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4.1 Introduction

With the rapid depletion of fossil fuels, rising environmental concerns,
and population growth, it is inevitable to develop clean energy technologies
to power our future society [1—4]. These energy conversion and storage
technologies are anticipated to be sustainable and also capable of meeting
our long-term energy needs. During the past few years, extensive research
interests have been devoted to the advancement of energy conversion de-
vices, as they play a crucial role in the prosperity and economic growth of
a country. Particularly, the energy conversion technologies such as solar
and fuel cells have proved to be highly reliable and can offer clean and sus-
tainable energy at affordable rate [5—8]. However, the performance poten-
tial of these devices, such as output voltage, conversion efficiency, and
stability, are greatly relied on the materials used. The energy conversion pro-
cess comprises physical and/or chemical reactions at the surface of the ma-
terial or at its interfaces; hence, the specific surface area, surface energy,
and even surface chemistry can critically affect the device performance.

Recently, the use of nanomaterials as the building blocks to fabricate en-
ergy conversion devices has opened up a novel path for the development of
highly efficient and robust electrode materials with required properties
[9,10]. These materials exhibit exceptional electrical conductivity, thermal
conductivity, dielectric constant, and mechanical quality factor owing to
the quantum dimension effects and macroscopic quantum tunneling effects.
The lower dimensions of nanomaterials offer satisfactory mass, heat, and
charge transfer through the advantage of accommodation of dimensional
variations in accordance with chemical reactions and phase transitions.
Among different nanomaterials, multifunctional nanomaterials are receiving

Advanced Lightweight Multifunctional Materials
ISBN: 978-0-12-818501-8 © 2021 Elsevier Ltd.
https://doi.org/10.1016/B978-0-12-818501-8.00007-X All rights reserved. 131


https://doi.org/10.1016/B978-0-12-818501-8.00007-X

132 R. Krishnapriya et al.

specific attention. These materials can show distinct optical, magnetic, and
electrical properties, which are anticipated to offer enhanced performance
when applied in a device [11,12]. Generally, the materials that are designed
to perform multiple roles via a prudent combination of several functions are
called multifunctional materials. The research on these materials involves
understanding the structure-property relationship that is leading to the
design and fabrication. However, the fabrication of multifunctional material
with desirable functions is relatively challenging, from searching for novel
materials, understanding its properties, and tuning the properties in order
to apply in a technological device. In this chapter, a comprehensive sum-
mary of various multifunctional nanomaterials at a broader perspective to
overcome the challenges of energy conversion devices is presented.

4.2 Energy conversion devices
4.2.1 Solar cells

There are different energy conversion devices that eftectively use the
nanostructured materials to convert the energy into a useful form. Among
these, solar cells are the central energy conversion devices that deliver clean
electrical energy, where the renewable solar energy is directly converted into
electrical energy without releasing any greenhouse gases. The main features
of solar cells are the internal and external quantum efficiency and energy
conversion efficiency. Solar cells are mainly classified into three types.
The first-generation silicon solar cells made of Si wafers and mainly single
crystal-based on p-n junctions, which are the most widely used solar cells
and which have taken over the current photovoltaic (PV) device market
and have reported maximum efficiency of nearly 25% [13]. The second-
generation PV devices use thin-film technologies, which include cadmium
telluride (CdTe), copper indium gallium diselenide (CIGS), and amorphous
thin-film silicon. However, the efficiency is much below that of silicon solar
cells. Third-generation solar cells include solution processing technology of
semiconducting organic macromolecules, inorganic nanoparticles, or hy-
brids [14]. Copper zinc tin sulfide solar cell, dye-sensitized solar cells
(DSSC), organic solar cells, perovskite solar cells, and quantum dot solar cells
(QDSC) come under this classification. A schematic representation of the
different generations of solar cells and their achieved efficiencies are given
in Fig. 4.1.

Among difterent types of solar cells such as DSSCs, hybrid organic solar
cells and QDSCs are based on the advances in nanotechnology [15—18].
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Figure 4.1 Schematic diagram showing the evolution of different generations of
photovoltaic solar cells with respective device structures and the current photovoltaic
efficiencies. Reproduced with permission from Elsevier A. Sahu, A. Garg, A. Dixit, A review
on quantum dot sensitized solar cells: past, present and future towards carrier multipli-
cation with a possibility for higher efficiency, Sol. Energy 203 (2020) 210—239.

The solar energy harvesting and its conversion is achieved by nanostructured
semiconductor interface with a dye in case of DSSC, a conjugate polymer in
organic solar cells, and semiconductor nanocrystals for QDSCs [19].
Improving the efficiency of these devices involve bringing the effective
photo-induced charge separation, as well as the transport of charge carriers
across the nanoassemblies, which is the main challenge. The advance of
nanoassemblies to improve light harvesting efficiency, thermodynamic and
kinetic measures for effective device design, and approaches for effective uti-
lization of photo-induced charge separation in donor-acceptor molecules to
fabricate nanostructure-based solar cells are the hot topic of research in
recent years [2,20—22].

4.2.2 Fuel cells

Fuel cells are energy conversion devices that can convert chemical energy
from a fuel into electrical energy via a reaction with oxygen or other
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oxidizing agents. Recently, fuel cells are getting considerable consideration
as an alternative energy source owing to their high efficiency without the
release of harmful chemicals to the surroundings. The basic structure of a
fuel cell contains an electrolyte that is in contact with a porous anode and
a cathode. The fuel comes into the anode, and then an oxidant moves in
through cathode, which is divided by a selectively conductive electrolyte.
Further, the conduction occurs through the electrolyte in either anode to
cathode or cathode to anode direction. The main conductive charge carriers
comprise H, CO3, 02_, OH™, etc. [23,24]. The important commercial
tuel cell technologies are divided into many groups in accordance with the
operating conditions and which is given in Fig. 4.2.

The most efficient and widely used fuel cells applied in cellular phones
and laptops are direct methanol fuel cells and proton exchange membrane
tuel cells because of their high power density and lower operating temper-
atures [25—28]. However, there are some challenges faced by fuel cell tech-
nology, such as fabricating suitable electrodes for the flexible electronics,
replacing the high-cost noble metal electrocatalysts, and preventing elec-
trode poisoning. The major challenge associated with this technology is
the cost of fuel. However, significant advances in the development of ma-
terials with improved properties can make this technology more reliable.
Current research 1s focused on the development of high-efticiency fuel cells
of low cost with ecofriendly nanostructured electrode materials [29,30].

Increasing operating temperature >
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Figure 4.2 Types of different commercially available fuel cells.
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S 4.3 Multifunctional nanomaterials for energy
conversion applications

The primary requirement of nanostructured materials for PV devices
such as DSSCs and QDSC:s is to have a large specific surface area for the
anode to adsorb sufficient dye molecules and quantum dots (QDs). This
can act as an antenna for light absorption. To achieve the maximum absorp-
tion of incident light, the narrow thickness of photoanode with minimum
interface charge recombination is desired [31—33]. Moreover, the material
must possess remarkable charge mobility and long lifetime, with some light
scattering effect or photon trapping ability.

Fuel cell technology faces significant challenges like low energy density,
power density, and operation reliability along with the high cost. Nano-
structured materials can overcome most of these challenges by providing
high specific surface area and improved conductivity with low polarization.
These materials have the potential to offer excellent nanoporous structures
with multifunctional chemical properties for highly intrinsic electroactivity
and excellent utilization [34].

Nanostructured semiconductor metal oxides of TiO,, ZnO, SnO,,
Fe,O3, WO3, and BiVO, were extensively explored as photoelectrode ma-
terials for solar cells owing to their tunable semiconducting properties, high
stability, and easy fabrication. Mesoscopic TiO film is the main component
of DSSCs, organic photovoltaics, and QDSCs, which helps to capture elec-
trons from the excited sensitizer or quantum dot and allows the easy trans-
port of electrons to the transparent collecting electrode [35,36]. The charge
separation and transports occur at the photoelectrode/electrolyte interface
or within the photoelectrode which is critical for device performance. These
reactions mainly depend on the morphology and structure of metal oxide
used. Thus, metal oxides of different morphologies have been applied to
tailor optical and electronic properties. A systematic study on the influence
of hierarchically structured morphology of different metal oxide (MO) pho-
toanodes on the performance of DSSCs was reported by various research
groups [37—39]. Sun and coworkers reported a novel multifunctional pho-
toanode consisting of one-dimensional (1D) TiO, nanotube arrays modified
by TiO; nanoparticles as the bottom layer and three-dimensional (3D) TiO»
submicron spheres as the top layer by a facile one-pot chemical bath depo-
sition method. The prepared 1D-3D bilayer photoanode demonstrates a po-
wer conversion efficiency (PCE) of 6.93%, leading to a 26.5% increment of
PCE compared to 5.48% by TiO» bare nanotube arrays [40]. A high PCE of
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Figure 4.3 (a) Schematics of the perovskite solar cell architecture with half of its inter-
face covered by cp-TiO, ETL and the other half covered by TiO, nanocolumn arrays.
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9.3% was reported by single crystallike anatase TiO, nanowires network
prepared by an “oriented attachment” mechanism. The resulting nanowire
(NW) shows the high rate of electron transfer through the TiO, film [41].
The effect of length of nanotube can also influence the PCE of DSSC which
was reported by Liu et al. Nanotubes (NTs) with length up to 20.8 um
were achieved which improved the PCE [42]. Recently, vertically aligned
1D TiO; nanocolumn arrays were fabricated by glancing angle deposition to
apply as electron transport layer (ETL) to fabricate functional triple-cation lead
pGI"OVSkitG halide solar cells based on CSO_OS(FAO_83Mon17)0_95Pb(10_83B1”0_17)3
[43]. The schematic representation of the device architecture and the scanning
electron microscopy (SEM) images of TiO; nanocolumn are given in Fig. 4.3.

A promising PCE of 16.38% with 5% boost of short-circuit current den-
sity and a 7% improvement in its power conversion efficiency, together with
a significantly prolonged shelf life, were obtained by careful tuning of the
TiO, column properties. Another potential MO for DSSCs are ZnO and
SnOy; they have a energy band position and physical properties comparable
to T1O;, but these materials have higher electron mobility, which is capable
of improving the electron transport efficiency leading to reduction in
recombination loss. Morphology engineering of ZnO, doping, heterostruc-
tures of ZnO/TiO,, phase and dimensionally controlled synthesis of oxides
at subzero temperatures, etc., succeeded in improving the efticiency of solar
cells [44—49]. The ZnO morphology-dependent PCEs of DSSCs with
respect to various reaction conditions are given in Fig. 4.4.

ZnO demonstrated as a promising ETL to TiO, for perovskite solar
cells (PSCs) exhibiting remarkable efficiency of 18.9% [50]. Recently,
ZnO with a high crystallization multiple cation perovskite absorber
showed a high efficiency of over 20% [51]. Compared to TiO, photoan-
odes, SnOy-based DSSCs are showing less PCE. Zhang et al. fabricated
SnO,@Air@TiO; hierarchical urchinlike double-hollow nanospheres as

(b, ) Top-view SEM images of the cp-TiO, layer (b) and the TiO, nanocolumn arrays (c).
(d, e) SEM image of the perovskite film deposited on a cp-TiO, ETL (d) and on TiO,
nanocolumn arrays (e). (f, g) Cross-sectional SEM image after the deposition of a hole
transport polymer on the part of the sample with only a cp-TiO, ETL (without nanocol-
umns, (f) and the part of the sample with TiO, nanocolumn arrays (g). Reproduced with
permission from American Chemical Society Z. Hu, J.M. Garcia-Martin, Y. Li, L. Billot, B. Sun,
F. Fresno, A. Garcia-Martin, M.U. Gonzalez, L. Aigouy, Z. Chen, TiO, nanocolumn arrays for
more efficient and stable perovskite solar cells, ACS Appl. Mater. Interfaces 12 (5) (2020)
5979—5989.
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Figure 4.4 A comparative study of morphology-dependent J-V curves of hierarchical
ZnO flower growth stages illustrated in FE-SEM images. Reproduced with permission
from Royal Society of Chemistry R. Krishnapriya, S. Praneetha, A.V. Murugan, Investigation
of the effect of reaction parameters on the microwave-assisted hydrothermal synthesis of
hierarchical jasmine-flower-like ZnO nanostructures for dye-sensitized solar cells, New J.
Chem. 40 (6) (2016) 5080—5089.

photoanode. This composite structure of DSSC demonstrated a maximum
efficiency of 6.77% owing to the increased transmission of photogenerated
electrons [52]. Composite and hybrid photoanodes are another promising
alternative for improved performance of DSSCs. GO/SnO; hybrid
nanocomposite-based photoanode for DSSCs have achieved a PCE of
8.3% with higher dye-loading, rapid electron transport, superior light scat-
tering, and lower electron recombination rate [53]. Doping of lithium ions
is proved to be the best way to improve the PCE of SnO»-based solar cells.
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Park et al. reported the fabrication of a highly stable and efficient electron
transporting layer using Li-doped SnO» (Li:SnO») relatively at low tem-
perature in wet-chemical route [54]. The doped Li in SnO, improved con-
ductivity and favored a downward shift of the conduction band minimum
of the oxide, which enabled easy path for the electrons injection and trans-
fer from conduction band of perovskite. An exceptionably high PCE of
18.2% and 14.78% were achieved for the rigid and flexible substrates,
respectively, which is shown in Fig. 4.5.

Perovskites are naturally occurring minerals of CaTiO3, and the mate-
rials which have same type of crystal structure as CaTiOj3 are generally
called perovskite materials [55]. These materials possess a cubic or tetrag-
onal crystal structure with the stoichiometric formula AMXj3, where
both A and M are metal cations with A larger than B and X is the anion,
usually oxides or halogens [56]. Commonly, each cation M is octahedrally
coordinated with the anion X to form MXy octahedra (Oh), which is the
basic building block of the perovskite structure. These Oh units are con-
nected in a 3D corner-sharing configuration, with the cation A surrounded
in the space formed between adjacent MX¢ octahedron to neutralize the
charge of the structure. The unique physical properties of perovskite ma-
terials such as high-absorption coefficient, long-range ambipolar charge
transport, low exciton binding energy, high dielectric constant, ferroelec-
tric properties, etc., make this material a suitable candidate for photovoltaic
applications. Distortions exist in the perovskite structure that results in ox-
ygen nonstoichiometry comprising both oxygen deficiency and oxygen
excess. Thus, perovskite oxides offer great flexibility in redox active sites,
oxygen vacancies, and physicochemical properties with tunable composi-
tions due to the numerous possible substitutions at both A and B sites.
Perovskite oxides can exist in different structures such as double perovskites
and layered perovskite. Owing to its varied compositions and structure, the
material offers excellent thermal stability, redox properties, oxygen
mobility, and electronic and ionic conductivity; perovskites became very
attractive in solar cells around the world. With the advantage of unprece-
dentedly superb optoelectronic properties, together with a carrier diffusion
length of up to ~ 100 um and a low exciton binding energy of ~20 meV,
this material enables the formation of free carriers even at room tempera-
ture, high optical absorption coefficient of ~10> cm ™', and low nonradia-
tive recombination for optoelectronic device applications. PSCs have
shown more impressive progress than other PV technology with the certi-
fied efficiency of 25.2%. However, the poor stability of the perovskite
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Figure 4.5 (a) Cross-sectional SEM image of a PSC. (b) Energy diagram of FTO, ETLs, and
perovskite (CHsNH3Pbls). (¢, d) J-V curves measured at backward-forward scan for
200 ms of scan-delay time. The measurements were performed under simulated AM
1.5 G sunlight of 100 mW/cm?. (e) EQE spectra of the devices comprising SnO, and
Li:SnO; as an ETL, respectively. (f) Histogram of PCEs for 30 devices. Reproduced with
permission from M. Park, J.Y. Kim, H.J. Son, C.H. Lee, S.S. Jang, M.J. Ko, Low-temperature
solution-processed Li-doped SnO, as an effective electron transporting layer for high-
performance flexible and wearable perovskite solar cells, Nano Energy 26 (2016) 208—215.

materials with regard to humidity, heat, light, and oxygen is the main
challenge that should be addressed before its commercialization.
Recently, CsYbIs cubic NCs presented strong excitation-independent
emission and high photoluminescence quantum vyields of 58% [57].
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[HC(NH2)2]0.83Cs0.17Pb(Io.6Bro.4)3, Cs"-Doped 2D (BA)2(MA)3Pbyls,
halide perovskites, with a typical structure of ABX; (A = CH3NH3,
CH(NHQ)E', Cs™; Btheir achieved efficiencies = Pb>", Sn®"; X = CI~,
Br, 17), and a-CsPbls-based PSCs showed promising PCE [58,59]. Addi-
tionally, perovskite oxides with high ionic/electronic conductivity find
good application as anode, cathode, and electrolyte in solid oxide fuel cells
(SOFCs) [60,61]. This material is the practical choice at operation at
700—900°C because of high electrochemical activity for the O, reduction
reaction, high thermal stability, and compatibility. It shows excellent
microstructural stability and long-term performance stability. Perovskite
oxides with nanoporous nature exhibited greater powder density and
lower area-specific polarization for fuel cell applications [62].

Novel nanostructured carbon-based metal-free electrode materials can
be used as superior catalyst supports for energy conversion devices due to
their remarkable electric conductivity. These materials can act as efficient
photo-/electrocatalysts to enable the crucial chemical reactions. These spe-
cific reactions include the oxygen reduction reaction (ORR) in fuel cells
and the iodine reduction reaction in DSSCs. The incorporation of p-
block elements such as N, P, Si, and B, as well as the heteroatoms (O, S,
Se, F, Cl, Br) can greatly improve the device performance. A 3D holey
N-doped graphene of the special hierarchical framework structure, high spe-
cific surface, and rich N species is used for ORR and OER catalysis. The
performance was found to be comparable to the commercial RuO; and
Pt [63]. The peculiarity of carbon structures is the intrinsic defects existing
in carbon structures, which can induce charge transfer and density of state
change, thus creating more active centers for reactions. Various nanoarchi-
tectures, with a range of sizes, shapes, compositions, and structures, have
shown good potential to catalyze the reactions in solar cells and fuel cells.
Several carbon-based nanostructures, such as fullerenes, nanotubes, and gra-
phene are used in solar cells [64,65]. Graphene is most commonly used for
fabrication in carbon-based organic photovoltaic cells due to its excellent
electron transport properties and extremely high carrier-mobility. In addi-
tion, its energy level can be tuned easily through controlling its size, layers,
and functionalization. These materials can be used for the fabrication of
transparent conducting electrodes, as composite for semiconducting layer,
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in electrolyte and as counter-electrodes. These materials are established
as efficient candidates to replace or modify the existing components in
solar cells [66]. Carbon nanotube—based PSCs can exhibit higher
high-temperature operational stability than those of metal-based electrodes.
Interesting report on ex-situ vapor-assisted doping of CNT electrode for
efficient and stable PSCs is shown in Fig. 4.6.

The enhanced conductivity with a favorable energy alignment of modi-
fied CNT is able to achieve a PCE of 17.56% with greater stability. As the
method employed was facile, rapid, and readily applicable to large area,
module process can successfully offer a solution to overcome the efficiency
limit in CNT-laminated PSCs [67].

In the photoanode, graphene materials have resulted in improved photo-
current. Additionally, an atomically dispersed Co-doped carbon catalyst
with a core-shell structure was developed via a surfactant-assisted metal—
organic framework approach and applied to fuel cells. The CoNy active sites
in catalysts revealed unprecedented catalytic activity for ORR with a half-
wave potential of 0.84 V and promising stability in challenging acidic media
[68]. N-Doped carbon nanobubbles, spheres, and their graphene composites
have also showed long-term operational stabilities and comparable gravi-
metric power densities when applied in various energy device applications
[69,70].

Owing to the advantages like low cost, earth abundance, and ease of syn-
thesis and practical applications, metal chalcogenides (MC) have found great
importance for application in energy conversion devices. These nanostruc-
tured materials have found to be an eftective alternative to Pt/C electroca-
talysts in fuel cells. Baresel et al. reported the electrocatalytic activity of
thiospinels and other sulfides for oxygen reduction in acidic electrolytes
[71]. Later, chevrel-phase MosRusSeg chalcogenides and related com-
pounds were reported and showed interesting catalysis properties [72].
Various MC of cobalt, nickel, and iron show unique electrical properties,
excellent catalytic activities, and outstanding stabilities. These materials
were successively used as counter-electrodes (CE) for DSSCs. Electrochem-
ically deposited CoS NPs on flexible conducting oxide films have reported
6.5% of PCE [73]. Accordingly, sulfides and selenides of iron, cobalt, and
nickel (FeS,, FeSe, Cog.g5Se, and NiSe-NisSe,) have been reported exten-
sively as potential low-cost CE materials [74—76]. Chang et al. prepared
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Figure 4.6 (a) Schematic illustration showing structure of planar heterojunction perovskite solar cells based on TFMS doped CNT (b) Current
density-voltage (J-V) curves of the highest efficiency perovskite solar cells incorporating bare CNT and CNT doped by TFMS (30 and 50 s of
doping time). (c) EQE spectra and corresponding integrated short-circuit current density (Jsc) of the device based on bare CNT and CNT
doped by TFMS for 30 s (d) Jsc, (e) open circuit voltage (Voc), (f) fill factor (FF) and (g) power conversion efficiency (PCE) of the perovskite
solar cells incorporating bare CNT and CNT doped by TFMS. Reproduced with permission from American Chemical Society J.W. Lee, I. Jeon, H.S.
Lin, S. Seo, T.H. Han, A. Anisimov, E.I. Kauppinen, Y. Matsuo, S. Maruyama, Y. Yang, Vapor-assisted ex-situ doping of carbon nanotube toward
efficient and stable perovskite solar cells, Nano Lett. 19 (4) (2019) 2223—2230.
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Co9Sg nanocrystal-based nanoinks to fabricate uniform, crack-free CogSg
thin films with a spray deposition technique, and when applied as counter
electrode (CE) for DSSC showed PCE of 7.02 £ 0.18% under AM 1.5 solar
illumination [77]. The morphological features and the photoelectrical and
electrochemical characteristics of the synthesized material are shown in
Fig. 4.7.
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Figure 4.7 (a) Schematic diagram of CogSg nanocrystals synthesized on FTO by spray
deposition; (b) Photograph of CogSg nanoink used for the thin-film deposition; (c)
Photograph of the CogSg nanocrystal thin film deposited on a 10 cm x 10 cm FTO sub-
strate; (d) SEM image of the cross-sectional and plan (inset) views of the CogSg film/FTO;
(e) Photograph of a simulated DSSC cell with 2 cm? working area; (f) Photocurrent
density-voltage plots of DSSCs based on platinum, CogSg on FTO, and CogSg on Mo
CEs obtained under AM1.5 illumination; (g) Nyquist curves of the DSSCs based on plat-
inum, CooSg on FTO, and CooSg on Mo CEs. Reproduced with permission from American
Chemical Society.
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Moreover, along with monometallic chalcogenides, binary and ternary
MC have been successtully applied as CE materials for DSSCs because of
their exceptional electrochemical properties. By the careful control over
chemical composition, ternary and polyphyletic compounds based on
iron, cobalt, and nickel, such as NiCoSe, Co-Fe-Se/S, and NiCo,Oy, pro-
vided catalytically active CE with good electronic conductivity [78—80].
Bimetal transition metal alloys and compounds such as MIn,S; (M = Fe,
Co, Ni), NiCo,S4, CoFeS,, and (Ni, Fe) S; also successfully reported and
exhibited high performances due to the coexistence of two different cations
in a single crystal structure [81,82]. Among them, siegenite (NiCo,S4) with a
normal thiospinel crystal structure unveils outstanding electrocatalytic per-
formance due to the synergistic interactions between Co>">" and Ni*".
The hierarchical nanostructured NiCo,S4 with urchinlike, porous sheetlike,
hexagonal, and flowerlike morphologies has been extensively reported for
Pt-free DSSCs. However, the use of pristine materials as CEs is facing metal
aggregation problems; so its application in DSSCs is limited. A possible
solution to this problem is to make a composite with graphene. Graphene
is particularly interesting because of its layers of two-dimensional (2D)
sp>-bonded carbon sheets, its unique structure, and exceptional physical
properties, such as high electrical and thermal conductivities, mechanical
flexibility, charge transport mobility, huge specific surface area, good
chemical stability, and optical transparency. Thus, nanocomposites of carbon
nanotube and graphene-integrated transition metal-based electrocatalysts
have abundant research consideration. Accordingly, the growth of
nanocrystalline NiCo,Ss on graphene nanosheets (GNSs) has been
reported as the GNSs serve as 2D electrical conductive scaffold to
electroactive NiCo,S4 and also are capable of enhancing charge transport
factors, thereby refining the electrochemical performance. A sustainable
rapid microwave-solvothermal (MW-ST) synthesis approach to develop
NiCo5S4 nanocrystals and their nanohybrids with GNS was reported
with a PCE of 7.98% [83]. The morphological features and the PV perfor-
mance of the CE are given in Fig. 4.8.
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Figure 4.8 FE-SEM images of NiCo,S, nanocrystals with (a) nanocrystalline aggregates (NCS-1), (b) the NiCo,S4—graphene hybrid (NCS-1/GNS), (c) tremella-like NCS-2,
and (d) porous bead-cum needlelike NCS-3 and prepared by the MW-HT/ST method. The inset figures show the magnified FE-SEM images of the respective samples. (e)
A comparative plot of J—V curves of DSSCs fabricated with different morphologies of pristine NiCo,S,4, the NCS-1/GNS hybrid, Pt and pristine GNS counter-electrodes
and a comparative histogram of power conversion efficiencies (PCEs) versus respective counter-electrodes (CEs). (f) Comparative IPCE spectra of DSSCs fabricated with
different morphologies of pristine NiCo,S4, NCS-1/GNS hybrid, Pt and pristine GNS counter-electrodes showing high photoresponse. Reproduced with permission from
Royal Society of Chemistry R. Krishnapriya, S. Praneetha, A.M. Rabel, A. Vadivel Murugan, Energy efficient, one-step microwave-solvothermal synthesis of a highly electro-
catalytic thiospinel NiCo,S,/graphene nanohybrid as a novel sustainable counter electrode material for Pt-free dye-sensitized solar cells, J. Mater. Chem. C 5 (12) (2017)
3146—3155.
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4.4 Conclusion

Energy conversion devices require efficient materials which possess
distinctive electrical, optical, mechanical, and thermal properties. Recently,
the development of nanoscience and technology has helped to meet the
requirement of many materials for full application impact. During the past
few years many multifunctional nanomaterials have been developed for en-
ergy applications. The advancement in this area is achieved by the properties
such as excellent electrical and thermal conductivity, exceptionally large sur-
face area, and chemical stability. The main challenges behind the multifunc-
tional material are the higher performance limit, fewer functions, toxicity,
availability, and high cost. Deep understanding of structure-property-rela-
tionship with the help of advanced characterization techniques is required
in order to realize the large-scale commercial application of these materials.
Although the energy conversion device performance using these materials
enhanced considerably, to meet the future energy demands more develop-
ments are needed.
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