images (Fig. 32), TiO2 particles
with ~20-30 nm size are well distributed on the PEGME matrix in the case of PEGME-TiO2

composite film (Fig. 32(a). However, TiO2 particles are aggregated and become a bigger size
(40-60 nm) on the polymer matrix in PEGME-TiO2/80oC (Fig. 32 (b)). From the film roughness
analysis (Fig. 32 (c, d)), it is observed that the surface roughness of the PEGME-TiO2/80oC and
PEGME-TiO2 composites are estimated to be about ~23.1 nm and ~18.5 nm for the root mean
square roughness (Rrms), and ~12 nm and 8~.8 nm for the average surface roughness (Ra),
respectively. Generally, it has been well known that the low surface roughness of the polymer
composite film is ascribed to the high-crystallized surface of thr composite materials. There‐
fore, the crystallinity of PEGME-TiO2/80oC might lower than PEGME-TiO2 because the former
exhibits the higher Rrms and Ra value than later composite film. Consistently, the 3D AFM
images (Fig. 32 (d)) of PEGME-TiO2/80oC exhibit a highly rough surface morphology with non-
uniformly distributed TiO2 particles into the PEGME matrix, while a highly uniform and less
rough surface is observed in PEGME-TiO2 composite film before heating (Fig. 32 (c)). This
rough morphology of PEGME-TiO2/80oC might create free spaces and voids in which the I−/I3

−

ions could easily migrate, which suggest the PEGME-TiO2/80oC as excellent electrolyte
materials. With the improved morphology of PEGME-TiO2 composite, the electrolyte shows
the high ionic conductivity of ~1.9 mS/cm as compared to the PEGME acid (1.2 mS/cm) and
PEGME-TiO2 (0.92 mS/cm) which results from the enhanced morphological properties in terms
of high roughness and amorphicity after heating of PEGME-TiO2. The Raman spectra (Fig.
33) of the PEGME-acid, PEGME-TiO2, and PEGME-TiO2/80oC composite electrolytes exhibit a
significant peak at the range of 110-115 cm−1, which is ascribed to the symmetric stretch of I3

−

species in redox electrolytes [136]. The heat treatment on PEGME-TiO2 drastically increased
the strong Raman peak, indicating a significant increase in the amount of I3

− species in redox
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electrolytes. It might attribute to the increased bond strength between PEGME and TiO2 and
high roughness of the composite materials, which might help to absorb a large amount of the
iodide couple as compared to PEGME-acid and PEGME-TiO2 composite electrolytes. The
increased intensity of peak suggests that a large amount of I3

− species is formed in the PEGME-
TiO2/80oC composite electrolyte upon heat treatment. In general, the diffusional I−/I3

− ions
migration in the redox electrolyte is responsible for the ionic conductivity of electrolyte, which
causes electron exchange between ions by electronic conduction process [137]. The electronic
conduction in redox electrolyte depends on the formation of I3

− ions. Raman results show the
proportional relation between the ionic conductivity and concentration of I3

− species of the
composite electrolytes, which is directly related to relative intensity of Raman peak. The
enhanced ionic conductivity of PEGME-TiO2/80oC composite electrolyte might associate with
the formation of high I3

− species in redox electrolyte. However, low ionic conductivity in
PEGME-acid and PEGME-TiO2 composite electrolyte results from the low relative intensity of
the Raman peak and less formation of I3

− species in redox electrolyte. Therefore, a heat
treatment step plays an essential role to prepare the improved composite electrolyte with
enhanced ionic conductivity. DSSC fabricated with PEGME-TiO2/80oC composite electrolyte
shows the maximum overall conversion efficiency of ~3.1% with a JSC of ~8.9 mA/cm2, VOC of
~0.625 volt, and FF of ~56.2%. The conversion efficiency and JSC of DSSCs with PEGME-
TiO2/80oC composite electrolytes is higher than those of fabricated with PEGME-acid (~1.3%)
and PEGME-TiO2 (~2.4%) electrolytes. This could be expected from the enhanced ionic
conductivity and enlargement of the amorphous phase of the polymer upon heat treatment.
The heat treatment on PEGME-TiO2 composites enhances the ionic conductivity and cross-
linking properties of composite electrolyte, which are essential factors to achieve the high
current density and high PV performance. Furthermore, Akhtar et al [138] investigated the
effect of titania nanotubes (NTs) as nanofillers on the properties of PEG-based electrolytes and
fabricated solid-state DSSCs. PEG-TiNT electrolytes with 10% of TiNTs exhibit the high
penetration and complete filling into the pores of the TiO2 film, as shown in Fig. 34. The XPS
studies (Fig. 35) were carried out to elucidate the strong interaction between PEG and TiNTs.
PEG-TiNT10 electrolyte shows the highest interaction between the titanium atoms of the NTs
and the polymer network as compared to those of other PEG-TiNTs electrolytes. This results
to the decrease in the crystallinity degree of the polymer after introduction of the NTs which
achieves the highest ionic conductivity of ~2.4×10−3 S/cm. DSSC fabricated with PEG-TiNT
composite electrolyte (Fig. 36) exhibits the maximum overall conversion efficiency of ~4.4%
with JSC of ~9.4 mA/cm2, VOC of ~0.73 V, and FF of ~0.65 under 100 mW/cm2 irradiation. No
significant decrease of the conversion efficiency for 30 days was observed in DSSCs fabricated
with PEG-TiNT10 (inset of Fig. 36), indicating the high stability of the composite electrolytes.
The lower current density in PEG-TiNT20 is due to its lower ion conductivity, lower penetra‐
tion, and weak interaction between PEG to TiNTs. It is proved that the better penetration into
the pores of the TiO2 layer was obtained at a ratio of TiNT and PEG in the composite electrolyte
(PEG-TiNT10). Thus, due to the better interfacial contact between the electrolyte and TiO2

layer, high ion conductivity is obtained, which enhances the photocurrent density. Moreover,
the PEG-TiNT composite electrolytes might facilitate the movement of electrons in the redox
(I−/I3

−) couple due to the fast electron transfer characteristics of NTs with less grain-boundary,
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in comparison to NPs. The other metal oxide nanomaterials, such as ZnO, SiO2 and Al2O3, have
been introduced as nanofillers to different polymer electrolytes [139]. Caruso et al. prepared
the polymer composite electrolyte with the composition of PEO-poly (vinylidenefluoride)
(PVDF) and SiO2 NPs and applied as a solid electrolyte for solid-state DSSCs [140]. These kinds
of solid state electrolytes presented high viscosity to the solid state electrolyte with TiO2-based
polymer composites. They used a vacuum technique for introducing the composite polymer
electrolytes into the dye-sensitized TiO2 electrode which showed that the vacuum method
exhibited a better performance than those prepared via the conventional drop casting method.
This approach improved the fulfilling of the photoelectrode with a solid electrolyte by vacuum
technique, but the optimization of the electrolyte composition is still an important issue. In
this regards, Xia et al utilized ZnO NPs as nanofillers for preparing the composite polymeric
electrolyte of poly (ethylene glycol methyl ether) (PEGME) [141]. The PEGME was first grafted
onto the surface of ZnO NPs through covalent bond formation by a chemical process. The solid
composite electrolyte consisted of KI and I2 dissolved in PEGME and ~24 wt% of the polymer-
grafted ZnO NPs. The obtained prepared electrolyte showed that the ionic conductivity
increased as the salt concentration increased and reached a maximum value of ~3.3×10−4 S/cm
and then decreased, acting as a classical polymer electrolyte system. DSSC fabricated with
polymer-grafted NPs electrolyte presented the lower conversion efficiency of ~3.1% compared
to that of DSSC with a liquid electrolyte (~4.0%). After the addition of polymer-grafted ZnO
NPs in liquid electrolyte, the VOC of DSSC increased by ~0.13 V while the JSC decreased, this
was probably due to the high viscosity of the gel electrolyte. Another report addressed the
new polymer electrolyte system of Al2O3 NPs with different sizes and a PVDF derivative and
polyacrylonitrile in an ionic-liquid-based electrolyte [142]. The diffusion coefficient of I3

− ions
altered by the addition Al2O3 NPs. The variation in sizes of Al2O3 NPs greatly influenced the
charge transfer rate at the electrolyte and semiconducting layer interfaces. In this report, the
imidazolium cations might adsorb on the NP surface, which might help in the charge transfer
at counter and anions I−/I3

− gather around them. Some researchers have recently used clay-like
NPs as nanofillers in the polymer electrolytes and applied to the DSSCs [143]. Nogueira et al.
[144] examined the incorporation of a montmorillonite (MMT) derivative to a polymer
electrolyte based on a poly-(ethylene oxide) copolymer, the plasticizer GBL, and Li I/I2. The
improved ionic conductivity of the composite electrolyte attributed to the large number of
charge carriers introduced into the complex after the addition of the clay. The addition of 5 wt
% MMT promoted the increase in the mechanical stability of the nanocomposite polymer
electrolyte film, resulted in the lower deformation as compared to the film without any clay.
From their observations, it was found that the addition of MMT clay to the plasticized polymer
electrolyte not only increased the ionic conductivity but also improved the solidification of the
electrolyte. These improvements led to the mechanical stability of the polymer composite films
and the stability of DSSCs as well. DSSCs fabricated with the nanocomposites polymer
electrolyte showed reasonable conversion efficiencies of ~1.6% and ~3.2% at 100 mW/cm2 and
10 mW/cm2, respectively. The device presented very poor FF values of ~0.40 at 100 mW/cm2,
which was attributed to the low penetration of the composite electrolyte into the pores of the
TiO2 film. The MMT clay as nanofillers was also used by Lin et al. They prepared the nano‐
composites of poly (nisopropylacrylamide) with MMT clay to a liquid electrolyte system as a
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gelator and applied as solid polymer electrolyte. The poly (nisopropylacrylamide)-MMT
electrolyte-based DSSC achieved a relatively high conversion efficiency of ~5.4% with a JSC of
~12.6 mA/cm2, VOC of ~0.73 V, and FF of ~0.59, whereas the DSSC prepared with the electrolyte
gelled with the pure polymer presented lower photovoltaic parameters of JSC (~7.28 mA/cm2),
VOC (~0.72 V), FF (0.60), and conversion efficiency (~3.2%) at 100 mW/cm2. From the electro‐
chemical impedance spectroscopy, a considerable decrease in impedance values was observed
by DSSC fabricated with nanocomposite-gelled electrolyte. The impedance at the electrolyte/
dye-coated TiO2 interface, and the Nernstian diffusion within the electrolytes were decreased,
resulted in the high photocurrent density leading to the high performance of DSSCs. They also
investigated the molar conductivity of the nanocomposite-gelled electrolytes to explain the
high ionic conductivity and improved electrochemical behavior of electrolyte.

Figure 32. Topographic and three-dimensional AFM images of (a), (c) PEGME-TiO2 and (b), (d) PEGMETiO2/80C. Re‐
printed with permission from [Akhtar, 2011], Mater. Chem. Phys. 127 (2011) 479.© 2011, Elsevier Ltd.
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Figure 33. Raman spectra of PEGME-acid, PEGME–TiO2 and PEGME–TiO2/80 ◦C composite electrolytes. Reprinted with
permission from [Akhtar., 2011], Mater. Chem. Phys. 127 (2011) 479. © 2011, Elsevier Ltd.

Figure 34. Cross-section and top view (inset) FE-SEM images of the TiO2 thin film (a) before electrolyte filling and af‐
ter introducing composite electrolytes of (b) PEG-TiNT5, (c) PEG-TiNT10, and (d) PEG-TiNT20. Reprinted with permis‐
sion from [Akhtar., 2007], Electrochem. Commun. 9 (2007) 2833.© 2007, Elsevier Ltd.
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Figure 35. XPS spectra of the composite electrolytes. (a) PEG-TiNT5, (b) PEG-TiNT10, (c) PEG-TiNT20, and (d) O 1 s of
PEG (—), PEG-TiNT5 (- - - -) PEG-TiNT10 (…..) and PEG-TiNT20 (-.-.-). Reprinted with permission from [Akhtar., 2007],
Electrochem. Commun. 9 (2007) 2833.© 2007, Elsevier Ltd.
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Figure 36. Current–voltage characteristics of DSSC fabricated with composite electrolytes of (a) PEG-TiNT5, (b) PEG-
TiNT10, and (c) PEG-TiNT20. Inset shows the stability test of DSSC fabricated with composite electrolyte of PEG-TiNT10.
Reprinted with permission from [Akhtar, 2007], Electrochem. Commun. 9 (2007) 2833.© 2007, Elsevier Ltd.

9. Conclusions

In summary, the morphological, structural, crystalline, optical, electrical and photovoltaic
properties of conducting polymers, nanocomposites of conducting polymer/inorganic
nanomaterials and semiconducting metal oxides have been discussed. The PANI nanocom‐
posites with semiconducting materials have shown the improved penetration and optoelec‐
tronic properties, and applied for the electrical and electronic application such as diodes and
solar cells. Here, the uniform distribution of CdS nanomaterials effectively improves the
electronic state of PANI like polarons and bipolarons for the high charge carriers and enhances
the charge transfer. The unique conducting polymers, particularly PANI nanomaterials have
been used as hole transporting material and as counter electrodes for the applications of DSSCs.
The metal oxide semiconducting nanomaterials, particularly TiO2 and ZnO nanomaterials, in
terms of morphology, surface properties, dye absorption and application in DSSCs are
extensively summarized. Various morphologies of metal oxides nanostructures greatly affect
the performances of dye absorption, electrical, electrochemical, and photovoltaic devices. The
metal oxides semiconducting nanomaterials with different morphologies and sizes enhance
the surface-to-volume ratio and produce the highly advanced photoanodes for the efficient
DSSCs. The morphologies of metal oxides semiconducting considerably influence the dye
absorption, light harvesting and results in increased electron transfer and reduce the recom‐
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bination rate during the operation of DSSCs. The photovoltaic properties such as JSC, VOC, FF,
and conversion efficiency have significantly improved by altering the sizes and shapes of the
metal oxides semiconductors. The chapter also summarizes the use of various metal oxide
semiconducting nanomaterials as nanofillers in polymer electrolytes and describes their effect
on the properties of polymer electrolytes and the performances of DSSCs. The introduction of
metal oxide semiconducting nanomaterials into the polymer matrix has significantly improved
the amorphicity, mechanical, thermal and ionic conductivity of polymer electrolytes. The
chapter includes some of the polymer composite electrolytes and their photovoltaic properties
for DSSCs.
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