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Chapter 1 addresses basic concepts, mechanisms and working principles of semiconductor/
dye-sensitized solar cells including a brief detail of performance parameters allied with their
photovoltaic property, feasibility and practicability. The chapter is concluded with the current
state-of-the-art scenario and challenges related to ZnO based photovoltaic cells along with

recent advancements of the sensitizers, electrolytes and counter electrode materials.

Chapter 2 describes general procedures followed to fabricate semiconductor/dye-sensitized
solar cells. Basic instrumentation techniques/methods used for materials characterization,
device fabrication and characterization, along with detailed procedures followed to evaluate
photovoltaic parameters of any device are demonstrated. Rudimentary concepts and
understanding of specific instrumentations such as, solar simulator (Newport Sol3A),
incident photon-to-current conversion efficiency analyzer (IQE 200), and electrochemical

impedance spectroscopy (EIS) measurements are being demonstrated.

Chapter 3 presents an idea to utilize a ternary composite of ZnO, CdS, and graphene oxide
(GO), wherein hierarchical ZnO-CdS heteroarrays are well-embedded onto 1.0 wt % of GO
sheets, as a one-coat paintable solution for semiconductor-sensitized solar cells (SSCs).
Accomplishment of an efficient physical separation of photogenerated charge carriers within
the hybrid ZnO-CdS—-GO photoanode results in an excellent PCE of ~2.82 % for the SSCs
against Pt as a counter electrode and a S?7/S,?~ redox couple as the electrolyte. In contrast,
identical SSCs constructed with Ag as a counter electrode shows a deprived PCE ~1.96 %.
It can be ascribed to the possible corrosion of Ag electrode when comes in direct contact
with S*7/S,%- electrolyte. Notably, a favorable band energy alignment among CdS, ZnO, and
GO entities of hybrid photoanode facilitates the electronic interactions between ZnO—-CdS
and GO. This in turn minimizes the charge recombination and alleviates the device

efficiency. It is further confirmed by the poor performances of GO-free SSCs fabricated with
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ZnO-CdS photoanode counterparts, which afforded a PCE of ~1.92 % (for Pt) and ~1.08 %
(for Ag). Electronic interactions between ZnO-CdS and GO are confirmed from drastic

guenching of fluorescence, reduced exciton lifetime and Raman scattering measurements.

/‘\
CdS-ZnO-GO
S

UV-Visible
Indium tin oxide

Glass substrate

ACS Applied Mater. Interfaces 2013, 5, 11673-11682
J. Phys. Chem. C 2012, 116, 150-156

Chapter 4 presents a maverick approach to mimic the common properties of a heteroleptic
type Ru dyes for dye-sensitized solar cells (DSCs) fabricated using a newly synthesized dye
Ru'(dppz-COOH)2(NCS). as an efficient photosensitizer for one-dimensional ZnO nanowires
(1D ZnO NWSs), Pt as a counter electrode, and Coll/lll-complexes of 2,2"-bipyridine (bpy)
and 1,10-phenanthroline (phen) as the redox electrolytes. The key features of the new Ru
dye is two-fold: (1) a broad visible range absorption due to an intense metal-to-ligand charge
transfer (MLCT) absorption band, and (2) an efficient dye loading capacity due to its optimal
size. The electronic structure of Ru dye, as computed from DFT at a B3LYP/LANL2DZ/6-
31G level, probes its typical MLCT transition and a favorable charge transfer feasibility from
the LUMO of dye to the conduction band (CB) of ZnO via the anchoring carboxylic groups. A
combination of 1D ZnO NWs and an efficient dye afforded excellent PCEs of ~5.9 % and
~5.6 % for the DSCs using Co-bpy and Co-phen based electrolytes, respectively.

1D ZnO Nanowire ZnO Nanoparticle

TN e

1D Charge transport Random transport

HOOC COOH HOOC COOH

FTO

PCE =5.9% PCE 4 0%

J. Phys. Chem. C 2015, 119, 3892-3902
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The pivotal role of inherently faster charge transport property of the ZnO NWs to enhance
the device efficiency is evidenced from the lower performances of identical DSCs fabricated
with ZnO nanopatrticle (NP) counterparts, yielding PCEs of ~3.5 % (Co-bpy) and ~3.6 % (Co-
phen). The overall photovoltaic performances of the DSCs establish a promising light
harvesting feature of the dye and a prominent charge transport through single crystalline
ZnO NWs in contrast to the ZnO NPs. Electrochemical impedance spectroscopy (EIS)
analysis provides an insight into the interfacial charge transfer dynamics, recombination
kinetics, and a prolonged photoinduced electron lifetime of the DSCs composed of ZnO NWs
in contrast to ZnO NPs.

Chapter 5 presents the combined effects of ZnO NWs and a newly synthesized metal-free,
donor—r linker—acceptor (D—11—A) type, carbazole dye (SK1) through the fabricated DSCs.
An excellent PCE of ~5.7 % has been achieved by employing Co-bpy as the one-electron
redox mediator and ~4.7 % for the traditional 137/I” electrolyte. To claim the persuasive role of
superior electron transport property of the 1D ZnO NWs to enhance the device efficiency, a
comparative study by means of the DSCs fabricated with ZnO NPs has been demonstrated,

which resulted in PCEs of ~3.6 % and ~3.2 % for Co-bpy and Is7/I” couples, respectively.

FTO Acceptor . Donor Pt L 3 [..=12.2 mAlem?
V. =719mV
PCE =69
LUMO "
225eV

[ |

_ (D—n—A) SK1 dye Zn0O,,
ACS Applied Mater. Interfaces 2014, 6, 12629-12639

In addition, presence of electronic interactions between the SK1 dye and ZnO favoring a
photogenerated charge migration from the LUMO of SK1 to the CB of ZnO are evidenced
from the significant quenching of photoluminescence and exciton lifetime decay of SK1 dye,
when anchored to ZnO architectures. The spectroscopic and electrochemical techniques are
used to estimate the band energetics of the dye. DFT calculations at a B3LYP/6-31+G(d)
level probes the electronic distributions of SK1 dye in its HOMO and LUMO levels. A typical
D—11—A configuration of SK1 provides an intramolecular charge transfer feasibility prompting

an electron migration from the carbazole unit (donor) to the cyanoacrylic moiety (acceptor)
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via an oligo-phenylenevinylene (t-linker) group, witnessing an electron transfer from the

LUMO of SK1 dye to the CB of ZnO through anchoring carboxylic groups.

Chapter 6 presents the utilization of a noble-metal-free counter electrode material based on
Cu2ZnSnS, (CZTS) microspheres loaded with MoS; for efficient solar cells based on ZnO
NWs co-sensitized with CulnS; and CdSe quantum dots (QDs). An ex-situ electrophoretic
deposition route is employed to deposit the QDs onto ZnO NWs that are epitaxially grown on
ZnO seed layered FTO substrates. ZnO NWs have also established an excellent stability

against the external bias conditions applied to fabricate the photoanodes of the devices.

MoS, nanosheets

MoS, nanosheets
J. Mater. Chem. A 2015, 3, 14378-14388

Superior photovoltaic performance of CulnS—CdSe QD co-sensitized cells (PCE ~4.5 %)
are compared with that of bare CulnS, (PCE ~1.3 %) and CdSe (PCE ~2.8 %) counterparts.
The present study also demonstrates an enhanced photovoltaic performance of the devices
fabricated with 1.0 wt % of MoS; loaded CZTS based counter electrodes in contrast to bare
CZTS. Hydrothermal loading of MoS; to CZTS generates an electrically interconnected
network of CZTS microspheres, leading to a facile charge transport in the counter electrode
of the devices. MoS: in its hanosheet form acts as electrical bridges that interlink the CZTS
microspheres. Additionally, a favorable band alignment of CZTS and MoS; stimulates the
charge transfer dynamics in CZTS—MoS; compaosite. Electron transport and recombination

kinetics of the devices are measured using electrochemical impedance spectroscopy.
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Chapter 1
I

Introduction and
Literature Review

This chapter address the basic concepts, mechanisms and working principles of semiconductor/
dye-sensitized solar cells including a short detail of the specific performance parameters related
to the photovoltaic property its feasibility, and practicability of the devices. The chapter is
concluded with a brief literature survey of current state-of-the art scenario and challenges related
to ZnO architecture based photovoltaic cells for the energy conversion.
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Dipankar Barpuzary Chapter 1

1.1. IMPORTANCE OF SOLAR CELLS: AN OVERVIEW

Rising global energy demand has estimated a hike in the present annual consumption of energy
by more than 50 % till the end of next two decades. Statistical analysis showed an annual global
energy consumption rate of ~13 TW in the year 2000, while a constant growth of population and
energy demand has projected a need of ~28 TW of energy by 2050.1-2 The statistics of annual
global energy consumption and production capacity from different renewable and non-renewable
energy sources are shown in Figure 1.1.° Assuming that the current strategies and existing
practices remain persistent, most of the energy production is expected to be fulfilled from fossil
fuels (coal, oil, natural gas). However, a commensurate increase of CO2 emission by combustion
of fuels is also anticipated. Despite there exist several renewable natural resources (hydroelectric,
solar, wind, hydrothermal, and biomass), solar power has been deemed as the most economic and
viable source for the development of a globally sustainable society.” Notably, a large flux (~1.7 x
10° TW) of solar energy strikes on the earth’s surface, which predicts a practical terrestrial global
solar power of ~600 TW. Therefore, a pragmatic approach to use even a ~10 % of this colossal
amount of energy can generate a global power supply up to ~60 TW. To meet the same, more
scientific efforts are needed in the development of economic strategies that can access to a direct
solar harvesting feasibility. In view of this, recent technological advancements of direct solar-to-

electricity conversion devices have been materialized as one of the most promising alternatives.
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Figure 1.1 (a) World annual energy consumption by source, 2012.5 (b) Renewable energy as share of total primary
energy consumption rate, 2011.5 (c) Improvement in the solar photovoltaic total global capacity from the year 2004
to 2013.7 (HE = hydroelectric, GT = geothermal, PV = photovoltaic)

Brian O'Regan and Michael Gratzel of the University of California, Barkeley, USA co-invented
the modern version of a solar cell based on a thin layer of TiO2 nanoparticles impregnated with a
Ru dye in 1988, which was developed further and published in 1991 as the first high efficiency

dye-sensitized solar cell (DSC).2 As a result of their accomplishment, the current state-of-the-art

1
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Dipankar Barpuzary Chapter 1

scenario of photovoltaic technology has been modified and improved dramatically. The maverick
approch by Gratzel et al have paved a way to achieve high power conversion efficiency (PCE)
and opened exciting opportunities to discover novel materials. The challenge to review the DSC
research field has also spurred the researchers to develop, synthesize, and modify the innovative
or prevailing materials to be incorporated in solar cells for high throughput.® In this regard,
targeting superior PCE clutched with cost-effective fabrication routes, a large variety of
semiconductor materials, organic molecules, metal complexes, and polymers are explored as the
molecular components for the construction of solar cells of diverse configurations.®* An open-
ended research testing a number of structures, prototypes, and modules of DSCs have developed
further a new class—semiconductor-sensitized solar cells (SSCs)—as a prototype, relying on the
same working principles as that of DSCs.'4® The SSCs involve semiconductor nanomaterials or
quantum dots (QDs) as the light harvesting units (in contrast to the dyes in the case of DSCs)
have also shown promising efficiency to convert the solar photons into electricity.!*

If we look back at the practical acquirement of direct conversion of the solar energy into
electricity, the conventional Si-based solar cells have primarily gained a promising commercial
enactment.!’” Even if high efficiency, eco-friendliness, and earth-abundant material source have
built a stable platform for this class of solar cells, their energy-intensive fabrication and high-cost
processing still demand the production of alternate high-efficiency devices at a larger scale for an
extensive indoor—outdoor applications.’® Indeed, recent growth of DSCs and SSCs exhibiting
PCEs up to ~13 % and ~8.5 %, respectively, have challenged the traditional Si-based solid-state
photovoltaic at a nano and molecular level.**?° Thus, concerning the key issues like scalability,
compatibility, and practical execution, DSCs and SSCs have been deemed to be the most popular
alternatives of Si-based photovoltaic assemblies affording PCEs of ~14-17 %.%212% DSCs and
SSCs are advantageous due to their structural diversity and a facile functionalization tunability of
different components by chemical modification to fulfil the basic prerequisites for better device
performance such as, light absorption, charge separation, and electron transport. In addition, wet-
chemical processed low-cost fabrication compatibility of a few constituents of DSCs by means
of specialized techniques like screen printing,?’ doctor blading,?® inkjet printing,?® and spray
deposition® stimulate their potential role to achieve high throughput. Paradigms include the
fabrication of a reliable DSC with an active area of ~225 cm?, the largest single-cell DSC in the

world, affording a PCE up to ~7.2 %.3! The advancements of economic tools to meet a reliable
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production of such modules enriched with good performance, stability, and durability need
further development of manufacturing technologies. Prime target to promote a cheaper industrial
processing of photovoltaic cells at a larger scale demands a mass production in flexible, light
weight, thin, and bendable forms, to facilitate portable and wearable applications.®? Specially,
DSCs avail a compelling feature of a roll-to-roll production compatibility due to their adaptable
fabrication onto flexible transparent conductive oxide (TCO) substrates under low temperature
and pressure based conditions.® It also provides an upper hand to the DSCs over conventional
thin film solar cells based on Si or copper indium gallium selenide, requiring expensive vacuum
equipments.®* Despite the possibilities to fabricate SSCs onto polyethylene terephthalate (PET)
based flexible TCOs has been already explored,312>% they still demand enormous advancements

to meet a pronounced mass production level similar to that of the DSCs.
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o
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Figure 1.2 Examples of a few flexible DSC modules launched by different companies for the practical applications.
Source: Google, G24i Innovations Ltd., UK.

A few companies such as, G24i, BASF, Bosch, Sony, Toyota, Panasonic, Dyesol, etc. have
already entrenched pilot production lines to generate light-weight, flexible, and thin DSC
modules to harness visible light into electrical energy.®® For instance, flexible camouflaged
solar panel for military,®” solar lantern,® and backpacks loaded with flexible DSC modules®
(Figure 1.2) have already gained primary consumer applications. Essentially these type of bigger
DSC modules are comprised of a number of tiny DSCs that are connected in series. In these
modules, the highest possible ratio of active area per device is often sought to achieve superior
performance efficiency. However, to meet a practically executable level, bigger DSC modules
have some limitations. The most common issues that are often encountered and need sincere
attention are (1) limited weight against smaller tolerance and (2) possibility of defect formation
by the materials used for insulation between adjacent cells or protection of current collectors. All
these points are directly relevant to the advancements of solar cell based commercial products. In

future, the applications of DSCs and SSCs might include roofing and other building materials.
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1.2. COMPONENTS OF DYE/ SEMICONDUCTOR-SENSITIZED SOLAR CELLS

In the brief overview of solar cell technology, the promising role of newly developed strategies
(DSCs and SSCs) to convert the solar energy directly into electricity is already been discussed.*
Following an identical framework, basic model of both DSCs and SSCs is composed of an anode
and a cathode separated by an electrolyte, as shown in Figure 1.3. The anode consists of a TCO
coated with a thin and transparent film of a wide band gap oxide material that is sensitized with a
dye/semiconductor; whereas the cathode is a metal or non-metal coated on TCO substrate. The
primary configuration of DSCs or SSCs comprises of four key components, as discussed below.

(a) At the heart of the device is a thin film (~8-10 um) of a wide-band gap semiconductor
oxide (ZnO, TiO2, SnO; etc.) deposited on a TCO substrate, which is often an indium tin
oxide (ITO) or F-doped tin oxide (FTO) coated glass or FTO coated PET substrate.

(b) The component attached to the surface of oxide film is a monolayer of charge-transfer
dye or a mono/multi-layer of semiconductor, acting as the photosensitizer.

(c) A redox electrolyte to regenerate the sensitizer. The common electrolytes used in DSCs
are iodide/triiodide (Is7/1") and cobalt""" complex based redox couple in acetonitrile,
while an aqueous solution of sulfide/polysulfide (S%/S»?") redox couple is used in SSCs.

(d) A metal/non-metal based counter electrode. The most common counter electrode is a thin

layer of Pt, deposited on a TCO by spray deposition or spin coating method.

e e

Counter
electrode

Redox
electrolyte

Photo
sensitizer

Zn0O
TCO or TiO,

Figure 1.3 Schematic showing the electron transfer and the components of a typical sensitizer-based solar cell.

When light is illuminated, photons having an energy of ~0.5-3.5 eV, strikes the top of the DSCs
or SSCs and penetrate to the sensitizer through the TCO and transparent oxide film. The photons

of energy equal to, or more than the band gap of dye/semiconductor sensitizer produce an
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effective excitation of electron from the highest-occupied molecular orbital (HOMO)/valence
band (VB) to the lowest-unoccupied molecular orbital (LUMO)/conduction band (CB),
generating an electron-hole pair. This pair, called as exciton, then relaxes with a binding energy
of ~1.0-0.14 eV.*** The excitonic binding energy of a typical semiconductor remains within a
few millielectron volts, while the same in the case of organic dyes are relatively higher due to

their localized electron and hole wave functions and lower dielectric constant values (e = 3-4).

HOMO/VB

TCO Oxide Sensitizer Electrolyte Cathode

Figure 1.4 Schematic band diagram of a sensitizer-based solar cells under normal operating conditions. HOMO/VB
and LUMO/CB represents ground and excited state of the dye/semiconductor sensitizer, respectively.

To generate photocurrent in a device, this Coulombic bound electron-hole pair needs to get
separated into its individual components (Figure 1.4), if not then it eventually recombines and
loses via competitive processes like radiative photon emission (fluorescence) and non-radiative
thermal decay. For the DSCs and SSCs, exciton dissociation relies on the gradients of potential
difference created across the interface of sensitizer material and mesoscopic oxide film. The
photoinduced electron transfers from the sensitizer to the CB of oxide through the interfacial
bonds between the sensitizer and oxide. In order to get an effective injection, the oxide material
should possess a more positive CB potential in contrast to that of the LUMO/CB of
dye/semiconductor sensitizer. Meanwhile, the sensitizer loses an electron and gets oxidized. The
oxidized sensitizers bonded to the oxide film do not have energy channels to diffuse into
photoanode. As a result, they get reduced immediately by the redox couple present in the
electrolyte. Notably, to accept electrons from the redox couple efficiently, the HOMO/VB level
of the sensitizer must be more positive than that of the redox potential of the electrolyte.** The
redox couple is finally reduced by mechanically diffusing to the bottom of the cell, where the
counter electrode re-introduces an electron after flowing through an external load. The electron

migration from the anode to counter electrode basically closes the device circuit.*
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1.3. WORKING PRINCIPLE
To have a better understanding, the mechanism and basic charge transfer processes taking place
in DSCs and SSCs can be further explained in a step-wise manner as explained below.
(a) Sensitizers adsorbed onto semiconductor oxide (SCO) excite the electrons upon photon
absorption from the ground state (S) to excited state (S*) and quickly inject them to the
CB of SCO. At the same time, the photosensitizer generates its oxidized state (S*).
S+hy—>S* 1)

$* 5 S$* +e7(SCO) @)
(b) The accumulated electrons, injected from the LUMO/CB of sensitizer to the CB of SCO,
are transported through a TCO back contact to the counter electrode by external circuit.

(c) The oxidized sensitizer (S) accepts electron from the redox electrolyte (E) leading to the

regeneration of the ground state (S), and in turn, the electrolyte gets oxidized to E*.

S*+e —>S (3)
E-e > E" 4)
E*+e” >E (5)

(d) The oxidized electrolyte (E") then diffuses toward the counter electrode, accepts the

electron and again gets reduced to E.

E (eV)vs. Sensitized Dye or Redox Counter
Vacuum Zn0, TiO, Semiconductor Electrolyte Electrode
A — m
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Figure 1.5 Schematic showing the prime components of a dye- or semiconductor sensitized solar cell along with the
step-wise charge transfer processes taking place in the device circuit. Green and red colored arrows represent the
basic forward and back electron transfer processes taking place within the device.
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The current understanding of charge transfer processes concludes that the performance of a DSC
or SSC primly depends on four energy levels of their constituting components—(1) excited state
(LUMO/CB) of sensitizer, (2) ground state (HOMO/VB) of sensitizer, (3) Fermi level of oxide
layer, and (4) redox potential of electrolyte.*® Hegfeldt et al. have discussed the mechanism of
charge transfer dynamics and kinetics picture for DSCs.*” A similar picture can again explain the
working principles of a sensitizer-based solar cell of the present work (Figure 1.5). The reactions
1 and 2 explain the photogeneration of electron—hole pair from the sensitizer and the injection of
electrons into oxide semiconductor film on TCO, respectively. Even if there exist a number of
different perspectives of charge injection process,’® DSCs usually undergo an ultrafast dynamics
with an injection rate within a fs scale, while for SSCs this rate remains within a ps range.*® It is
observed that the charge separation is taken care of by a kinetic competition between two
processes—(1) excited-state charge transfer to the CB of oxide film (reaction 2) and (2) decay of
excited-state to the corresponding HOMO/VB of sensitizer (reaction 3). Notably, to achieve a
higher photocurrent, the time scale of electron injection reaction should be much faster than the
radiative decay of sensitizer. Ideally, photogenerated electron accumulated in CB of oxide layer
should transport all along the semiconductor film efficiently, without recombination to sensitizer
(reaction 5) or to electrolyte (reaction 6). However, in real time devices, the presence of such
back electron transfer reactions attenuates their overall output electric power. To minimize such
electron loss, a process called as necking (TiCl, treatment) is often carried out to the oxide film.
The back electron transfer probability can be evaluated by the recombination reactions taking
place at the oxide/sensitizer/electrolyte interface during the transport of electrons from one oxide
particle to the adjacent particle within the oxide layer.*** The recombination to sensitizer
species usually occurs in a micro to millisecond range, while the recombination to electrolyte
takes place in an order of millisecond to seconds. On the other hand, the photogenerated hole
remains on the sensitizer due to a well-separated nature of the HOMO/VB level of sensitizer in
contrast to that of the other energy levels of the device. The oxidized sensitizer is therefore
regenerated back by gaining an electron from the redox couple in the electrolyte in a micro to
nanosecond time scale.®! The electrolyte in turn gets oxidized, and then diffuses to the counter
electrode to accept electron from the external load to regenerate within a nanosecond scale. Thus,
the photoexcited electrons that are injected from the sensitizer to oxide semiconductor film flows

through an external load and finally get collected back at the counter electrode.
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1.4. SOLAR CELL PERFORMANCE PARAMETERS

Photovoltaic performance of a solar cell can be defined by means of a few physical parameters:
(1) short-circuit current density (Jsc), (2) open-circuit voltage (Voc), (3) fill factor (FF), (4) power
conversion efficiency (PCE, r), and (5) incident photon-to-current conversion efficiency (IPCE).
In general, the solar radiation striking the earth’s surface is maximum when the sky is clear and
the sun is directly overhead, creating the shortest path length through the atmosphere. This path
length is known as the air mass (AM) and can be expressed as AM = 1/cos ¢, where ¢ is called
as the Zenith angle (angle of elevation of the sun) as shown in Figure 1.6a. To compare solar
cells characterized in different laboratories all over the world, a simulated solar spectrum of AM
1.5 G (global) corresponding to a ¢ = 42° and a normalized integrated irradiance of 1000 W.m™2

is used as the standard to test their efficiency.

(@) Zenith (b) J
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Figure 1.6 (a) Solar radiation path length in air mass (AM) unit and the zenith angle. (b) Typical photocurrent—
voltage (J-V) curve of a solar cell under the dark conditions and AM 1.5 G simulated solar illumination.

Performance parameters of a solar cell like Jsc, Voc, maximum power (Pmax), FF, and PCE can be
evaluated from its corresponding photocurrent—potential (J-V) curve. A schematic J-V curve
showing the effect of light on current characteristics is shown in Figure 1.6b. In principle, Jsc is
the current flowing through a solar cell when voltage across the cell is zero, and is obtained by
the collection of electrons that are generated under photoexcitation. The number of photoinduced
electrons increase with an increase in intensity of incident light due to a release of more number
of photons to strike the device. To eliminate the area dependence of solar cells, the value of Js is
expressed in mA.cm= unit. On the other hand, Vo of a solar cell is the maximum obtainable
voltage at zero current. It can also be defined as the difference between the Fermi level of oxide

semiconductor coated on TCO and redox potential of electrolyte. The FF, which can take values
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between 0 and less than 1, is defined as the ratio of the maximum power (Pmax) of a solar cell per
unit area divided by the Voc and Jsc values, according to eq. (6).

FF = P max _ ‘]max vaax (6)

- Jse xVoc - Jse xVoe

where Pmax Of @ solar cell can be obtained from the product of photocurrent and photovoltage at
the maximum power output (square box shown in Figure 1.6b). The overall PCE for a solar cell
is given by the relation among Js¢, Voc, FF, and the intensity of the incident light (Pin), €q. (7)

Jse XxVoc x FF
n= T (7)
Another fundamental parameter related to the performance of a solar cell is IPCE, which
accounts for the number of photons generated in the cell at specific wavelength (A). IPCE
corresponds to the photocurrent density produced in the external circuit under monochromatic
illumination divided by the photon flux that strikes the cell. It can be expressed using eq. (8).

Jsc(1)

A% Pin(4)

IPCE =1240x (8)
1.5. MATERIALS DEVELOPMENT

1.5.1. Nanostructured Semiconductor Metal Oxide Electrode

A key to the breakthrough for DSCs in 1991 was the involvement of a randomly packed TiO>
nanoparticulate film, with an enormously high internal surface area, to support the monolayer of
a Ru dye sensitizer.® As a common feature of this maverick approach, nanocrystalline TiO; in
particle form and diverse specific morphologies are continuously being explored as the electron
transport building block of sensitizer-based solar cells. Even if TiO2 exhibits highest PCEs for
both DSCs (~13.6 %)*° and SSCs (~8.5 %),%° a number of alternate n-type semiconductors like
binary (ZnO, SnO2, Nb2Os) and ternary (SrTiOs, Zn,SnSs) metal oxides or their core—shell
structures have also been used as scaffolding for hosting the sensitizers and to provide efficient
electron transport.>2-%” Amongst them, ZnO-based nanoarchitectures have been studied most
comprehensively due to their intrinsic peculiarities such as, (1) wide band gap similar to that of
TiO2, (2) superiority in electron mobility,%8"* (3) highly crystalline hexagonal wurtzite structure,
(4) lesser grain boundaries, and (5) readily tunable morphologies. A comparative study of basic
electronic and optical properties of ZnO with TiO, and SnO: is shown in Table 1.1.728% In

principle, unique combination of esteemed properties of ZnO opens wide possibilities to generate
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richest family of nanostructures—spanning from randomly assembled nanoparticles to highly
ordered nanotube arrays or single-crystalline nanorods—for the design and development of
DSCs and SSCs.88 Moreover, excellent electron mobility, high CB edge enabling larger Voc
values among various candidates to electron transporters, with considerable superiority in device
efficiency (~7.5 % for DSCs and ~6.2 % for SSCs)®8” make ZnO a competitive alternate to the
TiO2 benchmarks. Indeed, for DSCs, ZnO is the first candidate to reveal the possibility of an

irreversible electron injection from a dye molecule into the CB of a semiconductor material.

Table 1.1 Structural and electronic properties of electron transporting oxide materials generally used in solar cells.

Parameter ZnO TiO2 SnO:2 Ref.
Crystal structure wurtzite rutile, anatase rutile 72-75
Band gap (eV) 3.2-3.4 3.0-3.2 3.6-3.8 72-76
Conduction band minimum (eV) —4.36 -4.41 -4.88 77
Electron effective mass 0.26 9.0 0.275 78-80
Static dielectric constant (g1 ) 9.26,8.2 86,170 14,9 81
Electron mobility (cm? v s™) 130-200 0.1-4 200-250 72,80, 82
Effective electron diffusion coefficient (cm?s?)  1.1x10*  4.3x10* 7.3x10° 83

Recent advancements on ZnO based nanoarchitectures have presented attractive features, not
only through the applications in DSCs and SSCs, but also in polymer solar cells, 28 QD solar
cells (QDSCs),%*°t and light emitting diodes.®? A large variety of morphologies of ZnO, obtained
by different techniques (hydrothermal, chemical bath deposition, electrophoretic deposition,
spray pyrolysis, polyol hydrolysis, chemical vapor deposition etc.), are being utilized to improve
the efficiency of DSCs, as shown in Table 1.2%14 Notably, even if the use of ZnO in DSCs has
been significantly increased in recent years, it is still the runner up to TiO2 counterparts in terms
of efficiency. It can be ascribed to two possible issues: (1) the formation of interfacial charge
transfer state between the dye and ZnO surface, which practically limits an efficient generation
of photoinduced free-charge carriers!*>'® and (2) a lower chemical stability of ZnO against both
acidic and basic conditions, in contrast to that of TiO..>'!" In addition to DSCs, benefits of
electron transport property and tunable morphologies of ZnO have also received promising
interest in the advancements of SSCs in the past few years, especially in QDSCs. QDSCs are a
special class of SSCs wherein inorganic semiconductor QDs are employed to harvest the solar
photons. QDs also enable a size-controlled band gap tunability, enhanced light absorption, higher
extinction coefficients, a multiple exciton generation by carrier multiplication or impact

ionization, a feasible extraction of hot charge carriers, etc.14118-120
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Table 1.2 Photovoltaic performance of different morphologies of ZnO, their combinations, and composites with
other semiconductor materials reported for dye-sensitized solar cells (NWSs: nanowires, NPs: nanoparticles).

ZnO structures Sensitizer  Jsc (MA.cm™?) Vo (V) FF (%) 75 (%) Ref.
Hierarchical aggregates N719 19.8 0.64 59 7.5 86
ZnO NWSs/TiO; shell N719 15.5 0.77 - 7.0 93
Commercial nanopowders N719 18.1 0.62 58 6.6 94
ZnO tetrapod/Sn0,/Zn0 core-shell NPs ~ N719 16.3 0.65 59 6.3 95
ZnO aggregates/TiO; shell N3 15.8 0.70 56 6.3 96
Hierarchical aggregates N3 21.0 0.66 44 6.1 97
Nanosheet D149 18.0 0.53 63 6.1 98
Oriented porous film D149 12.2 0.69 65 5.6 99
NPs + scattering hollow cavities N719 15.7 0.56 62 5.5 100
NPs D102 17.4 0.63 48 54 101
Hierarchical aggregates N3 18.7 0.65 45 54 102
Hierarchical aggregates D205 12.2 0.65 67 5.3 103
ZnO/Nb20s shell N719 12.4 0.71 59 52 104
Tetrapod-like ZnO nanopowders D149 12.4 0.60 65 4.9 105
Nanosheets/NWs N719 10.9 0.68 65 4.8 106
Self-assembled nanostructures N719 10.7 0.71 62 4.7 107
NWSs/NPs N3 15.2 0.61 46 4.2 108
Hierarchical NWs/nanoporous layer D149 12.3 0.57 58 4.1 109
Mesoporous film N719 11.8 0.65 52 4.0 110
Hierarchical NWs N719 8.8 0.68 53 2.6 111
NWs D102 14.1 0.55 34 2.6 112
Nanorods Z907 6.4 0.72 49 2.3 113
NWs N719 9.3 0.67 34 2.1 114

Since the dawn of QDSC design and fabrication, nanocrystalline TiO2 matrices are being used as
the electron transporters. However, enormously high surface area of TiO: films tends to clog the
mesopores upon QD loading, eventually hindering the free-charge injection, smooth diffusion of
electrolyte, and adequate loading of QDs to the interior of oxide films.'?* To avoid such glitches,
open-type structured (nanorods, nanowires, tetrapods, nanotubes, nanosheets) sensitizer scaffolds
have been developed to achieve a facilitated photogenerated carrier transport, a retarded
electron—hole recombination rate, and facilitated diffusion of redox electrolytes in the devices.'??
Most of these open-type structures are built on a one-dimensional (1D) geometric platform and
hence, hold single or quasi-single crystallinity. The 1D structures also favor charge transport and
minimizes recombination, thereby improving electron collection due to the existence of a grain
boundary-free unidirectional pathway toward the external circuit. In this regard, rational design
and development of a plethora of 1D ZnO nanowire morphologies has got a real knack due to
their aptness of crystallization and anisotropic growth, in contrast to the TiO2 counterparts.123-138

Superior performance of 1D ZnO nanostructures over randomly packed nanoparticulate films are
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evident from the results presented in Table 1.3.22713 However, 1D ZnO nanostructures have
some limitations. One of the possible issues is their low surface area stunting sufficient sensitizer
uptake. To improve the present scenario of ZnO based DSCs and QDSCs, in this thesis, we have
intended to cast some light on—(1) surface engineering, (2) careful control of the concentration

and sensitization time, and (3) the exploration of best techniques to use for sensitizer uptake.

Table 1.3 Photovoltaic performance of different open-type morphologies of ZnO and their combinations reported
for semiconductor quantum dot sensitized solar cells. (NWs: nanowires, NPs: nanoparticles).87.123-138

ZnO structures Sensitizer Jc (MA.cm?) Vo (V) FF(%) #5(%) Ref.
ZnO tetrapods ZnSe/CdSe/ZnSe  17.3 0.76 47 6.2 87

Branched nanorods—nano-tetrapod Cds/CdSe 16.5 0.70 45 5.2 123
NP film/microsphere Cds/CdSe 17.1 0.56 53 5.0 124
NW array Zn,Cdy «Se 18.0 0.65 40 4.7 125
NPs passivated with TiO; CdS/CdSe 15.4 0.62 49 4.6 126
NW array ZnSe/CdSe 11.9 0.83 45 4.5 127
NPs CdS/CdSe 10.4 0.68 62 4.4 128
Nano-tetrapods CdS/CdSe 13.8 0.72 42 4.2 129
NW array CdS/CdSe 17.3 0.62 38 4.1 130
NW array ZnSe/CdSe 114 0.81 43 4.0 131
NW array CdS/CdSe 12.6 0.68 42 3.6 132
Zn0 nanorods passivated with TiO,  CdS/CdSe 9.9 0.61 52 3.1 133
Branched n-Si NW/ZnO nanorods Cds/Cdse 11.0 0.71 38 3.0 134
Nanosheets CdS/CdSe 19.3 0.49 28 2.6 135
NPs/nanorods CdS/CdSe 7.8 0.55 57 2.4 136
NWs/mesoporous hollow spheres CdS/CdSe 9.0 0.51 51 2.3 137
NWs CdS/CdSe 8.3 0.55 51 2.3 138

1.5.2. Sensitizer Materials

As a common feature of electron transporting materials for solar cells, the wide-band gap of ZnO
inhibits solar photon harvesting and hence, necessitates its surface sensitization using a favorable
molecular dye or semiconductor. Being a crucial part in DSCs and SSCs, the photosensitizer
should fulfill a few prerequisites such as, (1) light absorption ability covering a wide visible
region and a part of near-infrared (NIR) region, (2) a good anchoring ability to bind with ZnQO,
(3) a more positive LUMO/CB potential of dye/semiconductor sensitizer than that of the CB of
ZnO, (4) capability of a non-aggregated uptake on ZnO surface, and (5) photo, electrochemical,
and thermal stability. Based on these criteria, researchers are fortified to diversify into a number
of sensitizers such as, metal-organic dyes, organic dyes, and semiconductor nanostructures. The

advent of DSCs introduced a concept to utilize a ruthenium (Ru(ll)) complex of carboxylated
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bipyridine ligand as a sensitizer.2 Similar type of Ru dyes containing bipyridyl and polypyridyl
ligands are further explored due to their advantages such as, broad range visible light absorption,
favorable band alignment, moderately longer lifetime in excited state, and high electrochemical
stability.>%%*° In addition, Ru—ligand and ligand = Ru mediated charge separations and facile
possibilities of intense metal to ligand charge transfer (MLCT) transitions in visible region made
these Ru dyes a popular choice.*® To extend the molar absorptivity of such homoleptic-type Ru
dyes, along with new promises to optimize the redox potential and suppress dye aggregation onto
oxide films, heteroleptic-type Ru dyes have been developed (Figure 1.7). Unlike homoleptic type
Ru dyes, a heteroleptic design bears two ancillary ligands (excluding —NCS) of different types:
(1) one with extended m-conjugation ensuring an efficient light harvesting antenna function and
(2) a second ligand offering dye adsorption onto semiconductor (ZnO, TiO>) surface.

coo -N(C4Ho)s COOH COOH
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Figure 1.7 Commonly used metal-organic dyes (Ru dye, porphyrin, phthalocyanines) for dye-sensitized solar cells.

However, a common feature of both prototype homoleptic and heteroleptic-type Ru dyes is that
they contain a similar type of -COOH group to anchor onto semiconductor surface.!** Even if
the current scenario to enrich the DSC efficiency is focused on the advancements of Ru dyes, it
is fair enough to note that they still lack in absorbing light up to the NIR region. In this regard,
many porphyrin and phthalocyanine dyes (Figure 1.7) manifesting an intense spectral response
from the visible to NIR regime, along with good chemical, photo-, and thermal stability, have
been explored, achieving a PCE up to ~13 %.%%42 However, a bulky dimension of such dyes

necessitates a coadsorber during the dye sensitization process, to suppress dye aggregation.
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In the past 15 years, a lot of effort has been devoted to design a wide range of Ru dyes for
DSCs. Despite being efficient, their reliance on expensive Ru metal source, laborious synthesis,
and tricky purification steps persuaded the researchers to develop metal-free organic dyes as the
compelling alternatives. Consequently, numerous metal-free derivatives of indoline, carbazole,
thiafulvene, coumarin etc. are adapted as sensitizers in DSCs, achieving promising PCEs up to
~10 % (Figure 1.8).143-1%8 paramountcy is therefore given to such dyes due to their ascendancy
in, (1) lower band gap, (2) higher molar extinction coefficient, (3) facile molecular design
possibility, and (4) tunable optical and electrical properties. Moreover, a facile coalition of
favorable groups into the main organic framework can benefit from the generation of a series of
donor—acceptor (D—A) and donor—n-linker—acceptor (D—n—A) type configurations to improve the

solar light harvesting, along with a promoted intramolecular charge transfer dynamics.4°
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Figure 1.8 Examples of metal-free neutral organic dyes employed in highly efficient dye-sensitized solar cells.

As discussed earlier, a rapid growth of DSC technology bears testimony to the success of
nanostructured solar cells. However, an immediate hurdle in DSCs is to use dyes that encounter
with durability and stability issues, often caused by degradation of dyes under prolonged solar
irradiance.’® A virtuous attempt to reconcile the need for stability improvement is to replace dye
sensitizers by semiconductor nanostructures, thus captivating the realm of SSCs. A recent surge
of semiconductor sensitizers, particularly QDs, has gained the most alluring interest due to their
considerable superiority over dyes in numerous aspects such as, (1) higher stability, (2) enhanced
optical absorption coefficients, (3) low cost, and (4) more tunable properties by means of easier
synthetic routes with the control over size, shape, and composition.*> Moreover, adoption of QD
sensitizers allows to get rid of a stability bottleneck encountered by ZnO, when is encompassed
with dyes containing acidic anchoring groups. For ZnO based QDSCs, the challenge to improve
the efficiency basically includes the tactics to overcome the limiting factors such as, (1) specific

band gap of single QD stunting the absorptivity, (2) relatively low hole transport rate leading to

14
TH-1412_10612229



Dipankar Barpuzary Chapter 1

recombination of charge carriers to the electrolyte, (3) charge hopping within QD multilayer, and
(4) a weak electronic anchoring of QD onto ZnO.1%2153 |n this regard, relying on specific routes
with their own merits and demerits, different techniques have been applied to improve QDSC
performance. One promising strategy is to design 1D ZnO based photoanodes to generate
continuous pathways for a faster charge transport prior to recombination. Another key factor is to
load single QDs (CdS, CdSe, CulnS;, PbS, Bi2Ss) or a sequential assembly of different QDs onto
ZnO nanostructures by means of either in-situ or ex-situ approaches enabling good anchoring
between the QDs and ZnO.** Multiple QD loading provide additional benefits such as, an
enhanced light harvesting and a facilitated electron injection dynamics. Generally, chemical bath
deposition (CBD) and successive ionic-layer adsorption and reaction (SILAR) techniques are
applied to achieve an in-situ growth of QDs, while ex-situ approaches involve direct adsorption,
bifunctional linker-assisted binding, and electrophoretic deposition methods.*>*1%¢

1.5.3. Redox Couples for Electrolyte

On top of the metal oxides and sensitizers, another crucial part in DSCs and QDSCs is
electrolyte, which accounts for inner charge carrier transport between electrodes and a
continuous regeneration of the sensitizer and itself.®>” The electrolyte solely contributes to the
light-to-electric conversion efficiency and durability of the cells. All the key parameters (Jsc, FF,
and V) that leverage the PCE of a device are directly affected by the electrolyte. For instance,
Jsc Is altered by the transport of redox couple present in the electrolyte, whereas FF is affected by
the diffusion of charge carriers in electrolyte and the charge transfer resistance at the
electrolyte/electrode interface. Similarly, Vo is affected by the redox potential of electrolyte.
Therefore, the development objectives of DSC and QDSCs should also focus on the assortment
of a pertinent electrolyte that promises the charge transfer kinetics and hence, device
performance.®! Based on chemical and physical stability, composition, redox potential,
corrosiveness, light absorptivity, and device specific applications, an intense research explored
different possibilities for redox couples to develop the ubiquitous and indispensable electrolyte
systems for DSCs and SSCs.*™® In addition, the selection of electrolyte depends on the favorable
band alignment between the sensitizer and electrolyte to accomplish an efficient regeneration of
oxidized sensitizers.'®! Paradigms include Is/I- and cobalt"""" complex containing redox couples
(in acetonitrile) in DSCs, and a S>/S»?>" couple (in water) in QDSCs.
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Figure 1.9 Structure of liquid state electrolytes (a) Co'"-tris-(2,2'-bipyridine), (b) Co""-tris-(1,10-phenanthroline),
and solid-state hole conductor (c) spiro-OMeTAD. (d) Redox potentials of different electrolyte systems.

Besides, electrical additives (t-butyl pyridine, guanidium thiocyanate, 1-methyl-benzimidazole,
etc.) can also be mixed to the electrolyte to enhance the device efficiency by means of, (1)
uplifting of redox couple potential, (2) shifting of CB edge of ZnO, (3) minimized ZnO surface
blocking, and (4) retarded recombination kinetics.'**%° Even if the use of liquid electrolytes with
interfacial affinity and high ionic conductivity has grounded superb PCEs,'®?° durability of
DSCs or QDSCs is still limited by virtue of volatilization and leakage of solvent, instability,
corrosive nature of the electrolyte, and encapsulation difficulty.®>” To reduce the deteriorated
effects of liquid electrolytes, recently developed solid-state electrolytes and hole conducting
materials have delineated an ample of stability and durability.*5* However, PCE of solid-state
DSCs and QDSCs still lag behind their liquid electrolyte counterparts due to the low
conductivity and poor interfacial electrolyte/electrode contacts. The design and synthesis of
novel electrolytes with more efficient charge carrier transport property and long-term stability is
still on the way. Redox potentials and structures of commonly used liquid- and solid-state

electrolytes in solar cells are depicted in Figure 1.9.%9100.162

1.5.4. Counter Electrode Materials

Counter electrode, an integral part of solar cells, is vital to collect electrons from the external
load and to catalyze the reduction of redox couple in electrolyte. These electrons are conducted
from the electrolyte to excited sensitizers to bring them back to ground state.®® Since the
inception of DSCs, Pt is recognized as the most promising candidate for counter electrodes.
Intrinsic features like good conductivity, larger effective surface area, and high catalytic activity
offer excellent prospects for Pt to act as an effective counter electrode against Is7/1- redox couple.
However, for cobalt and sulfide redox couple containing electrolytes, Pt is not a favorable
counter electrode.’®* In case of cobalt complex based electrolytes, a large dispute in the
electrochemical behavior of ligands tends to decrease the catalytic activity of Pt.1% On the other
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hand, an indelible chemisorption of S-compounds onto Pt surface, often caused by S*/Sn*>~ redox
couple, deteriorates its conductivity and electrocatalytic activity and also increases the charge
transfer resistance at the Pt/electrolyte interface.'®® To overcome such practical and economic
barriers, the scientific thrust has explored several noble metal-free and cost-effective alternatives
(carbon materials, transition metal compounds, conducting polymers or hybrids, and inorganic
chalcogenide materials) as the efficient counter electrodes.’®* It should be noted that the ideal
functioning of any counter electrode requires to fulfil a few benchmark parameters such as, an
optical transparency of ~80% at 550 nm, a sheet resistance of ~20 Q sq}, and a charge transfer
resistance of ~2-3 Q.cm?.!%” However, in most cases, it is difficult to incorporate all these
intriguing properties into one material to achieve an efficient operation. It is therefore imperative
to continue our interest in the advancements of counter electrode materials with multifunctional,

versatile and modulated properties.

1.6. CONCLUSIONS AND OUTLOOK

Since the discovery of DSCs in 1991, a substantial growth of solar cell technology exploring a
wide variety of materials has been continuously demonstrating superior performances in terms of
high-efficiency. Recent advances in this area have also witnessed the new pathways to develop
high-performance photovoltaic assemblies. In the brief discussion on DSCs and SSCs/QDSCs,
we have focussed on the variety of interesting roles of semiconductor oxide materials, molecular
dyes, QD sensitizers, electrolytes, and counter electrode materials to enhance the device
performance. Excellent electronic as well as the surface properties of ZnO could be employed in
the devices by means of nanoparticulate, branched, and one-dimensional morphological forms
that can open exciting and new directions to improve the overall charge-transfer dynamics of the
devices. Coupling of ZnO with excellent light harvesting semiconductor nanostructures or
molecular dyes presents a contemporary approach to design and develop wide variety of novel
materials for the photovoltaic applications. Even if a diverse combination of sensitizers exhibited
best prospects in both DSCs and QDSCs, experimental techniques applied to incorporate them
into nanostructured ZnO frameworks as the hosts need more scientific attention. For instance,
monolayered dye or QD absorbers exhibit inferior device performance owing to their poor
absorptivity in the visible region. In this regard, favorable band alignment mediated
combinations of different sensitizers seemed to be a popular choice to fulfil the light harvesting

rudiments involving solution processed synthetic routes. Besides, a facile chemical and surface
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modification of both ZnO and sensitizer can be performed to enrich surface and electrochemical
properties of ZnO—sensitizer couples for best results. In tandem with the advancements of ZnO
and sensitizer materials for DSCs and QDSCs, modification of the surface properties of counter
electrode materials can also promote the device performance. Superior electrical conductivity,
chemical robustness, non-corrosive nature, and high stability of newly developed noble metal-
free materials for counter electrodes have outperformed the traditional Pt based electrodes in
terms of comparable sheet resistance, optical transparency, and mechanical strength. Thus, recent
development of multifunctional and advanced materials for solar cell technology in countless
aspects has been deemed to be the most demanding strategy at the current stage. Nevertheless, it
is still challenging to stabilize the large area production of highly efficient DSCs and SSCs onto
flexible substrates at a roll-to-roll processing scale.

1.7. MOTIVATION OF THE PRESENT WORK

e Superior electron mobility, a direct band gap, and flexibility in economic preparation of a
great variety of exciting morphologies make ZnO a promising backbone material for the
advancements of dye/ semiconductor-sensitized solar cells.

e Excellency in electron transportation and sensitizer scaffolding make ZnO nanostructures
a propitious component of DSCs and QDSCs, which in some aspects exhibit strikingly
superior performances in contrast to those of the traditional TiO2 counterparts.

e Spanning from randomly oriented nanoparticulate films to well-aligned 1D geometries,
improved electron collection efficiencies found for ZnO based DSCs and QDSCs seem to
suggest that TiO2 nanostructures are not the only way to break the efficiency bottleneck.

e Involvement of 1D ZnO nanowires in the photoanodes can provide a better way ensuring
a robust coverage of sensitizers, efficient charge separation and transport, at the same
time that smooth diffusion of electrolyte and a rapid regeneration of oxidized sensitizer.

e A progressive drift from DSCs to QDSCs possibly intends to overcome the indelible loss
of photoinduced free-charge carriers that often occurs due to the formation of interfacial
charge transfer states between the dye molecule and ZnO surface.

e Further improvements in performance of ZnO-based photovoltaic cells can be achieved
by controlling the surface chemistry of ZnO to develop or modify its interaction with
different dyes, quantum dots, and electrolytes.
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Chapter 2
I

Experimental Section

This chapter describes the general fabrication procedures for semiconductor/dye sensitized solar
cells. Basic instrumental techniques and methods used to characterize different materials and
devices, along with a detailed evaluation of photovoltaic performance of solar cells are included.
Rudimentary concepts and understanding of specific instrumentations such as, solar simulator
(Newport Sol3A), incident photon-to-current conversion efficiency analyzer (Oriel IQE 200), and
electrochemical impedance spectroscopy (EIS) measurements are being demonstrated.
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2.1. INTRODUCTION

ZnO presents excellent electron mobility among all wide band gap semiconductor materials
explored, as the electron collector and sensitizer scaffold in semiconductor/ dye-sensitized solar
cells. The suitability of ZnO to prepare the richest family of nanostructures has led to a plethora
of applications in solar cells wherein ZnO nanoparticles, branched structures, and vertically
aligned one-dimensional (1D) nanostructures are utilized as photoanodes. In contrast to a random
arrangement of ZnO nanoparticles, well-aligned 1D ZnO nanowire networks exhibit promising
features such as, a grain boundary-free direct pathway for rapid electron transport and collection,
and a minimized charge carrier recombination kinetics. Synthesis of novel structured ZnO based
photoanodes for solar cells, as described in this chapter using wet-chemical hydrothermal route,

seems to support the real progress in the field up to date.

2.2. SYNTHESIS

2.2.1. Chemicals and Materials Used

Zinc chloride (Merck), sodium hydroxide (Merck), zinc acetate dihydrate (Merck), ethanolamine
(Himedia), 2-methoxyethanol (Himedia), zinc nitrate hexahydrate (Merck), plastic syringe fitted
with 0.2 pm polytetrafluoroethylene (PTFE) membrane filter (Axiva Sichem Biotech, India),
indium tin oxide (ITO) coated glass substrate (surface resistivity ~8—10 /o, Delta Technologies,
Ltd., USA) and F-doped tin oxide (FTO) coated glass substrate (surface resistivity ~7—10 Q/o,
Aldrich, USA), hexamethylenetetramine (Himedia), thioglycolic acid (Merck) were purchased.

2.2.2. Synthesis of ZnO Nanoparticles

ZnO nanoparticles were synthesized by following a reported protocol.! ZnCl, (5.5 g, 40 mmol)
was dissolved in distilled water (200 mL) and a5 M NaOH (16 mL) aqueous solution was added
drop wise with gentle stirring at 90 °C. The reaction mixture stirred further for 1 h at 90 °C and
cooled to room temperature. As-obtained ZnO nanoparticles were separated by sedimentation
method. The supernatant dispersion was washed with water till the traces of NaCl were removed
completely (confirmed by AgNOs test). Purified ZnO nanoparticles were dispersed in 2-propanol
under an ultrasonic treatment (10 min) to resist agglomeration, collected by centrifugation, and

calcined at 350 °C in a muffle furnace (3 h) to obtain in powder form (Yield = 52 %).

90°C,0.5h 350°C,3h
ZnCl, + NaOH ——— - Zn(OH), ——— ZnO NPs
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2.2.3. Growth of One-Dimensional ZnO Nanowires on FTO Substrates

Growth of ZnO nanowires over ZnO seed layer coated FTO substrates was carried out using a
hydrothermal route.? First, a seed solution of ZnO was prepared by mixing Zn(CHsC00),.2H.0
(0.2 g) and ethanolamine (55 pL) in 2-methoxyethanol (3.0 mL) for 8 h and then filtered through
a 0.2 um PTFE filter. FTO coated glass substrates were cleaned with soap solution, washed with
distilled water, and treated under an ultrasonic bath for 15 min in each of acetone and 2-propanol,
dried by blowing argon and finally subjected to ozone treatment for 30 min. The ZnO seed
solution was spin coated on FTO substrates and heated at ~175 °C for 10 min. This procedure
was repeated for one more time to obtain a uniform ZnO seed layer film on FTO substrates. The
ZnO seed layered FTO substrates were then separately dipped (FTO side down) into a 30.0 mL
aqueous solution of Zn(NOz).6H20 (50 mM) and hexamine (50 mM) in Teflon vessels, sealed
inside a stainless steel autoclave, and maintained at 90 °C (2 h) in an electronic oven to complete
the uniform growth of 1D ZnO nanowires. ZnO nanowire grown FTO substrates were taken out,
rinsed with ethanol, and heated at 175 °C for 10 min to remove any traces of water and ethanol.

1. Spin

Zn0O seed
solution

1. Zn-nitrate |‘ |‘ ”l |‘ ” ‘
coating {1 Hexamine 3 |
2.175°C 2. Hydrothermal

W (10 min) (90°C, 2 h) V
ZnO seed layer 1D ZnO NWs grown

FTO substrate on FTO substrate on ZnO seed layer

2.2.4. Synthesis of Hierarchical ZnO-CdS and ZnO-CdS-GO Composites

To synthesize ZnO—CdS, CdS nanorods were hydrothermally grown over ex-situ generated ZnO
nanoparticles following the strategy developed by our group.®* ZnO was synthesized ex-situ to
resist the formation of ZnS from Zn?* and S* ions due to a lower solubility product of ZnS over
CdS. Typically, ZnO nanoparticles (3 mmol) were dispersed in distilled water (10 mL) under an
ultrasonic bath for 30 min. Thioglycolic acid (1 mL, 9 mmol) was added and stirred for 30 min,
followed by the addition of an aqueous solution of Cd(CH3COO)2:2H20 (2.39 g, 9 mmol). The
reaction mixture was stirred further for 30 min at room temperature, poured into a Teflon vessel,
sealed inside a stainless steel autoclave, and kept in an electronic oven. A temperature of 140 °C
was maintained for 48 h to complete the hydrothermal growth of CdS over ZnO. The autoclave

was cooled to room temperature and the solid product was collected by centrifugation (5000
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rpm), and washed with each of water and ethanol for three times. ZnO-CdS solid powder was

finally obtained by drying in an electronic oven at 60 °C for 4 h (Yield = 57 %).

ZnO Nanoparticles

> s

Zn0O-CdS Composite CdS Colloids on ZnO NPs

1. Thiogycolic
acid (TGA) Cq
2. Cd- acetate

A

*@

3’?%

Hydrothermal
(High pressure
& temperature)

Hydrothermal w
140 °C, 48 h ﬁ
A i

Similarly, to synthesize ZnO-CdS-GO, 1.0 wt % of GO (with respect to ZnO—-CdS vyield)

was dispersed in water (10 mL)

under ultrasonic bath for 1 h. ZnO nanoparticles (3 mmol),

Cd(CH3CO0)2:2H20 (2.39 g, 9 mmol), and thioglycolic acid (1 mL, 9 mmol) were added to the
GO solution, and an exact procedure used for ZnO-CdS synthesis was followed. ZnO-CdS-GO

product was then collected by centrifugation (25,000 rpm). The solid powder of ZnO-CdS-GO

was finally obtained by drying in an electronic oven at 60 °C for 4 h (Yield = 53 %).

2.3. CHARACTERIZATION OF MATERIALS AND DEVICES

2.3.1. General Methods

The synthesized compounds (photoanode materials, dye molecules, redox electrolytes, and

counter electrode materials) and fabricated solar cells were characterized using a number of

techniques. The instrumental methods/tools used in the present investigations include:

1. Powder X-ray diffraction (XRD) using Bruker D8 Advance X-ray diffractometer having a
Cu—Ka (A = 1.54 A) radiation source, and operating at ~40 kV and ~40 KA.
2. UV-vis diffused reflectance absorption spectra by JASCO V-650 spectrophotometer.

3. Fourier transform infrared spectroscopy (FTIR) using Perkin Elmer FTIR instrument.
4. NMR spectroscopy using 400 MHz and 600 MHz Bruker Advance NMR instruments.

TH-1412_10612229
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10.
11.

12.

13.
14.
15.
16.
17.
18.

19.

20.

Mass spectroscopy using Agilent 6545 Q-TOF LC/MS instrument.

Scanning electron microscope (SEM), LEO1430vp, operating at 10-15 kV.
Field-emission scanning electron microscope (FESEM), Model Zeiss Gemini, operating
at 3-10 kV.

Energy-dispersive X-ray spectroscopy (EDS) analysis using INCA, Oxford instruments.
Transmission electron microscopy (TEM), JEOL JEM 2100, operating at 200 kV.
Photoluminescence using Horiba Jobin Vyon Fluoromax-4 spectrophotometer.

Time resolved photoluminescence using LifeSpec Il Edinburgh instrument having a lamp
with frequency of 5 MHz and Nd:YAG lasers of different excitation wavelengths.

Laser micro Raman spectroscopy using Horiba LabRAM HR spectrometer equipped with
He—Ne lasers having different excitation wavelengths.

BET surface area using Quantachrome Autosorb-1Q MP.

Spin coating using SPIN-150 spin coater.

Film/layer thickness measurement using a Veeco Dektak 150 surface profilometer.

Cyclic voltammetry (CV) using CH instruments, Model CHI600E.

Photocurrent—voltage (J-V) curves of solar cells using Keithley Sourcemeter series 2420.
Standard solar spectrum using a Newport ORIEL Sol3A solar simulator fitted with a
Xenon arc lamp, power 450 W.

Incident photon-to-current conversion efficiency (IPCE) analysis using Newport ORIEL
IQE-200 fitted with a 250 W quartz tungsten halogen lamp.

Electrochemical impedance spectroscopy (EIS) using CH instruments, Model CHIG00E.

2.3.2. Theoretical Study

Electronic density distribution of frontier molecular orbitals of metal-free SK1 dye molecule is

estimated from density functional theory (DFT) calculations using Accelrys Materials Studio 4.0.

Molecular geometries are optimized in DMol3 program package using generalized gradient

approximation (GGA) with BLYP as the basis set. These simulations are carried out in a vacuum

for the single molecule. On the other hand, the electronic structure of Ru(dppz-COOH)2(NCS)2

dye is investigated by DFT calculations using the Gaussian 09 software® at B3LYP level, with the
LANL2DZ ECP basis set for the Ru atom and 6-31G basis set for all the other atoms. No
symmetry constraint was imposed during the optimization. Absorption and infrared spectra of the

Ru dye was computed at time-dependent DFT (TDDFT) level.
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2.4. GENERAL FABRICATION OF ZnO-CdS-GO BASED SOLAR CELL
2.4.1. Materials Used
(1) ITO or FTO coated glass substrate (2 x 2 cm, 2 slides for 1 cell).
(2) ZnO-CdS—-GO paste: Suspend 5.0 g of ZnO-CdS—GO nano-powder in an agate mortar,
add 15 mL of tert-butanol, and mix until the suspension/paste is uniform (Step 1).
(3) Spacer: Cut a thermosetting sealant film with a dimension of 2.0 cm x 1.5 cm and make a
hole (1.5 cm x 0.8 cm) on the film.
(4) Liquid electrolyte: Prepare a 2.0 M S and 2.0 M NazS solution in distilled water.
(5) Counter electrode: Prepare a 5 mM H2PtCls solution in 2-propanol.

(6) Binder clips (small, 2 pieces for 1 cell), hot plate, tweezers, pipets, Scotch tape, etc.

1.5cm

=

Cell area ' )

1.5cm

Spacer

2.4.2. Device Construction

(1) Put Scotch tape on the conducting side of ITO or FTO coated glass substrate (Step 2).

(2) Put ZnO-CdS-GO paste (Step 3) and flatten it with a blade on the same side of ITO/FTO
substrate by doctor blade technique (Step 4). Remove the Scotch tape and make the film
area of ~1.2 cm? (1.5 cm x 0.8 cm) and then dry at 45 °C overnight on a hot plate.

(3) Spin coat H2PtCls on the conductive side of ITO/FTO glass and heat at 450 °C (15 min).

(4) Place the spacer on top of the ZnO-CdS-GO film (Step 5) and put 50 pL of electrolyte
solution into the hole.

(5) Immediately place the Pt deposited ITO/FTO glass (facing Pt layer to the spacer) and fix
the slides with binder clips (Step 6).
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2.5. GENERAL FABRICATION OF DYE-SENSITIZED SOLAR CELL
2.5.1. Materials Used
(1) FTO coated glass substrate (2 x 2 cm, 2 slides for 1 cell).
(2) ZnO paste: Grind 5.0 g ZnO nanoparticles, 25 mL terpineol, and 15 mL PEG-PPG-PEG
copolymer in an agate mortar for 1 h to get a uniform paste/suspension (Step 1).
(3) Dye solution: Prepare a 0.3 mM dye solution in ethanol (or 1:1 ethanol/dichloromethane).
(4) Spacer: A thermosetting sealant film (2.0 cm x 1.5 cm) with a cut hole (1.5 cm x 0.8 cm).
(5) Liquid electrolyte: (a) 0.5 M Lil, 0.05 M Iz, 0.1 M guanidium thiocyanate, and 0.5 M 4-
tert-butylpyridine or (b) 0.2 M [Co(bpy)s](PFs)2, 0.02 M [Co(bpy)s](PFs)s, and 0.5 M 4-
tert-butylpyridine solution in acetonitrile/valeronitrile (9:1, v/v) solvent mixture.
(6) Counter electrode: Pt based electrode as shown in Section 2.4.1.

(7) Binder clips (small, 2 pieces for 1 cell), hot plate, tweezers, pipets, Scotch tape, etc.

<€ )

Scotch tape on FTO

'”/ A’
S’ # \
Zn0O pa

te.on FTO Film by doctor blade

* 4;25.

=3

Dye loading on ZnO ‘ DSSC area = 0.25 crﬁz; I-V measurement

2.5.2. Device Construction

(1) Put Scotch tape on the conducting side of FTO coated glass substrate (Step 2).

(2) Put ZnO paste (Step 3) and make a film by doctor blade technique (Step 4), remove the
Scotch tape, make the film area of ~0.25 cm?, and heat at 450 °C for 30 min.

(3) Dip the ZnO electrode into dye solution, remove, and dry by blowing Ar gas (Steps 5, 6).

(4) Place the thermosetting sealant on top of the dye-sensitized ZnO film, place the Pt counter
electrode, and heat to glue the FTO substrates (Step 7).

(5) Insert 20 pL of electrolyte solution into the hole pre-drilled on Pt coated electrode. Cover
the back side of counter electrode by fixing a glass slide using Araldite adhesive.
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2.6. EVALUATION OF SOLAR CELLS
2.6.1. Equipments Used

(1) Light source: AM 1.5 G simulated solar illumination (AAA) (intensity of 1000 W.m2).
(2) Electrical connection cables.

(3) Keithley 2400 SourceMeter integrated with variable resistance.

2.6.2. Device Characterization

(1) Connect the solar cell, Keithley 2400 SourceMeter using connecting cables.

A

: 4» FTO/ZnO/ @

sensitizer
AL .
Solar Variable Keithley

AM 15G cell resistance SourceMeter

Solar light Pt/ETO @
electrode

(2) Create a dark condition and measure the dark current value by sweeping the voltage in a
range of —0.5 V to +1.5 V. Repeat this step for 5 times to check the consistency.

(3) Turn on the light and measure its intensity using a power meter or photodiode calibrator.
It is required to calculate power conversion efficiency (PCE) of the solar cell.

(4) Shine the standard solar light from ZnO/sensitizer electrode side of the solar cell, repeat

step 2 to measure the current.

(5) Plot the voltage (x-axis) versus current (y-axis) curve as shown below.

|-V characterisitc of a typical solar cell
-14

|
SC
e -12-/
LE) 10 Pmax
< v
E 8
N
)
S .
p -
S
S
g = v
/ ocC
0

0 2(|)0 4C|)0 6(IJO 8(|)0 1000
Cell voltage (mV)
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(6) Calculate maximum power (Pmax) and fill factor (FF) from the current—voltage plot.
I xV P

FF —_ max max — max

I sC ><VOC I SC XVOC

(7) Calculate power conversion efficiency (PCE, 1) as follows.
_ Output power
Input power
B P (mMW.cm?)
~ Light intensity (mW.cm?)
_ Il (mA.cm?) x V, (V) x FF
Light intensity (mW.cm?)

PCE x100 (%)

x100 (%)

x100 (%)

The current and power have to be normalized by the active cell area.
Vo is open circuit voltage, and Is is short circuit current.
Imax and Vmax are the maximum cell current and maximum voltage, respectively.

Pmax IS the maximum power point of the cell, expressed as, Pmax = Imax X Vmax.

2.6.3. Working Principle of Solar Simulator

Solar simulator basically involves a standard air mass (AM) 1.5 G (global) solar illumination that
is equivalent to natural sunlight. An illumination intensity ~1000 W.m? is considered worldwide
to test and compare efficiency of solar cell in different laboratories. Working of a solar simulator
starts with a Xenon arc lamp that acts as the light source. The light is first reflected by an
ellipsoidal reflector and then allowed to pass through mirrors, integrated optical lens, an AM 1.5
G filter, and collimated lens prior to fall onto the sample solar cell. The current generated in the

solar cell under the light illumination is then recorded using a Keithley SourceMeter.

Primary - \\ Secondary
mirror > > mirror
< = N\
L 4 [ [ s
AMAA _ Optical AM 1.5G _ _
integrator filter Collimating
lens
EIIipsoidaIVXe lamp Solar
reflector (450 W) cell

Scheme 2.1 Block diagram of Oriel Sol3A solar simulator generating AM 1.5 G standard solar illumination.
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2.6.4. Quantum Efficiency Measurement of Solar Cells
Incident photon-to-current conversion efficiency (IPCE) or the external quantum efficiency
(EQE) of a solar cell is given by the ratio of the number of electrons generated under

photoexcitation to the number of photons incident on the device.

No. of electrons photogenerated in the solar cell

IPCE (or EQE) = — - —
No. of photons incident on the solar cell under illumination

To measure EQE, internal quantum efficiency (IQE) of a solar cell should also be evaluated. IQE
accounts for the internal efficiency of the solar cell and is accountable to the losses associated
with the incident photons reflected back from the surface of the cell. Spectral response of the cell
as a function of wavelength is measured in terms of EQE. Oriel IQE 200 instrument has a 250 W
quartz tungsten halogen (QTH) lamp as the light source. The light is allowed to pass through a
Cornerstone monochromator equipped with gratings to create the scanning monochromatic light.
The light is then passed through the optical chopper, falls onto solar cell, and the signal is

amplified by a Merlin lock-in amplifier unit, and finally detected by the detector.

Detector
K
Monochromator Wavelength Three way Detector
(gratings) chopper beam splitter
- Source Solar Amplifier
Light source meter cell
(QTH lamp)
Computer Lock-in Multiplexer
(software) amplifier

Scheme 2.2 Block diagram of incident photon-to-current conversion efficiency (IPCE) analyzer, Oriel IQE 200.

2.6.4. Electrochemical Impedance Spectroscopy (EIS) Measurement

Electrochemical impedance data of a dye/semiconductor-sensitized solar cell is represented in the
form of either a Nyquist plot or a Bode plot.® A typical Nyquist plot of a dye-sensitized solar cell
depicts three semicircles that are responsible for three key photoelectrochemical processes taking
place during the cell operation, as follows: (1) charge transfer at the counter electrode, (2) charge

transfer at the ZnO/sensitizer/electrolyte interface, and (3) Nernst diffusion of the redox couple
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through the electrolyte and ZnO film. The semicircle associated with the Nernst diffusion process
often appears at low-frequency (1072 to 10™* Hz) and requires a longer time for analysis.
However, to eliminate the detrimental effects of slow evaporation of volatile electrolytes, EIS
data requisition time for the cells tested in this thesis was limited to a couple of minutes per cell.
Related to the theme of presented work, paramountcy was given to the charge transfer processes
occurring at the ZnO/sensitizer/electrolyte interface and counter electrode/electrolyte interface. In
view of this, a frequency range of 10° to 10! Hz was selected for EIS data acquisition, where the
Nernst diffusion of electrolyte was not observed. For better understanding of the concept and the

interfaces, a schematic is shown in Scheme 2.3 along with the performance parameters.

Dye sensitized ZnO Nyquist Plot Bode Plot
500 30 :
X I-.‘ Electrolyte 1
Do 400 B S
E = 8" 204 27 f max
L = 300 S
£ | 200 2}
N @ 104
E ' ,_Bs WmanT Keff = 10
100+ DI.
0 : : : 0 . : - . :
L ) L J 0 200 400 600 800 100 10° 100 100 10° 10° 10°
ZnOldye/Elec CE/Elec Z'lohm Freq/Hz

Scheme 2.3 Block diagram illustrating the ZnO/dye/electrolyte (ZnO/dye/Elec) and counter electrode/electrolyte
(CE/Elec) interfaces of a typical dye/semiconductor-sensitized solar cell, along with their corresponding Nyquist and
Bode phase plots and the derivable parameters.
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Chapter 3

Novel Ternary Hybrid Composite of ZnO, CdS,
and Graphene Oxide as a One-coat Paintable
Solution for Solar Cell

This chapter describes the hydrothermal synthesis and utilization of a ternary hybrid composite of
Zn0O, CdS and graphene oxide (GO), wherein ZnO—CdS nanourchins are well-embedded onto the
GO sheets, as a novel photoactive material for the semiconductor-sensitized solar cells. The key
features of novel ZnNO—CdS-GO composite based photoanode, the intriguing effects of 1.0 wt % of
GO loading to ZnO—CdS, and the electronic interactions of GO with binary ZnO-CdS, to afford
an impressive power conversion efficiency of the fabricated device are demonstrated.
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3.1. INTRODUCTION

Semiconductor-sensitized solar cells (SSCs) have gained significant academic and technological
prominence among the researchers for the improvement of photovoltaic power generation from
the solar energy. Inorganic semiconductor nanomaterials are one of the promising candidates to
generate photovoltaic assemblies due to their intrinsic peculiarities such as, size-quantized
tunable band gap, multiple exciton generation, high electron mobility, faster charge transport,
long-term stability, etc.? In view of this, a proximal band alignment mediated charge transfer
and an efficient visible light harvesting ability can be readily achieved by coupling wide- and
narrow-band gap semiconductor nanomaterials, as shown in Scheme 3.1a.>® Recently,
mesoscopic ZnO based nanostructures, in contrast to commonly used TiO; scaffolds, have been
considered as a popular choice among the wide-band gap materials in photovoltaics due to its
excellent electron mobility (~200-2000 cm?.V.s't), faster charge transport, extended electron
diffusion length and an ease of synthesize to achieve desired morphologies.®*! However, in
SSCs, the limited visible light absorptivity of ZnO due to a direct band gap of ~3.3 eV
necessitates its surface modification by coupling with a narrow-band gap semiconductor (CdS,
CdSe) to achieve an enhanced light absorption and hence the device performance.*>*® ZnO based
electrodes are often sensitized by depositing CdS or CdSe quantum dots (QDs) by successive ion
layer adsorption and reaction (SILAR) and chemical bath deposition methods.'®'” However, a
thicker QD layer affording a high surface coverage blocks the mesopores of the oxide scaffold,
which eventually limits the electron transport in the device due to the charge hopping and also
inhibits the smooth diffusion of redox couple through the mesopores. In this context, targeting the
advancement of semiconductor-coupled devices, rational design and development of one-
dimensional (1D) core—shell hierarchical hetero-assemblies is an excellent approach that allows
to accomplish higher surface area, more exposed surfaces for sufficient solar absorption, smooth
diffusion of electrolyte, efficient physical separation of photogenerated charge carriers, and most
importantly, generates the 1D pathways prompting the charge transfer/migration in the devices.
Another approach to improve the semiconductor-coupled device performance is to enhance the
absorption profile of semiconductor coupled/sensitized structures by coupling with a dye (mostly
squaranine) that can selectively capture the photons up to the near-infrared region (Scheme
3.1b).*® Even if semiconductor—dye super-sensitization concept enables an effective migration of

photoinduced holes from the semiconductor to dye, it has some limitations. One of the possible
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issues is a restricted scavenging of photogenerated holes by the redox electrolyte directly from

the semiconductor surface.

(a) Cds
- (]

TiO,/ZnO

TiO,/ZnO

Graphene oxide sheet

Scheme 3.1 Basic charge transfer processes involved in commonly reported CdS-sensitized solar cells: (a) Binary
semiconductor coupled, (b) Semiconductor—dye supersensitization, and (¢) Ternary semiconductor—graphene oxide
coupled concepts.3818-20

One more facile route to maximize the device output is to improve the electron—hole separation
(charge separation) and transfer processes of semiconductor-coupled heteroarrays by intervening
graphene oxide (GO) sheets to the semiconductor framework, as shown in Scheme 3.1¢.1>?° The
intrinsic excellent electron transport property allows GO to be incorporated as an electron
acceptor (sink) to the photoactive materials in the devices, thereby improving the charge-transfer
dynamics of the host material even at a smaller loading of GO.?* Although the structural and
chemical inhomogeneity makes it complicated to define an electronic band gap of GO,?
theoretical and experimental evidences suggest the presence of a band gap defined by the sp?/sp®
domains.?® In essence, excellent intriguing properties of GO and semiconductor nanomaterials
have paved a way to utilize their coupled structures in a myriad of technological applications
including solar cell, hydrogen production, photocatalysis, fuel cell, Li-ion battery, capacitor,
etc.2428 Furthermore, the robust electronic interacting ability of GO with semiconductors adds a
further knob to enviably tune the optical and electrical properties of the semiconductor-GO
coupled structures, affording impressive power conversion efficiency (PCE) of photovoltaic
assemblies. Paradigms include the use of ternary inorganic-organic-GO hybrids achieving
incident photon-to-current conversion efficiencies (IPCEs) beyond ~80%.%°

This chapter describes the design and synthesis of a novel ternary hybrid composite of
Zn0O, CdS, and GO as a one-coat paintable solution in performing the role of a photoanode for
the SSCs, wherein binary ZnO-CdS heteroarrays are well-embedded onto the GO sheets. The
photoconversion properties of the hybrid ternary-system-based photoanodes are evaluated in the
photovoltaic devices against Pt and Ag as the counter electrodes with S?7/Sp>~ redox couple as the
electrolyte. The key features of ZnO—CdS—GO are 3-fold: (1) CdS nanorods hierarchically grown

over the ZnO nanoparticle act as a sensitizer, enhancing the visible light absorption,* (2) a direct,
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fast, and efficient charge transport and separation due to the 1D core-shell type architecture,
and (3) band position proximity of CdS, ZnO, and GO entities facilitating an efficient electron
transfer from the CdS to ZnO to GO. Current investigations resulted in an enhanced photovoltaic
performance of ZnO-CdS-GO based SSCs over ZnO-CdS counterparts, confirming a favorable
photogenerated electron—hole separation within the photoactive layer upon 1.0 wt % of GO
loading as an electron sink to ZnO—-CdS.® The electronic interactions of GO to ZnO-CdS,
achieved under a hydrothermal route, is evidenced from the drastic quenching of steady-state
photoluminescence (PL), reduced exciton lifetime, and Raman scattering measurements. A
magnified view of the ZnO—CdS—GO based SSC is illustrated in Scheme 3.2.
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Scheme 3.2 Schematic of the solar cell ITO/ZnO-CdS-GO (~12um)/Pt. Magnified view shows the proximal band
alignment mediated electron transfer within the ternary ZnO—-CdS—GO photoactive layer.

3.2. EXPERIMENTAL SECTION

3.2.1. Synthesis of ZnO Nanoparticles

ZnO nanoparticles were synthesized by following the protocol reported by Becheri et al.3> ZnCl,
(5.5 g, 40 mmol) was dissolved in 200 mL of distilled water. An aqueous solution of 5 M NaOH
(16 mL) was added drop wise over a period of 15 min with gentle stirring at 90 °C. The reaction
mixture was allowed to stir for 1 h at 90 °C, cooled down to room temperature and as-obtained
ZnO nanoparticles were then separated by sedimentation method. The supernatant dispersion was
washed several times with water till the complete removal of NaCl (confirmed by AgNO3 test).
The purified ZnO NPs were dispersed in 2-propanol under ultrasonic treatment for a period of 10
min to resist the agglomeration, collected by centrifugation and finally calcined at 350 °C in a
muffle furnace for 3 h to obtain in the powder form (Yield = 52 %).
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3.2.2. Synthesis of CdS Nanorods

CdS nanorods were synthesized as reported by our group.?® Typically, Cd(CH3C0O0),.2H.0
(2.39 g, 9 mmol) and thioglycolic acid (1.0 mL, 9 mmol) were mixed in ethylenediamine (10 mL)
and stirred for 30 min. The growth of freestanding CdS nanorods was then performed under a
hydrothermal treatment at 140 °C (7 h). As-obtained solid was separated by centrifugation, and
washed three times with distilled water and ethanol each. The sample was dried at 60 °C for 2 h

in an electronic oven and obtained in the powder form (Yield = 48 %).

3.2.3. Synthesis of Graphene Oxide

Graphene oxide was synthesized from graphite by a modified Hummer’s method.®® Typically,
187 mL of conc. H2SO4 was added to a mixture of 2.5 g of graphite and 1.87 g of NaNOs3 under
stirring in an ice bath, followed by the addition of 11.25 g of KMnO4 over 1 h. The mixture was
continuously stirred for another 2 h in an ice bath, and subjected to vigorous stirring at 35 °C for
7 d. In the next step, 350 mL of 5 wt % H2SO4 aqueous solution was slowly added to the reaction
mixture under continuous stirring. The temperature was increased rapidly to 98 °C and stirred
further for 2 h. The temperature was again reduced to 60 °C and 4.7 mL of H2O2 (48 wt %
aqueous solution) was added to remove the unreacted KMnOj4. The reaction mixture was cooled
to room temperature and stirred for 2 h. The undesired ions and other inorganic impurities were
removed from the reaction mixture by centrifugation. The as-obtained solid was then purified in
two steps. In the first step, 1.0 L aqueous solution of 3 wt % H2SO4 and 0.5 wt % H20. was
added to the precipitate, sonicated for 1 h, and the impurities were removed by centrifugation
(10,000 rpm) for 20 min. The sonication and centrifugation processes were then repeated for
three more times. In the second step, a sonication for 1 h, followed by the centrifugation for 20
min, was repeated using a 1000 mL of a 3 wt % HCI aqueous solution. Once all the impurities
were removed, GO was extracted in distilled water by ultrasonic treatment, and finally dried in a
vacuum oven at 50 °C to obtain the GO sheets (1.7 g).

3.2.4. Synthesis of Binary ZnO-CdS and Ternary ZnO-CdS-GO Composites

To synthesize ZnO-CdS, the growth of CdS nanorods was performed on ex-situ generated ZnO
using hydrothermal strategy. An ex-situ synthesis of ZnO was carried out to resist the formation
of ZnS from the Zn?* and S*~ ions due to a lower solubility product of ZnS over CdS. Typically,
ZnO nanoparticles (3 mmol) were dispersed in distilled water (10 mL) under an ultrasonic bath

for 30 min. Thioglycolic acid (1 mL, 9 mmol) was added and stirred for 30 min, followed by the
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addition of an aqueous solution of Cd(CH3COO).:2H20 (2.39 g, 9 mmol). The reaction mixture
was stirred further for 30 min at room temperature, poured into a Teflon vessel, sealed inside a
stainless steel autoclave and kept in an electronic oven. A temperature of 140 °C was maintained
(48 h) to complete the hydrothermal growth of CdS over ZnO. The autoclave was cooled to room
temperature and the solid product was collected by centrifugation (5000 rpm), and washed with
each of water and ethanol for three times. The ZnO-CdS solid powder was finally obtained by
drying in an electronic oven at 60 °C for 4 h (Yield = 57 %). In a similar way, to synthesize
ZnO-CdS-GO, first, GO (1.0 wt %, with respect to ZnO-CdS) was dispersed in 10 mL of
distilled water under ultrasonic bath for 1 h. In the next step, ZnO nanoparticles (3 mmol),
Cd(CH3COO0)2:2H20 (2.39 g, 9 mmol), and thioglycolic acid (1 mL, 9 mmol) were added and the
same procedure for ZnO—-CdS synthesis was followed. As-synthesized ZnO-CdS—-GO composite
was collected by centrifugation (25,000 rpm). The solid powder of ZnO—CdS—-GO was finally
obtained by drying in an electronic oven at 60 °C for 4 h (Yield = 53 %).

3.2.5. Device Fabrication and Characterization

Indium tin oxide (ITO) coated glass substrates (sheet resistance ~8-10 Q/sq, Delta Technologies
Ltd., USA) were cleaned by soap solution and distilled water, followed by ultrasonic treatment
for 15 min in each of acetone and iso-propanol. ITO substrates were taken out from the solvent,
dried by blowing Ar and subjected to ozone treatment for 30 min prior to use. Scotch tape was
fixed to the edges of ITO substrates to get an active area of ~1.2 cm? for the cells. ZnO-CdS-GO
(2.0 g) was taken in an agate mortar and ground for 1 h with tert-butanol (added drop wise time
to time) to get a paste and coated over ITO substrates by doctor blade technique. The solvent was
evaporated by drying in an electronic oven overnight at 40 °C and a thickness of ~10-15 um was
measured for the ZnO-CdS—GO layer using a surface profilometer. A detailed procedure for the
fabrication of photoanode is shown in Figure 3.1. A Pt coated ITO substrate or Ag deposited
glass substrate was used as the counter electrode for the device characterization. To prepare Pt
counter electrode, an H2PtCls solution in ethanol (~2 mg/mL) was spin coated on a pre-cleaned
ITO substrate, followed by calcination at 450 °C (ramp ~5 °C/min) for 15 min in a muffle
furnace and cooled to room temperature. To prepare Ag counter electrode, the glass substrates
were cleaned in soap solution, distilled water, acetone and iso-propanol under the ultrasonic
treatment for 15 min (for each), dried by blowing Ar and subjected to ozone treatment for 10 min.
Silver was thermally evaporated onto the glass substrates at a deposition rate of 2.0 A/s at ~1077

mbar vacuum. The photovoltaic cells were constructed by sandwiching the photoanodes and
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respective counter electrodes. A drop of sulfide/polysulfide (S%7/Sn?") electrolyte, prepared by
dissolving 2.0 M S and 2.0 M NazS in distilled water, was then injected to each of the cells. To
probe the effects of GO loading in the device performance, GO-free devices were constructed
with ITO/ZnO-CdS photoanode against Pt/Ag counter electrode and S*/S,% electrolyte. To
fabricate the photoanodes, a ZnO-CdS paste was obtained by grinding ZnO-CdS in tert-butanol
for 1 h. The paste was coated on pre-cleaned ITO substrates to get a ZnO-CdS film (~10-15 pum
thick) and was dried overnight at 40 °C. Hereafter, all the fabricated devices are abbreviated as
ZCGO-Pt (ITO/ZnO-CdS-GO/Pt), ZC-Pt (ITO/ZnO-CdS/Pt), ZCGO-Ag (ITO/ZnO-CdS-
GO/Ag) and ZC-Ag (ITO/ZnO-CdS/Ag).

Figure 3.1 General procedure followed to fabricate the ITO/ZnO-CdS-GO photoanode. (a) Grinding ZnO-CdS-GO
powder in tert-butanol to get a paste, (b) fixing of scotch tape on ITO substrates, (¢) ZnO-CdS-GO paste onto the
ITO substrate, (d) ZnO—CdS-GO film coated on ITO by doctor blade technique, (e) ITO/ZnO-CdS—GO photoanode
after drying overnight at 40 °C, (f) fabricated device ITO/ZnO-CdS-GO/Pt with an active area ~1.2 cm?.

To have a better understanding of the thickness and layer interface of the ZnO-CdS-GO layer, a
cross-sectional filed-emission scanning electron microscopy (FESEM) image and energy-
dispersive X-ray spectroscopy (EDX) pattern were recorded for a dummy photoanode fabricated
on a glass substrate, as shown in Figure 3.2. To prepare the sample, a ZnO-CdS-GO paste was
coated on a pre-cleaned, ozonized glass substrate by doctor blade technique and then dried
overnight at 40 °C. The glass substrate was mounted at an angle of 60° on the sample holder of
the SEM instrument. Figure 3.2 shows a thickness of ~10-12 um for the ZnO-CdS-GO layer,

which was further confirmed using the surface profilometer.
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Figure 3.2 (a—c) Cross-sectional FESEM images at different magnifications of a dummy ZnO-CdS-GO photoanode
fabricated on glass substrate showing the thickness of ~10-12 um for the ZnO-CdS-GO layer. (d) EDX pattern of
the ZnO-CdS-GO film confirming the presence of elements: Zn, O, Cd, and S.

3.3. RESULTS AND DISCUSSIONS
3.3.1. Mechanism for the Formation of Hierarchical ZnO-CdS Nanourchins

1. Thiogycolic
acid (TGA) 2‘3»7“
’$’

2. Cd-acetate

Hydrothermal
(High pressure
& temperature)

ZnO Nanoparticles

Hydrothermal
140 °C, 48 h

2

ZnO-CdS Composite CdS Colloids on ZnO NPs

Scheme 3.3 Schematic showing the hydrothermal synthesis of ZnO—CdS nanourchins following the impregnated
growth of 1D CdS nanorods onto the ex-situ generated ZnO nanoparticles.?®
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The mechanism for hydrothermal synthesis of ZnO-CdS, carried out by an impregnated growth
of CdS nanorods onto the ex-situ synthesized ZnO nanoparticles, can be explained as shown in
Scheme 3.3.% First, the addition of thioglycolic acid to ZnO nanoparticles (pre-dispersed in
water) and a continuous stirring of ~30 min results in a preferable attachment of S? ions (Lewis
base) to the ZnO surface due to the Lewis acidity centre on Zn. Further addition of an aqueous
solution of Cd(CHsCQOO)-2H0, followed by a continuous stirring of ~30 min, persuades the
formation of CdS colloidal particles over ZnO. In the next step, these saturated colloidal particles
act as the seeds for crystal growth of CdS nanorods over ZnO from the supersaturated vapours of
Cd?* and S? under the hydrothermal treatment for 48 h at 140 °C.

3.3.2. Powder X-ray Diffraction Analysis
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Figure 3.3 Powder X-ray diffraction (XRD) patterns for (a) CdS nanorods, (b) ZnO nanoparticles, (¢) ZnO-CdS
composite, (d) graphite, and (e) graphene oxide.

Powder X-ray diffraction (XRD) patterns for CdS nanorods, ZnO nanoparticles, bare ZnO—-CdS,
graphite and GO are shown in Figure 3.3. The lattice planes (100), (002), (101), (102), (110),
(103), (112), (201) and (203) from Figure 3.3a can be indexed to the formation of hexagonal
phase of CdS nanorods with lattice constants of a = 0.4136 nm and ¢ = 0.6713 nm (JCPDC Ref.
No. 06-0314). Figure 3.3b shows the diffractogram for ZnO nanoparticles with the lattice planes
(100), (002), (101), (102), (110), (103), (200), (112) and (201), indexed to the hexagonal phase of
ZnO and lattice constants of a = 0.3249 nm and ¢ = 0.5205 nm (JCPDC Ref. No. 05-0664).
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Figure 3.2c shows the diffraction peaks for CdS in the diffractogram for ZnO—CdS composite,
confirming the retention of structure and crystallinity of freestanding CdS NRs even after their
radial growth over ZnO nanoparticles. The XRD pattern for graphite, Figure 3.3d, exhibits a
sharp diffraction peak at 26 = 26.5° for the (002) graphite plane composed of graphene sheets.
Interestingly, the graphite peak disappears for GO and a low-intensity peak at 20 = 10.5° appears

corresponding to the characteristic diffraction peak for (002) GO plane, as shown in Figure 3.3e.

3.3.3. Normalized UV-vis Absorption Spectra

The UV-vis DRS spectra of the ZnO—CdS and ZnO-CdS-GO based photoanodes are recorded to
examine their light-harvesting abilities, as shown in Figure 3.4. The absorbance data recorded
within a wavelength range of 200-800 nm against a blank ITO as the reference have shown
almost identical absorption profiles for both the photoanodes that can be correlated to the band
energy components of individual systems. As can be seen, there are two distinct absorption
edges, at ~330 (for ZnO) and ~500 nm (for CdS) in each of the curves. A slight red shift in the
absorption steep of ZnO—CdS occurs upon GO loading, which ensures the charge delocalization
in ZnO—CdS—GO due to the electronic interaction of GO to ZnO—CdS. In addition, GO enhances
the molar absorptivity of ZnO—CdS in the visible region.3*3® Notably, Figure 3.4 represents the
completely diminished absorption spectra after 570 nm for both ZnO-CdS and ZnO-CdS-GO,

which indicates the absence of any impurity energy level transitions.

Normalized absorbance

o
o
1

(a) ZnO-CdS

T T T T T T T T

T T
250 300 350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 3.4 UV-vis DRS absorption spectra of (a) ZnO-CdS (filled circles) and (b) ZnO-CdS-GO (empty circles)
photoanodes. Inset shows the Tauc plot for ZnO-CdS estimating the band gaps of ZnO and CdS.
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The optical band gaps of individual components of ZnO-CdS are also estimated from the Tauc’s
plot as shown in the inset to Figure 3.4, where (ahv)? is plotted as a function of photon energy
(hv).2° The estimated band gap energies for ZnO—CdS are found to be ~3.7 and ~2.5 eV, which
corresponds to the individual band gaps of ZnO and CdS components, respectively. The optical

band gaps are calculated using Tauc’s relationship following eq.s (1) and (2)
(ahv)? =C(hv - E,) Q)

a:%xAonge (2

where a is the absorption coefficient of ZnO-CdS at specific wavelength value, h is the Planck’s
constant, C is the proportionality constant, v is the frequency of incident light, Eg is the band gap
of the components of ZnO-CdS, and t is the thickness (in cm) of ZnO-CdS film.

3.3.4. Materials Morphology
The representative SEM images of hydrothermally synthesized ZnO—-CdS—GO composite coated
on ITO substrates are shown in Figures 3.5a and 3.5b. A higher-magnification image of bare
ZnO-CdS nanourchins (Figure 3.5c¢) clearly demonstrates a radial growth of CdS nanorods onto
ZnO nanoparticles. Figure 3.5d shows the energy-dispersive X-ray spectroscopy (EDX) pattern
of ZnO-CdS, confirming the presence of elements Cd, S, Zn, and O. Thus, the ZnO-templated
1D growth of CdS nanorods is confirmed by the SEM images.
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Figure 3.5 Scanning electron microscopy (SEM) images of (a, b) ZnO—-CdS-GO composite layer painted on the ITO
substrate and (c) bare ZnO—CdS at higher magnification. (d) Energy dispersive X-ray spectroscopy (EDX) pattern of

bare ZnO—-CdS powder sample.
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The nanocomposites were further studied by transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM). Figure 3.6a shows a TEM image of CdS nanorods, while Figure 3.6b
represents the star-shaped image of ZnO-CdS composites exhibiting a diameter of ~500 nm for
ZnO-CdS core-shell structures. The star shape arises due to the hierarchical alignment of CdS
nanorods over ZnO nanoparticles.®® The sample preparation for TEM analysis was carried out by
dispersing the solid sample in acetone for ~30 min under ultrasonic treatment. The rod-shaped
structures that are seen near the star in Figure 3.6b are of bare CdS nanorods that are coming out
of the hierarchical arrangement under ultrasonic treatment during the TEM sample preparation.
Figures 3.6¢ and 3.6d represent the TEM and HRTEM images of the ZnO—-CdS—-GO composite.
The HRTEM image of ZnO-CdS-GO composite shows the well-defined lattice fringes of ZnO
and CdS entities with the respective interplanar d-spacings of ~0.17 nm and ~0.29 nm, that are

assignable to the interplanar spacing of (102) and (101) planes of ZnO and CdS, respectively.
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Figure 3.6 Transmission electron microscopy (TEM) images of (a) CdS nanorods, (b) ZnO-CdS nanourchins, and
(c) ZnO-CdS-GO composite. (d) High-resolution TEM (HRTEM) image of ZnO-CdS-GO.

3.3.5. Steady-state Photoluminescence (PL) and Time-resolved PL Studies
To probe the electronic interactions between ZnO-CdS and GO, steady-state photoluminescence
(PL) spectra of ZnO—CdS and ZnO-CdS-GO based photoanodes fabricated on ITO substrates are
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recorded at a 320 nm excitation. As can be seen, Figure 3.7a shows a drastic quenching of the
fluorescence emission band at ~398 nm for the ZnO-CdS-GO based photoanode in contrast to
ZnO-CdS. The significant quenching of PL emission of ZnO—CdS upon 1.0 wt % of GO loading
confirms the presence of excited-state electronic interactions between ZnO—CdS and GO that
corresponds to the inhibited photoinduced electron—hole recombination. Consequently, the non-
radiative decay processes occurring in ZnO—CdS becomes more prominent upon GO loading due

to the possible interfacial charge transfer from ZnO-CdS to GO.
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Figure 3.7 (a) Steady-state PL spectra at an excitation wavelength of 320 nm with an emission at 398 nm and (b)
TRPL spectra at a 405 nm excitation for ZnO-CdS (dotted lines) and ZnO-CdS-GO (solid lines) photoanodes.
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To further gain insight into the excited-state emission decay behaviour of GO-loaded ZnO-CdS,
time-resolved PL (TRPL) spectra and exciton lifetime measurements of ZnO-CdS and ZnO—
CdS—-GO photoanodes are performed using a 405 nm Nd:YAG laser excitation. The TRPL
spectra are depicted in Figure 3.7b and the detailed spectroscopic and fitting parameters (y2) for
emission decays of the photoanodes are listed in Table 3.1. Interaction of GO drastically
quenches the exciton lifetime of ZnO-CdS through the interfacial charge-transfer processes
occurring in ZnO-CdS-GO, which follows a similar mechanism as reported by Son et al for
quenching of PL lifetime of ZnO in presence of graphene.®® Functional groups like carboxyl
(—COOH), hydroxyl (—OH), and epoxy of GO can easily bind to ZnO—CdS under hydrothermal
conditions. Further, it makes the efficient transfer of photoexcited electrons possible from the
ZnO-CdS to GO and hence, the static quenching in exciton lifetime is observed. To calculate the
exciton lifetimes of the photoanodes, the TRPL curves were fitted with a bi-exponential function
by following eq. (3) using FAST software provided by Edinburgh Instruments. The average

values (1, 72) corresponding to the fast and slow emission decay lifetimes are thus obtained.
t
() = Yo exp(——) 3)

where «; is the initial intensity of the decay component i having a lifetime of t. The average

lifetimes 71 and = of ZnO-CdS are calculated using eq. (4).

(0)=(Zyeet )/ (e @

&~ B )
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Tzn0-cds-Go0 % zno-cds

Significantly, coupling of GO decreases the exciton lifetime of ZnO—CdS from ~0.93 ns (1) and
~4.05 ns (t2) to ~0.78 ns (t1) and ~2.52 ns (t2). The average emission decay lifetime ((t)) was
also decreased from 3.63 ns to 2.06 ns upon GO loading. Considering non-radiative processes as
the only pathway for excited-state decay, charge transfer rate constants (ket) can be calculated by
eq. (5) and were found to be ~2.74 x 108 s (ZnO-CdS) and ~4.85 x 108 s (ZnO—-CdS-GO).

Table 3.1. Fitting parameter (y?), initial intensity (o, o), excited-state lifetime (1, 72), and average exciton lifetime
((t)) for ZnO-CdS and ZnO-CdS-GO films on ITO coated glass substrates.

Photoanode 1 a1 a2 71 (Ns) 72 (NS) <1> (ns) ket (s71)

Zn0O-CdS 1.01 14.98 22.57 0.932 4.052 3.63 2.74x108

Zn0O-CdS-GO 1.02 35.34 30.40 0.778 2521 2.06 4.85%108
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3.3.6. Raman Spectroscopic Analysis

Figure 3.8 depicts the room-temperature Raman spectra of the ZnO-CdS and ZnO-CdS-GO
based photoanodes and of GO, excited by a He—Ne laser operating at 514.5 nm, over the spectral
range of 100-2000 cm™!. Figure 3.8a shows almost no intense Raman peaks for ZnO-CdS
photoanode, while ZnO-CdS-GO counterpart (Figure 3.8b) shows the two characteristic
longitudinal optical (LO) peaks for CdS at 298 cm™ and 592 cm™. It could be ascribed to the
serious limitation of visible—-Raman spectroscopy technique in characterizing luminescent
samples due to the presence of fluorescence background interference.?’ Basically, highly intense
and broad fluorescence peaks, compared to the Raman scattering, hinders the Raman signal of
fluorescent samples. One of the best ways to obtain the Raman signal is to remove the
luminescent species. In the present work, the 1.0 wt % loading of GO into ZnO-CdS sufficiently
quenches the fluorescence emission arising from the ZnO-CdS composite and thereby exhibits
the Raman peaks, which is in good agreement with the effective electronic interactions between
ZnO-CdS and GO as obtained from the PL quenching and TRPL studies. On the other hand,
Figure 3.8c shows two distinct Raman peaks at 1358 cmtand 1599 cm, which are,
respectively, the characteristic D (sp® C atoms) and G (sp? C atoms) bands for GO nanosheets
with a observed defect density ratio (Io/lc) of ~0.86.
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Figure 3.8 Raman spectra for (a) ZnO-CdS (blue line) and (b) ZnO-CdS-GO (red line) photoanode coated on ITO
substrate and for (c) GO sheets (black line) at a 514.5 nm laser excitation.
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3.3.7. Photovoltaic Performance

Photovoltaic properties of the SSCs are evaluated from the photocurrent-voltage (J-V) plots
measured under AM 1.5 G simulated solar light at intensity of 100 mW/cm? (Figures 3.9A). The
performance parameters such as, short-circuit current density (Jsc), open-circuit voltage (Voc), fill
factor (FF), PCE (), and maximum IPCE (IPCEmax; Figure 3.9B are summarized in Table 3.2.
The intriguing role of GO in device performance, utilizing the hybrid ternary ZnO-CdS-GO
photoanode, is evaluated by comparing the J-V curves for GO-free devices. As can be seen, the
cell ZCGO-Pt (ITO/ZnO-CdS—-GO/Pt) exhibited the highest Jsc = 7.3 mA/cm?, a Voc = 703 mV
and FF = 54.6%, affording a maximum PCE = 2.8% against Pt as the counter electrode. In
contrast, the GO-free device ZC-Pt (ITO/ZnO-CdS/Pt) afforded a decreased PCE ~ 1.92% with
aJsc ~ 5.3 mA/cm?, a Voc = 672 mV and FF ~ 54.2%. It is worth to note that the GO-loaded
photoanode significantly enhanced the PCE of the devices by ~47% and Jsc value by ~38%,
which is indicative of an improved electron transfer in ZnO—CdS based device upon 1.0 wt % of
GO loading. Similarly, in the case of Ag counter electrode based cells (ZCGP-Ag and ZC-Ag),
GO loading to ZnO-CdS increases the PCE from ~1.08% to ~1.96%, Jsc from ~3.3 mA/cm? to
~5.7 mA/cm?, Vo from ~523 mV to ~565 mV, and FF from ~61.7% to ~63.2%. In the device
architecture, ZnO—-CdS—-GO photoanodes consist of binary ZnO-CdS well-embedded into GO
sheets; such a configuration facilitates the charge transfer within the system. In addition, the
nanodimension of crystalline ZnO and CdS in the composite favor a rapid surface migration of
the photogenerated electrons and holes.®® Interestingly, the band alignment among CdS, ZnO, and
GO allows the electrons and holes to be separated within the ZnO—CdS—GO photoanode itself,
thereby reducing the charge recombination process resulting in an improved photovoltaic
performance of GO-based devices.'®?°* It has also been observed that the Pt counter electrode
based devices are more efficient than the Ag counterpart.

Evidently, ZCGO-Pt and ZC-Pt cells have shown an enhancement in Jsc by ~2 mA/cm?
and Voc by ~130 mV, as compared to ZCGO-Ag and ZC-Ag cells. The improved Jsc value, in the
case of Pt, is due to the higher work function o Pt (~6.3 eV) than that of Ag (~4.7 eV). Further, it
can be explained on the basis of a favorable electron transport to the Fermi level of the metal
electrode, because of a higher work function of Pt counter electrode. Instead, Vo values of SSC
depend on the potential difference between the quasi-Fermi level of the semiconductor and the
work function of the electrolyte. Moreover, Ag counter electrode encounters with stability issues

when comes in direct contact with S?7/S,2~ electrolyte due to the possible formation of Ag,S,
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which is confirmed from the powder XRD pattern recorded for a S>/S»?> electrolyte treated Ag
counter electrode, as shown in Figure 3.10. Even if the formation of AgzS is significantly less in
quantity, it shows a severe effects in altering the charge migration and, hence, the electron—hole
recombination to lower the Voc in Ag-based devices, compared to the Pt. It is also observed that
the reduced recombination of electrons and holes in the presence of GO induces an increase

in Vo, compared to that observed in the GO-free devices.
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Figure 3.9 (A) Current density—voltage (J-V) curve for the photovoltaic devices: (a) ZCGO-Pt, (b) ZCGO-Ag, (c)
ZC-Pt and (d) ZC-Ag under AM 1.5G simulated solar illumination with an intensity of 100 mw/cm?. (B)
Corresponding incident photon-to-current conversion efficiency (IPCE) plots for the fabricated devices.
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Figure 3.10 Powder X-ray diffraction (XRD) pattern for the fabricated Ag counter electrodes deposited onto the
glass substrates (a) before and (b) after the treatment with sulfide/polysulfide electrolyte.

Table 3.2 Short-circuit photocurrent density (Jsc), open-circuit voltage (Voc), fill factor (FF), power conversion
efficiency (7)) and maximum incident photon-to-current conversion efficiency (IPCEmax) values for the fabricated
solar cells with respect to different photoanodes and counter electrodes.

Solar cell Photoanode Counter Jsc Voc FF n IPCEmax
electrode (mA/cm?) (mV) (%) (%) (%)
ZC-Pt ZnO-CdS Pt 5.3 672 54.2 1.92 18
ZCGO-Pt ZnO-CdS-GO Pt 7.3 703 54.6 2.82 22
ZC-Ag ZnO-CdS Ag 3.3 523 61.7  1.08 11
ZCGO-Ag Zn0O-CdS-GO Ag 5.7 565 63.2 1.96 13

The IPCE spectra of the fabricated devices account for the efficiencies of (1) light harvesting by
CdS photosensitizer, (2) electron injection within the components of hybrid ZnO-CdS-GO, and
(3) photoinduced electron collection by the ITO substrate. Therefore, it is expected to acquire
maximum IPCE values for the SSCs at the specific wavelength regions where UV-vis absorption
of the photoanodes are maximum. The UV-vis spectra of both the photoanodes show maximum
absorption in a wavelength range of ~330-550 nm (Figure 3.4). From Figure 3.9B, the IPCE
curves for all the devices showed the ability to convert the photons to electrons within the same
wavelength range. Enhanced IPCE upon GO loading is ascribed to the proximal band alignments
of ZnO and CdS resulting in a favorable charge transfer from CdS to ZnO. The loading of GO as
an electron sink enhances the physical separation of photogenerated electrons and holes within
ZnO-CdS—-GO due to the presence of electronic interactions between ZnO—CdS and GO.?03®
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GO sheet (—4.9 eV)

Scheme 3.4 Band energy alignment mediated photogenerated charge transfer processes involved in ternary hybrid
photoanode ZnO-CdS-GO and the compensation of holes by sulfide/polysulfide redox electrolyte.

A favorable band alignment mediated feasible charge transfer in ZnO-CdS-GO induces the
efficient electron—hole separation, as shown in Figure 3.4. In contrast, lower IPCE values of the
GO-free devices indicate a poor physical separation of electron—hole pairs in the absence of GO.
Thus, the higher IPCE values for the devices fabricated with ZnO—CdS—GO photoanodes can be
correlated to an enhanced Jsc and PCE values of the SSCs. Similar proficiency in the maximum
IPCE values, notably from ~11% to ~13%, has also been observed for ZnO-CdS—GO hybrid in

contrast to the ZnO-CdS counterpart, in the case of Ag counter electrodes.

3.4. SUMMARY

e Present work manifests the fabrication of SSCs involving a novel photoanode material
based on the most commonly used components ZnO, CdS, and graphene oxide (GO).

e A simple hydrothermal strategy is utilized to synthesize the ternary hybrid ZnO-CdS-GO
composite, which practically offers an inexpensive way to achieve an effective electronic
coupling between the functional groups of GO and ZnO-CdS.

e Hybrid ZnO-CdS-GO has demonstrated an efficient electron transfer based on the band
alignments of ZnO, CdS, and GO entities within the composite.

e Graphene oxide acts as an electron acceptor (sink) for an effective separation of the

photogenerated charge carriers.
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Chapter 4

Ruthenium(II) Dipyridophenazine Complex as
An Efficient Sensitizer for Dimensional ZnO
Nanowire Based Dye-Sensitized Solar Cell

This chapter demonstrates a one-dimensional ZnO nanowire based dye-sensitized solar cell
involving a newly synthesized Ru(l1)dipyridophenazine complex as an efficient photosensitizer. An
excellent light harvesting property of due to an intense MLCT band and a favorable band
energetics of the dye molecule facilitating the photogenerated charge transfer from the dye to ZnO
are probed experimentally and re-confirmed using DFT. The intrinsic faster charge transport
property of ZnO nanowires in contrast to that of ZnO nanoparticles to improve the device
performance is being described.

1D ZnO Nanowire ZnO Nanoparticle
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4.1. INTRODUCTION

Emerging technological research towards the design and fabrication of ZnO based dye-sensitized
solar cells (DSCs) have shown a great deal of interest in generating robust and highly efficient
solar-to-electricity conversion devices engulfing an ever-increasing global energy demand.'? The
basic design of a typical DSC includes a mesoscopic oxide film as the photoanode, a molecular
dye absorber, a redox electrolyte, and a counter electrode (mostly, Pt). The current scenario to
enrich the efficiency of DSCs is mainly focused on Ru based dyes, exhibiting an excellent power
conversion efficiency (PCE) up to ~11%, due to the fascinating advantages such as, (1) broad
range visible light absorption (2) intense metal to ligand charge transfer (MLCT) transitions (3)
metal to ligand (Ru—L) and ligand to metal (SCN—-Ru) based charge separation (4) favorable band
alignments with the sensitizer scaffolds (for example: TiO2/ZnO) (5) moderately longer exciton
lifetime and (6) a high (electro)chemical stability.>® In view of this, several homoleptic and
heteroleptic type Ru dyes (Figure 4.1) having bipyridyl or polypyridyl ligands are utilized in
DSCs notably to enhance the molar absorptivity, leading to an efficient solar harvesting.®

COO-N(C4Hg)s COOH COOH COOH

1 4 4 4
HOOC A SN (1 COOH HOOC A SN (1 COOH  HOOC SN (1 CiaHzr  HOOC _~ Y N CoH1o
I /N%QN Z | zNu,, ‘\\\\\N Z l 2Ny, N I 2Ny, N
SCN N7 scN | IN? ] scN™ | IN? I scN | IN? |
NCS N C00-N(CaHo) NCS ">cooH NCS NANepghyy NCS gt
N719 dye (homoleptic) N3 dye (homoleptic) N621 dye (heteroleptic) Z907 (heteroleptic)

Figure 4.1 Examples of the best-performed commercial homoleptic and heteroleptic type Ru dyes commonly used in
dye-sensitized solar cells.®*?

Homoleptic type Ru dyes involved in DSCs are composed of two identical ancillary ligands
(excluding —NCS) directly attached to the metal center, fulfilling the basic prerequisites like light
absorption and dye adsorption.!! A breakthrough in further improving the efficiency of DSCs is
the use of heteroleptic type Ru dyes having two ancillary ligands of different types—one with an
extended m-conjugation ensuring a light harvesting antenna function and a second ligand offering
dye anchoring onto the semiconductor surface. The advent of heteroleptic dyes offers enhanced
molar extinction coefficients, broad visible range absorptivity, and prominent thermal stability of
the DSCs. One common feature of prototype homoleptic and heteroleptic sensitizers is that they
adsorb onto the semiconductor surface using a similar kind of carboxylic anchoring group
attached to the ancillary ligands.'?'3 Heteroleptic design also offers facile molecular engineering
possibilities to enhance and broaden their MLCT absorption band by means of modified ligands

via an extended or bifurcated conjugation of the light-absorbing chromophoric units.** However,
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an extended n-conjugated ring makes the dye molecule bulkier that tends to decrease the quantity
of dye loading thereby effectively reducing the overall efficiency. Paramountcy is therefore been
given to size optimization of chromophoric units in heteroleptic type Ru dyes, balancing the
synergistic effect of the two crucial and inversely proportional factors: (1) intensity of MLCT
band, and (2) quantity of dye loading. To mimic bulky heteroleptic dyes, by a dipyridophenazine
based homoleptic type Ru dye that enables an intense MLCT absorption and an efficient dye
loading would therefore be a promising approach. In this regard, structurally modified 1,10-
phenanthroline ligand based Ru dyes have paved a way to achieve supreme PCEs ~7%.152

Another crucial factor that governs the efficiency of DSCs is a suitable redox electrolyte.
Although the traditional iodide/triiodide (137/17) couple is the most popular choice of electrolyte
used in DSCs, it encounters with a few limitations such as, high absorptivity in the visible region
and a corrosive nature. To avoid such glitches, cobalt based electrolytes have been explored
exhibiting superior performances over the Is7/I system, due to their noncorrosive nature, lower
visible light absorptivity, and a higher redox potential for a more efficient dye regeneration in
contrast to the ls7/I” counterparts.’??® In tandem with the development of Ru dyes and
electrolytes, excellent electron transport properties and dye adsorptivity of the semiconductor
photoanode materials depending on their crystallinity and surface morphology are also
technically explored to enhance the device efficiency. Since the discovery of DSCs, mesoscopic
TiO2 based films are extensively being utilized as the electron transport material in the
photoanodes. Recently, ZnO architectures built at a nanoscale in diverse morphologies have
rivaled the TiO2 photoanodes due to their superior electron transport property, wide-band gap,
and benchtop synthetic routes, achieving promising PCEs ~7.5%.! Paradoxically, ZnO based
DSCs encounter with the possible formation of an interfacial charge transfer state between the
dye and ZnO surface that limits the efficient photogeneration of free-charge carriers, and hence
exhibit lower PCEs in contrast to the TiO2 counterparts.?®?” In this regard, 1D nanowire (NW)
structures of ZnO have exhibited remarkably improved performances due to their ability to
generate 1D charge transfer pathways, minimized charge recombination rate, increased electron
diffusion length, and sufficient surface area for dye loading.?®-% In addition, a favorable packing
of the vertically aligned ZnO NW network allows to get rid of the limited ionic diffusion of
cobalt electrolytes through the narrow pores of the photoanodes.®!
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This chapter demonstrates the combined effects of 1D ZnO NWs and newly synthesized
dye, cis-Ru(dppz-COOH)2(NCS)2 (dppz-COOH: dipyrido[3,2-a:2',3"-c]phenazine-11-carboxylic
acid), through an efficient photovoltaic cell affording PCE up to ~5.9% against Pt as the counter
electrode with cobalt complexes of 2,2"-bipyridyl (bpy) and 1,10-phenanthroline monohydrate
(phen) as the electrolytes. The key features of Ru(dppz-COOH)2(NCS). dye is two-fold: (1) a
broad visible range absorptivity due to an intense MLCT transition band, and (2) an efficient dye
loading capacity due to an optimal size. The computational study using density functional theory
(DFT) is carried out at a B3SLYP/LANL2DZ/6-31G level to probe the electronic structure of the
dye (Figure 4.2). The absorption and infrared (IR) spectra of the dye are computed at a time-
dependent DFT (TDDFT) level.

Anchoring
Group

Anchoring
Group

e Ry @\

= H @
a» (O =S

Figure 4.2 Optimized molecular structure of Ru'"(dppz-COOH),(NCS), photosensitizer as computed from the
density functional theory (DFT) calculations carried out at a B3LYP/LANL2DZ/6-31G level.

4.2. EXPERIMENTAL SECTION

4.2.1. Synthesis of 1,10-Phenanthroline-5,6-dione (phen-dione)

To synthesize 1,10-phenanthroline-5,6-dione (phen-dione; Scheme 4.1), conc. H2SO4 (100 mL),
followed by conc. HNOs (50 mL), were added dropwise to a mixture of phen (5.0 g, 25 mmol)
and KBr (29.75 g, 250 mmol) in an ice bath, and heated at 80 °C (2 h) under magnetic stirring.*?
The reaction mixture was poured onto ice-cold water (1.5 L) after cooling to room temperature,
neutralized with NaHCOg, extracted with CH2Clz, and dried over anhydrous Na,SOs. The
evaporation of CHxCl. solvent yielded the crude sample of phen-dione, which was then purified
by filtering through a column using neutral alumina as the stationary phase and CH2Cl; as the
eluent. Rf= 0.46 in CH2Cl,/MeOH (20:1, v/v); yield = 4.34 g, 75%. MS, m/z: [M]" for
CsHsN202 = 210.12. 'H NMR (400 MHz, CDCls, & in ppm): 9.17 (2H), 8.53 (2H), 7.62 (2H).
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Scheme 4.1 Synthesis protocol for 1,10-phenanthroline-5,6-dione, dipyrido[3,2-a:2’,3'-c]phenazine-11-carboxylic
acid (dppz-COOH) ligand and Ru'"'(dppz-COOH),(NCS), complex.

4.2.2. Synthesis of Dipyrido[3,2-a:2',3'-c]phenazine-11-carboxylic Acid (dppz-COOH)
Synthesis of dppz-COOH was carried out by utilizing a Schiff base condensation reaction
(Scheme 4.1).2 Typically, phen-dione (1.0 g, 4.76 mmol) and 3,4-diaminobenzenoic acid (0.8 g,
5.23 mmol) were refluxed in absolute ethanol (50 mL) in a round-bottom flask for 30 min under
N2 atmosphere. A light brown colored precipitate of dppz-COOH was obtained, which was
filtered under vacuum, dried and recrystallized from ethanol (yield = 1.28 g, 83%). MS, m/z: for
[M + H]* for Ci9H10N4O2 = 327.25. 'H NMR (400 MHz, CF3COOD, § in ppm): 10.23 (2H),
9.312 (3H), 8.69 (1H), 8.59 (s, 1H), 8.36 (2H).

4.2.3. Synthesis of Ru"'(dppz-COOH)2(NCS)2 Complex

In the typical synthesis of the dye,* RuCls-3H,0 (1.0 g, 3.82 mmol) and dppz-COOH (2.5 g,
7.66 mmol) were dissolved in N,N’-dimethylformamide (75 mL), refluxed under Ar atmosphere
for 8 h and cooled to room temperature. The solution was then concentrated to one-half of its
original volume in the rotary evaporator. Diethyl ether was added to the reaction mass and the
mixture was allowed to settle for 24 h in the refrigerator to get a dark-red, highly insoluble solid
precipitate, which was filtered out, washed with diethyl ether, and dried to get the solid mass of
Ru(dppz-COOH)ClI; (yield = 2.13 g, 68%). In the next step, Ru(dppz-COOH).Cl, (0.4 g, 4.8

mmol) was suspended in minimum amount of distilled water and dilute aqueous NaOH solution
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was added dropwise to neutralize to pH = 7, until a red-violet solution appeared. The solvent was
evaporated to one-half in the rotary evaporator and methanol (60 mL) and KNCS (3.2 g, 32.96
mmol) were added. The solution was refluxed for 5 h in the dark under Ar atmosphere and finally
evaporated to dryness. The solid was redissolved in distilled water, and the complex, Ru(dppz-
COOH)2(NCS)2, was then precipitated by the addition of 1.0 M HCI at pH = 2. The dark product
was filtered and dried under vacuum (yield = 0.348 g, 83%). MS,m/z: for [M +
H]* Ca0H22N100sRUS; = 871.65. *H NMR (400 MHz, CF;COOD, & in ppm): 10.17 (4H), 9.60
(2H), 9.41 (2H), 8.83 (4H), 8.55 (2H), 8.34 (2H), 7.90 (2H). Anal. Calcd for RuC4oH22N1005S::
C, 54.11%; H, 2.50%; N, 15.78%. Found: C, 54.32%; H, 2.69%; N, 15.76%.

4.2.4. Synthesis of [Co(bpy)s](PFs)2 and [Co(bpy)s](PFs)s Complexes
Synthesis of [Co(bpy)s](PFe)2 and [Co(bpy)s](PFs)s were carried out by following the procedure
reported by Liu et al.® To synthesize the cobalt(ll) salt, a solution of CoCl2-6H.0 (0.5 g, 2.0
mmol) in a minimum amount of methanol was added drop wise to a solution of bpy (1.10 g, 6.8
mmol) in methanol under continuous stirring and then refluxed for 30 min. The completion of the
reaction was monitored using TLC. The solution was allowed to cool to room temperature, and
KPFs (2.40 g, 13 mmol) in water was slowly added under gentle stirring to precipitate the
complex. The solid product was filtered out, washed with distilled water, and dried in vacuum to
isolate [Co(bpy)s](PFs)2 complex (yield = 1.34 g, 68%). 'H NMR (400 MHz, DMSO-ds, § in
ppm): 8.67 (6H), 8.38 (6H), 7.94 (6H), 7.44 (6H). MS, m/z: for [M]" C3oH24CoF12NsP2 = 817.27.
To synthesize the cobalt(l11) complex, a solution of CoCl,-6H20 (0.5 g, 2.0 mmol) in a
minimum amount of methanol was added drop wise to a solution of bpy (1.10 g, 6.8 mmol) in
methanol under continuous stirring and then refluxed for 30 min. Once the reaction mixture was
cooled to room temperature, an equivalent of Brz solution in methanol was added drop wise to it
and then allowed to stir for another 10 min resulting in the formation of an orange precipitate.
The solution was filtered to discard the yellow precipitate, and the clear solution was evaporated
to dryness in the rotary evaporator. The residue was dissolved in methanol (15.0 mL) and an
aqueous solution of KPFs (2.4 g, 13 mmol) was added to precipitate out [Co(bpy)s](PFe)3, which
was filtered out, washed with water, and dried in vacuum to yield the solid product (yield = 1.78
g, 77%). *H NMR (400 MHz, DMSO-de, & in ppm): 9.034 (6H), 8.604 (6H), 7.808 (6H), 7.438
(6H). MS, m/z: [M]" for CsoH24CoF12NeP3 = 962.23.
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4.2.5. Synthesis of [Co(phen)s](PFs)2 and [Co(phen)s](PFs)s Complexes

Cobalt complexes with phen were synthesized by following the identical procedure as reported
for [Co(bpy)s](PFs)2 and [Co(bpy)s](PFs)s complexes, only by using phen instead of bpy.*®
[Co(phen)s](PFe)2. Yield = 1.59 g, 72%. *H NMR (400 MHz, DMSO-dg, & in ppm): 9.07 (6H),
8.55 (6H), 8.53 (6H), 8.04 (6H). MS, m/z: for [M]* C3oH24CoF12NsP2 = 921.17.
[Co(phen)s](PFe)s. Yield = 2.02 g, 79%. *H NMR (400 MHz, DMSO-ds, & in ppm): 9.15 (6H),
8.56 (6H), 7.96 (6H), 7.66 (6H). MS, m/z: for [M]* C3oH24CoF12NsP-> = 1066.11.

4.2.6. Growth of One-Dimensional ZnO Nanowires on FTO Substrates

The growth of ZnO NWs over ZnO seed layer coated FTO substrates was performed by
employing a hydrothermal route.?®*¢ A ZnO seed solution was prepared by stirring a mixture of
Zn(CH3C00)2.2H20 (0.2 g) and ethanolamine (55 pL) in 2-methoxyethanol (3.0 mL) for 8 h and
then filtered through a 0.2 pm PTFE membrane filter. Fluorine doped tin oxide (FTO) coated
glass substrates were then cleaned with soap solution, washed with distilled water, and treated
under an ultrasonic bath for 15 min in each of acetone and 2-propanol, dried by blowing argon
and finally subjected to ozone treatment for 30 min. ZnO seed solution was spin coated on the
FTO substrates and heated at ~175 °C for 10 min. This procedure was repeated for one more
time to obtain a uniform ZnO seed layer on FTO substrates. ZnO seed layered FTO substrates
were then separately dipped (FTO side down) into a 30.0 mL aqueous solution of Zn(NO3).6H20
(50 mM) and hexamethylenetetramine (50 mM) in Teflon vessels, sealed inside a stainless steel
autoclave and then maintained at 90 °C for 2 h in an electronic oven to complete the uniform
growth of ZnO NWSs. The ZnO NW grown FTO substrates were taken out, rinsed with ethanol

and then heated at 175 °C for 10 min to remove any traces of water and ethanol.

4.2.7. Synthesis of ZnO Nanoparticles

ZnO nanoparticles (NPs) were synthesized by a method as discussed earlier in Chapter 3 Section
3.2.1. Typically, ZnCl> was first converted to Zn(OH)2 by adding NaOH solution and then heated
at 90 °C, collected by centrifugation, washed with water and finally calcined to get the ZnO NPs.

4.2.8. Device Fabrication and Characterization

To prepare ZnO NW based photoanode, ZnO-grown FTO substrate was dipped into a 0.3 mM
dye solution in ethanol/dichloromethane (1:1, v/v), taken out after 3 h, rinsed with ethanol, and
dried under hot air blow. The fabrication of ZnO NW based photoanode is shown in Scheme 4.2.
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Solution 2.175°C, 10 min
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1D ZnO NW—-Ru Dye 1D ZnO NWs on FTO

Scheme 4.2 General procedure for fabrication of ZnO nanowire based photoanode: (a) spin coating of ZnO seed
solution on FTO substrate and heating at ~175 °C for 10 min, (b) hydrothermal growth of ZnO nanowires over ZnO
seed layered FTO substrate at 90 °C for 2 h using a 0.5 M zinc nitrate and 0.5 M hexamine aqueous solution, (c) dye
sensitization by dipping the ZnO film into a 0.3 mM dye solution in ethanol/dichloromethane (1:1, v/v) for 3 h.

Grinding
for 2h

ZnO NPs Terpineol

A~
H T To 5 ~OH
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- R
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ZnO NP-Ru Dye Photoanode ZnO NP Film on FTO
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1.RuDyein 1:1

EtOH:DCM

Scheme 4.3 General procedure for fabrication of ZnO nanoparticle based photoanode: (a) ZnO nanoparticle paste
formation by grinding ZnO nanoparticles in terpineol and PEG-PPG-PEG triblock co-polymer for 2 h, (b) ZnO film
deposition onto FTO substrate by doctor blade technique and calcination at 450 °C for 30 min, (c) dye sensitization
by dipping the ZnO film into a 0.3 mM dye solution in ethanol/dichloromethane (1:1, v/v) for 3 h.

To fabricate the ZnO NP based photoanode, a ZnO NP paste was prepared by mixing ZnO NPs
(0.50 g), terpineol (2.5 mL), and triblock PEG-PPG-PEG copolymer (1.5 mL) in an agate mortar
for 2 h. Pre-cleaned, ozonized FTO substrates were fixed on a glass plate by using Scotch tape to
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obtain an active area ~0.25 cm? and the ZnO paste was then coated by doctor blade technique.
Scotch tape was removed and the ZnO NP coated FTO substrates were calcined at 450 °C for 30
min. A thickness of ~6-8 um for the ZnO NP films was confirmed by surface profilometer. The
ZnO NP films were sensitized with the dye solution for 3 h, rinsed with ethanol, and dried under
hot air blow. The fabrication of NP-based photoanode is shown in Scheme 4.3. To prepare Pt
counter electrodes, a 50 mM H2PtCle solution in 2-propanol was spin coated onto a number of
pre-cleaned, ozonized FTO substrates, followed by calcination at 450 °C for 15 min. The devices
were constructed by sandwiching the photoanodes and counter electrodes using low-temperature
thermoplastic sealant (~50 um thick). A drop of electrolyte solution was inserted to complete the
devices and then sealed with glass cover slits using Araldite adhesive. The electrolyte solutions
were prepared by dissolving 0.20 M [Co'!(L)3](PFs)2, 0.02 M [Co''(L)3](PFe)s, and 0.5 M 4-tert-
butylpyridine in an acetonitrile/valeronitrile (9:1, v/v) solvent mixture (L = bpy and phen).

To perform the dye desorption measurements, dye-sensitized ZnO photoanodes were first
immersed into a 0.1 mM NaOH solution in ethanol/water (1:1, v/v) mixture. The photoanodes
were removed from the solution after the complete desorption of dye in a certain period of time,
and then UV-vis absorbance of each of the remaining sample of NaOH solutions were recorded.
The concentration of the desorbed dye per cm? film area was calculated from the absorbance data

and molar extinction coefficient of the dye following the Beer’s law.

4.3. RESULTS AND DISCUSSIONS

4.3.1. Powder X-ray Diffraction Analysis

Powder XRD patterns of hydrothermally-grown 1D ZnO NWs on glass substrates and ZnO NPs
are recorded to endorse their phase purity, as shown in Figure 4.3. Notably, the XRD pattern of
ZnO NWs (Figure 4.3a) shows a strong appearance of a (002) diffraction peak at 26 ~ 34.6°,
indicating a preferential growth of ZnO NWs along (002) lattice plane,?® which further reflects a
typical 1D growth of ZnO NWs along the c-axis normal to the substrate. The observed lattice
planes (100), (002), (101), (102), and (103) for ZnO NWs are indexed to a hexagonal phase of
ZnO with the lattice constants of a = 0.3249 nm and ¢ = 0.5208 nm (JCPDS Ref. No. 36-1451).
Similarly, the lattice planes (100), (002), (101), (102), (110), (103), (200), (112), and (201) for
bare ZnO NPs (Figure 4.3b) are indexed to the hexagonal phase of ZnO with the lattice constants
of a=0.3248 nm and ¢ = 0.5205 nm. Notably, no characteristic high intensity (002) diffraction
peak was observed in the powder XRD pattern for the ZnO NPs.
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Figure 4.3 Powder XRD patterns for (a) one-dimensional ZnO nanowires and (b) ZnO nanoparticles films on ZnO
seed layered glass substrates. Please note the preferential growth of ZnO nanowires along the (002) lattice plane.

4.3.2. Atomic Force Microscopy Imaging of the Photoanodes

The surface topographic imaging of the ZnO based photoanodes fabricated on ZnO seed layered
FTO substrates are constructed using atomic force microscopy (AFM). The AFM images shown
in Figure 4.4 clearly reveal nearly similar porous type packing of both ZnO NW and ZnO NP
based photoanodes. As can be seen, 1D ZnO NWs exhibit a better distribution of voids/spacing
within the NW network in contrast to that of the ZnO NPs. This indicates a smooth diffusion of
electrolyte possible through the ZnO NW network in contrast to the NP films. Please note: To get
the representative AFM images, the raster scan was performed in a scan area of 2.0 um x 2.0 um
for the 1D ZnO NW films, while a scan area of 1.0 um x 1.0 um was fixed for the ZnO NP film.

However, the scale bars for the AFM images are inserted accordingly in Figure 4.4,

Figure 4.4 Atomic force microscopy (AFM) images of (a) one-dimensional ZnO nanowire (area = 2.0 um x 2.0 um)
and (b) ZnO nanoparticle (area = 1.0 um x 1.0 um) films fabricated on ZnO seed layered FTO substrates.
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4.3.3. Normalized UV-Vis DRS Absorption Spectra

§ —— Ru Dye
28 —+— ZnO NPs
= —+— 1D ZnO NWs
§ 064 —— 7nO NP-Ru Dye
@®© —o— 1D ZnO NW-Ru Dye
D oad
N
©
E 0.2
(@)
Z
0.0 | : l l l : | | |
350 400 450 500 550 600 650 700 750

Wavelength (nm)

Figure 4.5 Normalized UV-vis diffused reflectance spectra of the dye film (filled box), ZnO NP film (filled star),
1D ZnO NW film (empty star), dye-sensitized ZnO NP film (empty triangle), and dye-sensitized 1D ZnO NW film
(empty circle), all on FTO coated glass substrates.

Normalized UV-vis diffused reflectance absorption spectra of the Ru dye film, dye-sensitized
ZnO NP film and dye-sensitized 1D ZnO NW film, all on FTO coated glass substrates, recorded
against wavelength range of 300-750 nm against a blank FTO substrate as the reference are
shown in Figure 4.5. The dye film was prepared by drop-casting a dye solution (in anhydrous
ethanol/dichloromethane, 1:1, v/v) on FTO coated glass substrate, followed by drying at 40 °C in
a vacuum electronic oven. The UV-vis spectrum of a Ru dye film (filled box) has shown two
intense absorption bands, one at ~371 nm due to the dppz-COOH intraligand © — 7* transitions
and a second low-energy band at ~430-491 nm due to the Ru(dn) — dppz-COOH(n*) MLCT
transition. Notably, the absorption spectrum of dye shows the characteristic absorption properties
of heteroleptic polypyridyl complexes®—° with an estimated high molar extinction coefficient of
~14.3 x 10 Mt cm™ at 491 nm. Alternately, the absorption spectra of ZnO NPs (filled star) and
ZnO NWs (empty star) show their typical absorption steeps at ~383 and ~378 nm, respectively,
where a slight red shift of ~5 nm is observed due to the reduced dimension of ZnO NPs in
contrast to that of ZnO NWs. This is in good agreement with an apparent shift of ~0.04 eV in the
estimated optical band gap energies of ZnO NPs (~3.23 eV) and ZnO NWs (~3.27 eV) from the
Tauc’s plot (Figure 4.6), where (ahv)? is plotted as a function of photon energy (hv).?%4° The

optical band gaps are calculated using Tauc’s relationship following eq.s (1) and (2)
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(ahv)? = C (hv — Eg) (1)
a=(Axloge)/t 2

where a is the absorption coefficient of ZnO at a certain wavelength value, h is the Planck’s

constant, C is the proportionality constant, v is the frequency of incident light, Eq is the band gap
of ZnO, and tis the thickness (in cm) of ZnO film. It should also be noted that the UV-vis
spectra of dye-sensitized ZnO NP (empty triangle) and dye-sensitized ZnO NW (empty circle)
films represent the significant absorption profiles for both the parts (ZnO and the dye), indicating
an improved molar absorptivity of ZnO films (NWs and NPs) upon dye loading.

6x10°
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hv (eV)
Figure 4.6 Tauc plot to estimate the band gaps for (a) one-dimensional ZnO nanowire and (b) ZnO nanoparticle
films fabricated onto the ZnO seed layered glass substrates.

4.3.4. Materials Morphology

In tandem with high crystallinity, hydrothermal growth dependent vertical length (accountable
for 1D charge transfer pathways) and surface morphology (responsible for dye loading) of the
ZnO NWs also play a vital role in boosting the device efficiency. A well-oriented 1D distribution
favoring an efficient dye loading, and a thickness of ~6-8 um of the ZnO NWs grown on FTO
are confirmed from field-emission scanning electron microscopy (FESEM) images (Figures 4.7a
and 4.7b). Transmission electron microscopy (TEM) image (Figure 4.7¢) of the NWs further
confirms their 1D shape with an average diameter of ~40-50 nm. The high-resolution TEM
(HRTEM) image (Figure 4.7d) of ZnO NWs shows well-distinct lattice fringes only for the (002)
lattice plane, indicating a single crystalline nature of the NWs without any crystal dislocations.
An interplanar d-spacing of ~0.52 + 0.005 nm along the [0002] direction of ZnO NW crystal
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structure, assignable to (002) lattice plane, is identified from the inverse fast Fourier transform
(IFFT) of the HRTEM image (Figure 4.7¢). The spherical shaped bare ZnO NPs with an average

diameter of ~40-50 nm are also observed from their TEM image, as shown in Figure 4.7f.
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Figure 4.7 (a) Field-emission scanning electron microscopy (FESEM) image of one-dimensional ZnO nanowires
grown over ZnO seeded FTO substrates. (b) Cross-sectional FESEM image showing a thickness of ~6-8 um for the
ZnO nanowires. (c, d) Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images ZnO
nanowires. (e) Inverse fast Fourier transform (IFFT) of the HRTEM image of ZnO nanowires showing the (0002)
lattice plane and an interplanar d-spacing of ~0.52 + 0.005 nm. (f) TEM image of bare ZnO nanoparticles.

4.3.5. Density Functional Theory (DFT) Calculations and Electronic Structure

Electronic structure calculations were performed by means of the density functional theory (DFT)
method using the Gaussian 09 software.*! DFT studies were carried out at B3LYP level, with the
LANL2DZ ECP basis set for the Ru atom and 6-31G basis set for all the other atoms. No
symmetry constraint was imposed during the optimization. Vibrational frequency analyses were
performed to confirm that the optimized structure is a true minimum. The ground state optimized
structure with the frontier molecular orbitals, namely, HOMO-1, HOMO, LUMO, and
LUMO+1, are shown in Figure 4.8. As can be seen, the electron density distributions at the
HOMO and HOMO-1 levels are primarily localized on the Ru atom and on the NCS ligands,
whereas the electrons at the LUMO and LUMO+1 levels are delocalized on the dppz-COOH
ligand. This is indicative of a good spatial separation of the electrons and holes in the dye upon
photoexcitation, witnessing a reduced electron—hole recombination rate, thus probing an efficient

output current in the devices. A well-separated electron density distribution from the HOMO to
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LUMO levels also endorses the characteristic MLCT transition, Ru(dt) — dppz-COOH(w*).
Moreover, the electronic localization on the dppz-COOH at the LUMO level favors an efficient
photoinduced electron injection from the dye to ZnO through the anchoring —COOH groups. The
proximal band energy alignment of the LUMO of the dye (at ~3.47 eV as estimated from DFT)

and the CB of ZnO (at ~4.3 eV) induces an efficient photoexcited electron transfer pathway.

HOMO HOMO -1

9

LUMO

Figure 4.8 Optimized geometry and frontier molecular orbitals (HOMO-1, HOMO, LUMO, and LUMO+1) of
Ru"(dppz-COOH)2(NCS),, obtained from density functional theory at B3LYP/LANL2DZ/6-31G level.

Time-dependent DFT (TDDFT) calculations were carried out to establish the MLCT transition of
the dye molecule. The theoretical absorption profile of the dye showing an intense absorption in a
wide visible range (Figure 4.9a) ascribes its MLCT transition. The theoretically calculated UV-
vis absorption maxima is also relatively comparable to the experimental spectra; however, they
differ by an energy gap of ~0.2 eV. TDDFT computed IR data for the dye also matches well with
the experimentally recorded Fourier transform IR (FTIR) data (Figure 4.9b).
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Figure 4.9 (a) Normalized UV-vis absorption and (b) infrared spectra of Ru''(dppz—COOH),(NCS), dye as obtained
from the experimental data and time-dependent density functional theory (TDDFT) study.

4.3.6. Chemisorption, BET Surface Area, and FTIR Analysis

The quantity of dye chemisorbed onto the fabricated photoanodes is evaluated by employing a
dye adsorption—desorption process using 0.1 mM NaOH solution in ethanol/water (1:1, v/v).*?
Notably, an optimum quantity of dye loading is observed with values ~1.29 x 10~" mol cm~ for
1D ZnO NW and ~1.42 x 10~ mol cm for ZnO NP films. Marginally higher dye loading, as
observed for the ZnO NP in contrast to ZnO NW, can be ascribed to a slightly higher BET
surface area of the ZnO NP film (~28.2 m? g!) compared to that for ZnO NWs (~21.7 m? g%),
which is evident from the typical type IV isotherms with H3 hysteresis loops for ZnO, as shown
in Figure 4.10. The pore area vs. pore diameter plots (inset to Figure 4.10) show pore diameters
within the range of ~2-10 nm for both the photoanodes, which is indicative of the characteristic
mesoporous nature affording efficient dye loading competency of the photoanodes.
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Figure 4.10 Nitrogen adsorption—desorption isotherms for ZnO nanoparticles and one-dimensional ZnO nanowires.
Inset: Barrett—Joyner—Halenda pore-size distribution plots showing the pore area versus pore diameter.

FTIR spectrum recorded for the dye molecule shows the typical vc=o stretching, vc—o
asymmetric stretching and vc_o symmetric stretching modes at ~1785, ~1632, and ~1408 cm?,
respectively, responsible for the carboxylate groups, as shown in Figure 4.9b.%34* In addition, a
doublet with peaks at ~2106 and ~2140 cm™', confirms the cis-configuration of two NCS ligands
in the dye molecule. Further the appearance of a vc=s resonance at ~804 cm™* (instead of a weak
band at ~700 cm™ for the S-linkage) indicates the coordination of NCS ligand to Ru center only
through the N atom. Notably, a cis geometric arrangement of the ancillary ligands confirms the
anchoring of the dye molecule to ZnO through both —COOH groups residing on dppz-COOH
ligand, which allows an effective anchoring of the dye molecule to ZnO surface and an efficient

photoinduced charge injection from the dye molecule to the conduction band (CB) of ZnO.%

4.3.7. Electrochemical Study of Ru(dppz-COOH)2(NCS)2 Dye

Cyclic voltammogram of the Ru-dye (Figure 4.11), recorded against Ag/AgCl as a reference
electrode using dry acetonitrile solvent with 0.1 M tetrabutylammonium hexafluorophosphate as
a supporting electrolyte and a scan rate of 50 mV s, has shown an onset oxidation potential of
~0.944 V, calibrated using ferrocene/ferrocenium (Fc/Fc*) redox couple. The oxidation potential
is then converted to the corresponding HOMO level, using eq. (3), assuming the absolute HOMO
level of ferrocene to be —4.8 eV (E1/2 observed at ~0.404 V).* The estimated HOMO level of the
dye at —5.34 eV favors a faster regeneration of the dye using cobalt based redox electrolytes: Co-

bpy (Eredox = —5.06 e€V) and Co-phen (Eredox = —5.12 €V).3*4” The LUMO level of the dye is
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estimated at —3.65 eV, using eq. (4), where an optical band gap (Eg) of =1.89 eV has been
obtained from the absorption onset of the dye (Figure 4.5). Close proximity and a slightly higher
LUMO level (—3.65 eV) of the dye with respect to the CB potential (—4.3 eV) of ZnO result in a
facilitated electron transfer from the LUMO of dye to the CB of ZnO.

Enomo = — (Eonset, oX — E1/2, ferrocene + 4-8) eV (3)
ELumo = Eg — EHomo (4)
6
4 4
) Ru(dppz-COOH) (NCS),

Current (pA)

20/
~— 154
-4 j:f; 104
§ 5 Ferrocene
-6 g 04
O 59
-8 03 1 0o 1
Potential (V)
'10 T T T T T T T T
-15 -1.0 -0.5 0.0 0.5 1.0 15 2.0

Potential (V)
Figure 4.11 Cyclic voltammogram of Ru'"(dppz—COOH),(NCS). dye recorded in dry acetonitrile solvent at a scan

rate of 50 mV.s! using 0.1 M tetrabutylammonium hexafluorophosphate as the supporting electrolyte. Inset: Cyclic
voltammogram of ferrocene under the same conditions.

4.3.8. Photovoltaic Performance

Photovoltaic performance of the fabricated DSCs are evaluated against Pt as a counter electrode
with Co"""(bpy)s and Co"""'(phen)s redox shuttles at 100 mW cm2 under AM 1.5 G simulated
solar illumination. Figure 4.12a shows the photocurrent-voltage (J-V) curves for ZnO NW and
ZnO NP photoanode based DSCs. A short-circuit current density (Jsc) =~ 11.22 mA/cm?, an open
circuit voltage (Voc) = 807 mV, and a fill factor (FF) = 63.5% affording a PCE =~ 5.9% have been
exhibited by the DSC fabricated with ZnO NWs in the presence of Co-bpy redox couple, while
using the Co-phen couple resulted in the following values: Jsc = 11.10 mA/cm?, Voc = 826 mV,
and FF = 60.5%, yielding a PCE = 5.6%. The pivotal role of faster charge transport property
offered by ZnO NWs to enhance the device efficiency is confirmed from the relatively lower
performance of the identical DSCs fabricated using ZnO NPs, which yielded Jsc =~ 8.76 mA/cm?,
Voc = 672 mV, FF = 66.7%, and PCE =~ 3.9% for Co-bpy, and Jsc = 8.89 mA/cm?, Voc = 702 mV,
FF =~ 64.5%, and PCE = 4.0% for Co-phen redox couple. The overall performance of all the ZnO
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based DSCs can be accredited to three key features: (1) optimum loading of the photosensitizer
onto ZnO surface by the anchoring carboxylic groups, (2) favorable band alignment mediated
efficient photoexcited electron injection from the LUMO of the dye to the CB of ZnO, and (3)
inherently fast charge transport by the ZnO based photoanodes, especially through 1D NWs. The

overall photovoltaic performances of all the fabricated DSCs are summarized in Table 4.1.
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Figure 4.12 (a) Short-circuit current density—voltage (Jsc—V) plots for the dye-sensitized solar cells fabricated with
ZnO (nanowires and nanoparticle) based photoanodes employing [Co"""(bpy)s] and [Co"""(phen)s] redox couples as
the electrolyte, under AM 1.5 G simulated solar illumination with an intensity of 100 mw.cm. (b) Incident photon-
to-current conversion efficiency (IPCE) plots for the fabricated cells.

72
TH-1412_10612229



Dipankar Barpuzary Chapter 4

Table 4.1 Short-circuit photocurrent density (Jsx), open-circuit voltage (Voc), fill factor (FF), power conversion
efficiency (77) and maximum incident photon-to-current conversion efficiency (IPCEmax), and photoinduced electron
lifetime (ter) Values for the fabricated dye-sensitized solar cells having photoanodes based on ZnO nanowires and
ZnO nanoparticles employing Co"""'(bpy)s and Co"""(phen); redox couples.?

DSC Redox Jse Voc FF PCE IPCE max Tal

photoanode couple (mA/em?) (mV) (%) (177, %) (%) (ms)

ZnO NW Co-bpy ~11.22 ~807 ~63.5 ~5.9 ~63 29.4
(11.01+0.3) (798+25) (62.8+1.2) (5.8+0.2) (61.2+1.8)

ZnO NW Co-phen ~11.10 ~826 ~60.5 ~5.6 ~64 25.9
(10.97+0.6) (811£13) (58.9+1.8) (5.5+0.4) (63.1£1.1)

ZnO NP Co-bpy ~8.76 ~672 ~66.7 ~3.9 ~51 17.6
(8.14+0.7) (657+19) (66.1+0.9) (3.7+0.2) (49.8+2.1)

ZnO NP Co-phen ~8.89 ~702 ~64.5 ~4.0 ~52 15.1

(8.2340.5)  (672427)  (63.1x1.7)  (3.7£0.2)  (51.4%0.8)

aData reported are the results of the best performed devices out of 5 devices for each configuration. The average
values and standard deviations for the parameters evaluated for 5 device configurations are given in parentheses.

To have a better understanding of the photocurrent characteristics, the incident photon-to-current
conversion efficiency (IPCE) of the fabricated DSCs are recorded against a wavelength range of
360-800 nm. Figure 4.12b depicts a prominent photosensitization of the dye throughout the
visible region reaching the maximum IPCE values of ~64% and ~52% (at ~491 nm) for the ZnO
NW and ZnO NP based DSCs, respectively. The IPCE plot shows a broad plateau within the
visible region (~360-775 nm) for all the devices accounting for an efficient solar harvesting by
the Ru dye, which is well-agreed from its UV-vis absorption profile (Figure 4.5). In addition, a
close proximity of the LUMO level of dye to the CB of ZnO induces a favorable photoexcited
charge transfer from the dye (LUMO/S*) to ZnO (CB), as shown in Figure 4.13.

VOC
hv ~— E° comppy) = 0.56 V
‘ — E° 1com(phen)y = 0.62 V
ZnO Dye Electrolyte

Figure 4.13 Schematic showing the basic energy diagram and the charge transfer processes taking place within ZnQO,
dye, and the cobalt based redox electrolyte.
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Moreover, for both Co-bpy and Co-phen redox couples, remarkably enhanced IPCE values for
the ZnO NW based DSCs in contrast to the ZnO NP counterparts reveal the superior 1D charge
transport property of the ZnO NWs. Notably, moderately high IPCE values of the DSCs are
observed by using Co-phen redox couple as compared to the case with the Co-bpy counterpart.
This could be due to a lower recombination at the ZnO/electrolyte interface intercepted by the
increased driving force for recombination of the Co-phen system, which is further supported by a

relatively positive redox potential of Co-phen ~0.62 V in contrast to Co-bpy =~0.56 V.>>#'

4.3.9. Electrochemical Impedance Spectroscopy Analysis

Faster charge transport prompting a longer electron lifetime in the photoanodes composed of ZnO
NWs (as compared to the ZnO NPs) to enhance the overall efficiency of the fabricated DSCs is
examined by the electrochemical impedance spectroscopy (EIS) measurements. EIS analysis for
the DSCs typically elucidates the characteristics of interfacial charge transfer and recombination
processes taking place in the cell, namely, at the interface between the counter electrode and
electrolyte (10°-10° Hz, high-frequency region), the ZnO/dye/electrolyte interface (10210 Hz,
mid-frequency region), and the diffusion of electrolyte (102-102Hz, low-frequency
region).*® To focus primarily on the superior electron transport property of ZnO NWs over ZnO
NPs in the devices, in the present work, EIS data acquisition time to test the fabricated cells was
limited to only a couple of min per cell, at which the Nernst diffusion process responsible for the
electrolyte does not normally appear. Nyquist and Bode phase plots of the impedance data for the
DSCs composed of ZnO (NWs and NPs) are recorded over a frequency range of 1072-10° Hz at
room temperature under the dark conditions at a sinusoidal alternating current (AC) perturbation
and an applied bias of Voc. Nyquist plots for both ZnO NW and ZnO NP based DSCs have shown
two semicircles (Figure 4.14a): the first one at the mid-frequency region ascribing the charge
transfer process occurring at the ZnO/dye/electrolyte interface and the second one at the high-
frequency region signifying the redox reactions occurring at the Pt/electrolyte interface. In
contrast, the maximum peak frequency (®wmax) Of the semicircle in the mid-frequency region is
correlated to electron recombination rate (kerr) at the ZnO/dye/electrolyte interface. Further, the
recombination rate is inversely related to the lifetime of an electron (ter) in the working electrode.
The diameter of the semicircle (Rk) ascribes the charge transfer resistance at ZnO/dye/electrolyte
interface. Notably larger diameters of the semicircles in the mid-frequency region, as observed
for ZnO NW based devices, indicate an enhanced charge recombination resistance compared to

the case of the ZnO NP counterpart. This in turn reflects a prolonged electron lifetime for the
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DSCs composed of ZnO NWs. In addition, ZnO NW based photoanodes anticipate an ease of
electrolyte diffusion through the void type packing arrangement of vertically oriented nanowire

network, alleviating the overall photoinduced charge transport property of the fabricated devices.
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Figure 4.14 (a) Nyquist and (b) Bode phase plots for the fabricated DSCs composed of ZnO NW and ZnO NP based
photoanodes employing [Co"""'(bpy)s] and [Co"""'(phen)s] redox electrolytes, both under the dark conditions at open-
circuit voltage and in a frequency range of 101-10° Hz.

1

Figure 4.14b shows the corresponding Bode phase plots for the DSCs, each showing two
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distinct peaks at the mid- and high-frequency regions confirming the two diode interfaces present
in the devices. Evidently the phase angle peak, responsible for the electron diffusion time
constant in the photoanodes, located at the mid-frequency region shifts to a lower frequency
value from ~9.04 Hz (Co-bpy) and ~10.56 Hz (Co-phen) for ZnO NPs to ~5.41 Hz (Co-bpy)
and ~6.13 Hz (Co-phen) for ZnO NWs, respectively. This is indicative of a longer photoinduced
electron lifetime for the ZnO NWs based photoanodes, in contrast to ZnO NP, in the devices. The
values of tel can be estimated from the Bode phase plot, using eqg. (5).

1
Ta =5 (%)
2rf,
where fp is the observed maximum peak frequency in the mid-frequency region. In essence, EIS
analysis reveals higher te values of ~29.4 ms (Co-bpy) and ~25.7 ms (Co-phen) for ZnO NW
based DSCs as compared to ~17.6 ms (Co-bpy) and ~15.1 ms (Co-phen) for the NP counterpart,

ascribing a retarded electron—hole recombination in the ZnO NWs in the fabricated devices.

4.4, SUMMARY

e A maverick approach to mimic the heteroleptic dyes by means of a newly synthesized
Ru(dppz-COOH)2(NCS). dye for 1D ZnO nanowire based DSCs has been demonstrated.

e Ru(dppz-COOH)2(NCS). dye exhibited an intense MLCT absorption band throughout the
visible region owing to the m-conjugated dipyridophenazine ring, and at the same time,
retained an efficient dye loading capacity due to its optimal size.

e DFT calculations probed the characteristic MLCT transitions of the dye molecule owing
to the dipyridophenazine ligand and photoinduced charge transfer feasibility from the
LUMO of the dye to the conduction band of ZnO via the carboxylic anchoring groups.

e The persuasive role of excellent electron transport through ZnO nanowires to improve the
device efficiency is demonstrated from the relatively lower performance of identical
DSCs fabricated with ZnO nanoparticles.

e Electrochemical impedance spectroscopy revealed a prolonged photoinduced electron

lifetime for the DSCs composed of ZnO nanowires as compared to ZnO nanoparticles.
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Chapter 5

Metal-Free, D-t—-A-Type, Carbazole Dye
For A Highly Efficient 1D ZnO Nanowire
Based Dye-Sensitized Solar Cell

This chapter describes demonstrates a newly synthesized donor—= linker—acceptor (D-z—A) type,
carbazole derivative (SK1) as a sensitizer for one-dimensional ZnO nanowire based dye-sensitized
solar cell. The persuasive role of inherently faster electron transport property of ZnO nanowires
in contrast to ZnO nanoparticles, enhancing the device efficiency is demonstrated. The electronic
distributions of SK1 dye, as computed from DFT, probes its D—z—A mediated intramolecular
charge transfer possibility favoring an efficient photoexcited charge migration from the LUMO of
SK1 to the conduction band of ZnO.
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5.1. INTRODUCTION

Dye-sensitized solar cells (DSCs) have emerged as an efficient and promising candidate for the
solar to electrical energy conversion devices. The performance of these cells primarily depends
on the development of three key components: (1) semiconductor nanomaterials having inherently
efficient electron transport property, (2) broad solar light absorbing dyes to harvest the sunlight to
excite electrons and inject them into the semiconductor scaffold, and (3) noncorrosive redox
mediators with enhanced dye regeneration.? Even if the excellent power conversion efficiency
(PCE) up to ~13 % have been attained for DSCs by using the metal-based dyes such as,
porphyrins, N3, N719, 2907, phthalocyanines, etc.; however, most of them are expensive and
laborious to synthesize with tricky purification routes.® An alternate way to improve the DSC
performance is to use the metal-free organic dyes or their donor-acceptor (D—A) combinations as
the sensitizers in conjugation with cobalt-based electrolytes.3# Several metal-free derivatives of
carbazole, indoline, thiafulvene, coumarin, etc., have shown PCEs reaching ~10 % in DSCs due
to their low-band gap, high molar extinction coefficients, and facile molecular design.>® Major
advantage of D—A type dyes is the tunability of absorption and electrical properties via suitable
incorporation of chromophoric groups of different types. A facile molecular engineering of the
organic dyes by intervening m-conjugated linker groups into the D—-A framework can further
improve the molar absorptivity and intramolecular charge transfer feasibility, thereby generating

a donor—m linker—acceptor (D—n—A) class of dyes for a better device output.®°

}@fgj QL o

(CeHy1)S CeH11 CeH11 NC COOH
\& TN s IV s_ )
/s
(CeH11)S COOH _/N O "N\ s\ J

CeH11 CeH11

Figure 5.1 Examples of a few highly efficient metal-free dyes, based on the donor—acceptor (D—A) and donor—=
linker—acceptor (D—n—A) type concepts, for dye-sensitized solar cells.®*3

A few of the D—A and D-n—A type dyes from the available literature are represented in Figure
5.1. Chao et al. have reported TiO. based DSCs using a series of D—m—A-type carbazole dyes to
achieve PCEs up to ~5.2 % with a high open-circuit voltage (Voc) beyond ~1.0 V by employing
different types of halide-based redox electrolytes.!** However, in the recent past, the advent of

cobalt based redox electrolytes has shown tremendous improvements in device performance due
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to their low visible-light absorptivity, noncorrosive nature, and a higher redox potential, in
contrast to the traditional iodide/triiodide (Is/1) counterpart.t48

In addition to the development of organic dyes and electrolytes for DSCs, ZnO based
sensitizer scaffolds have also gained extensive interest as the electron collector material over the
much studied TiO2 due to their superior electron mobility, faster charge transport, and ease of
synthesis to get desired dimensions and morphologies.'® In particular, one-dimensional (1D)
nanowire (NW) networks have shown additional benefits such as, direct and effective pathways
for charge transport, lower electron hopping, higher interfacial area, and smooth diffusion of the
electrolyte.??2°> However, ZnO based photoanodes sometimes might encounter with the stability
issues while sensitizing with dye molecules containing acidic (-COOH) anchoring groups.*® To
overcome the probable limitation, in the case of ZnO-based DSCs, dye-sensitization process

should be optimized with great precision in terms of dye concentration and dipping time.

CHO
©
I I {CHO BrPPh.P ()

N . O Q \ 1. Cyanoacrylic
1. NaBH, in THF N 1. Terephthaldehyde acid
R —— R —— —_———
2. (CH,),.HBr 2.C,H,ONain O Q 2. Piperidine in

N

in DCM EtOH, 5°C acetonitrile

Scheme 5.1 Synthesis procedure of 2-cyano-3-(4-(2-(9-p-tolyl-9H-fluoren-6-yl)vinyl)phenyl) acrylic acid (SK1) dye
and the predicted donor—r linker—acceptor (D—n—A) groups.

D-n-A-type SK1 Dye

Based on the current understanding, in this chapter, we have demonstrated an efficient
DSC affording a PCE ~5.7%, fabricated using hydrothermally grown 1D ZnO NWs and a newly
synthesized metal-free, D—n—A-type, carbazole derivative (SK1), 2-cyano-3-(4-(2-(9-p-tolyl-9H-
fluoren-6-yl)vinyl)phenyl)acrylic acid (Scheme 5.1). To confirm the promising role of 1D NWs
to improve device efficiency, photovoltaic performance of identical DSCs fabricated with ZnO
nanoparticles (NPs) are evaluated against Pt as a counter electrode and I37/1" and cobalt-tris(2,2"-
bipyridine) (Co-bpy) as the electrolytes. Electronic distributions of SK1 dye are computed from
density functional theory (DFT) that probes a D-n—A mediated intramolecular charge transfer
from the carbazole (donor) unit to the cyanoacrylic (acceptor) group via oligo-phenylenevinylene
(n-linker) unit, resulting in a photoinduced charge transfer from the LUMO of SK1 dye to the
conduction band (CB) of ZnO. Electronic interactions between SK1 and ZnO are further studied

by steady-state photoluminescence (PL) and time-resolved PL decay measurements.
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5.2. EXPERIMENTAL SECTION

5.2.1. Synthesis of SK1 Dye

To synthesize SK1 dye (Scheme 5.1), the aldehyde was first reduced to corresponding alcohol by
treating with NaBHg in tetrahydrofuran (THF) at 5 °C, followed by stirring for 6 h. The reaction
mass was then poured into ice-cold water, extracted in dichloromethane (DCM), dried over
anhydrous Na»SOs, and finally the solvent was removed under vacuum to get the alcohol (oil).
Addition of (CeHs)3P-HBr in DCM to this alcohol yielded a white colored Wittig salt, which was
separated out by adding diethyl ether, and then condensed with terpthaldehyde in ethanol in the
presence of CoHsONa (base) at a temperature of ~5-10 °C. This reaction mixture was stirred
further for 2 h, poured into water, and neutralized with dil. HCI to get the yellow colored solid
crude. The solid was dissolved in THF and refluxed (4 h) after the addition of a catalytic amount
of 1,. The reaction mixture was then poured into dil. alkali solution to isolate the solid aldehyde,
which was purified using column chromatography (EtOAc:n-hexane, 3:7, v/v). It was dissolved
in acetonitrile and refluxed (3 h) after the addition of cyanoacetic acid and a catalytic amount of
piperidine. The solvent was removed under reduced pressure and the crude was finally purified
using column chromatography (EtOAc:n-hexane, 1:1, v/v) to yield the orange colored SK1 dye.
'H NMR (CDCls, 400 MHz) & (ppm): 11.00 (s, 1H), 8.30 (s, 2H), 8.20 (s, 2H), 7.86 (s, 1H), 7.72
(s, 3H), 7.42 (d, 4H), 7.41 (d, 2H), 7.40 (d, 2H), 7.20 (d, 2H), 1.90 (s, 3H). *3C NMR (DMSO-ds,
400 MHz) & (ppm): 21.09, 64.05, 116.90, 125.24, 126.52, 127.55, 127.66, 128.41, 128.69,
129.47, 130.28, 130.38, 130.87, 131.09, 132.10, 132.19, 134.04, 145.79, 153.23. MS (ESI) m/z:
[M]* for Ca1H22N202, Calcd, 454.16; Found, 453.80. Anal. Calcd. for C31H22N202: C, 81.83; H,
5.10; N, 6.16; O, 7.03. Found: C, 81.70; H, 5.13; N, 6.10; O, 7.07.

5.2.2. Synthesis of [Co(bpy)s](PFs)2 and [Co(bpy)s](PFs)s Complexes
Synthesis of [Co(bpy)s](PFs)2 and [Co(bpy)z](PFs)z complexes from cobalt chloride salt and 2,2 -
bipyridine (bpy) ligand were carried as discussed earlier in Chapter 4 Section 4.2.4.%

5.2.3. Growth of One-Dimensional ZnO Nanowires on FTO Substrates

One-dimensional ZnO NWs were hydrothermally grown onto FTO coated glass substrates using
the method as discussed earlier in Chapter 4 Section 4.2.6. Typically, ZnO seed layer was spin
coated onto the cleaned FTO substrates and the hydrothermal growth of 1D ZnO NWs was
completed at 90 °C (2 h) in a 50 mM Zn(NOs)2.6H20 and 50 mM hexamine aqueous solution.?’
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5.2.4. Synthesis of Bare ZnO Nanowires

Bare ZnO NWs in the absence of any ZnO seed layer were synthesized by following a reported
hydrothermal route.? Typically, 3 mL aqueous solution of 1.5 mM Zn(NOs)2-6H.0 and 30 mM
NaOH was taken in a teflon vessel containing distilled water (0.5 mL), absolute ethanol (30 mL),
and ethylenediamine (5.5 mL) and sonicated for 30 min. The Teflon vessel was sealed inside a
stainless steel autoclave and then maintained at 180 °C for 20 h in an electronic oven. The solid
product was collected by centrifugation after cooling to room temperature, washed with distilled

water and ethanol several times, and finally dried in an electronic oven at 60 °C for 4 h.

5.2.5. Synthesis of ZnO Nanoparticles
ZnO nanoparticles (NPs) were synthesized by a method as discussed earlier in Chapter 3 Section
3.2.1. Typically, ZnCl, was converted to Zn(OH)2 by adding NaOH solution and heated at 90 °C,

collected by centrifugation, washed with water and calcined at 250 °C to get ZnO NPs.?°

5.2.6. Device Fabrication and Characterization
To fabricate ZnO NW-based DSCs, 1D ZnO NW grown FTO substrates were first immersed into
a 0.3 mM SK1 dye solution in ethanol:dichloromethane (1:1, v/v) for ~8 h for sensitization. The
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substrates were removed from the solution, rinsed with ethanol, dried under hot air blow, and
further used as the photoanode. The fabrication of 1D ZnO NW based photoanode is shown in
Scheme 5.2. To fabricate the ZnO NP-based photoanodes, a ZnO NP paste was obtained by
mixing and grinding ZnO NPs (0.5 g), terpineol (2.5 mL), and a triblock PEG-PPG-PEG
copolymer (1.5 mL) in an agate mortar for 3 h. The ZnO paste was coated by doctor blade
technique over the ZnO seed layered FTO substrates and then calcined at 450 °C for 1 h to get a
~8-10 um thicker ZnO NP films, as confirmed using surface profilometer. These substrates were
dipped in the SK1 dye solution for ~8 h, removed from the solution, rinsed with ethanol, and
finally dried under hot air blow. The fabrication of ZnO NP based photoanode is illustrated in
Scheme 5.3. The dye-sensitization time for ZnO NW and NP films was set at ~8 h for a dye
concentration of 0.3 mM, which was based on the study on the effect of dye loading on ZnO
films as reported by Chou et al.*® In the present work, an optimum adsorptivity of the SK1 dye
was confirmed from the FTIR and chemisorption measurements; however, the possibility of
slight decomposition of the ZnO films by the dye cannot be ruled out completely due to the
presence of -COOH anchoring group. To estimate the amount of dye adsorbed onto the ZnO
films, each of the dye-sensitized ZnO films was dipped into 0.1 mM NaOH solutions in
ethanol/water (1:1, v/v) for a certain period of time.3! The UV-vis absorbance of each solution
was recorded and the concentration of the desorbed dye per cm? film area is calculated from the
molar extinction coefficient of SK1 dye using Beer’s law. To fabricate the counter electrodes, a
50 mM H2PtCle solution in ethanol was spin coated on pre-cleaned, ozonized FTO substrate,
followed by calcination at 450 °C for 10 min. The photovoltaic cells were constructed by
sandwiching the photoanodes and counter electrodes with low-temperature thermoplastic sealant
(thickness ~50 um). A drop of electrolyte solution was inserted after sealing the two electrodes to
complete the devices. The fabricated devices were stored under the dark conditions for 24 h prior
to carry out the photovoltaic measurements. Notably, to obtain a cell area of ~0.16 cm? for the
DSCs, a mask with an area of ~0.16 cm? was used to fabricate the ZnO NW (hydrothermal) and
ZnO NP (doctor blade) films on FTO substrates prior to follow the dye sensitization step. The
Co-bpy redox electrolyte was prepared by dissolving 0.2 M [Co(bpy)s](PFe)2, 0.02 M
[Co(bpy)3](PFe)3, and 0.5 M 4-tert-butylpyridine in acetonitrile/valeronitrile (9:1, v/v) mixture,
while 137/1" electrolyte was prepared by dissolving 0.5 M Lil, 0.05 M I, 0.1 M guanidium

thiocyanate, and 0.5 M 4-tert-butylpyridine in acetonitrile/valeronitrile (9:1, v/v) mixture.

83
TH-1412_10612229



Dipankar Barpuzary Chapter 5
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Hexamine
(b) 2. Hydrothermal
90°C,2h
1. SK1 Dye in
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Scheme 5.2 General procedure for fabrication of ZnO nanowire based photoanode: (a) spin coating of ZnO seed
solution on FTO substrate and heating at ~175 °C for 10 min, (b) hydrothermal growth of ZnO nanowires over ZnO
seed layer at 90 °C for 2 h using a 0.5 M zinc nitrate and 0.5 M hexamine aqueous solution, (c) dye sensitization by
dipping the ZnO film into a 0.3 mM SK1 dye solution in ethanol/dichloromethane (1:1, v/v) for 8 h.

Grinding
OH for 2h

ZnO NPs Terpineol

Triblock PEG Co-polymer

—

ZnO NP Paste

R O Doctor blade
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1. SK1 Dye in 1:1
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<
(c)

Zn0O-SK1 Dye Photoanode ZnO NP Film on FTO

Scheme 5.3 General procedure for fabrication of ZnO nanoparticle based photoanode: (a) ZnO nanoparticle paste
formation by grinding ZnO nanoparticles in terpineol and PEG-PPG-PEG triblock co-polymer for 2 h, (b) ZnO film
deposition onto FTO substrate by doctor blade technique and calcination at 450 °C for 30 min, (c) dye sensitization
by dipping the ZnO film into a 0.3 mM dye solution in ethanol/dichloromethane (1:1, v/v) for 8 h.

5.3. RESULTS AND DISCUSSIONS

5.3.1. Powder X-ray Diffraction Analysis

Phase purity of ZnO NWs and NPs were investigated by powder X-ray diffraction (XRD). From
Figure 5.2a, powder XRD pattern of vertically grown 1D ZnO NW:s (red line) shows a strong
appearance of (002) diffraction peak at a 20 of 34.6°, confirming the characteristic 1D growth of

ZnO NWs along the c-axis normal to the substrate.3>33 The lattice planes (100), (002), (101),
84
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(103), and (104) are indexed to the formation of the hexagonal phase of ZnO NWs with lattice
constants of a= 0.3144 nm and ¢ = 0.5108 nm (JCPDS Ref. No. 36-1451). To confirm the
preferential 1D growth of ZnO NWs over ZnO seeded FTO substrates, its XRD pattern is
compared with that of the bare ZnO NWs hydrothermally synthesized in the absence of ZnO seed
layer (green line, Figure 5.2b). The observed lattice planes (100), (002), (101), (102), (110),
(103), (200), (112), and (201) for the bare ZnO NWs are also indexed to the formation of
hexagonal wurtzite crystalline phase with lattice constants of a = 0.3247 nm and ¢ = 0.5201 nm
(JCPDS Ref. No. 05-0664). Notably, no characteristic high intensity diffraction peak (20 = 34.6°)
originating from the (002) lattice plane of 1D ZnO NWs is observed in the powder XRD pattern
for bare ZnO NWs. Alternately, Figure 5.2c shows the lattice planes (100), (002), (101), (102),
(110), (103), (200), (112), and (201) for ZnO NPs (blue line), which are indexed to the formation
of hexagonal phase with lattice constants of a = 0.3249 nm and c = 0.5205 nm. The average
crystallite sizes of 1D ZnO NWs and ZnO NPs, as estimated from Debye—Scherrer formula using
eq. (1), are found to be ~48.9 nm and ~51.8 nm, respectively, by considering the maximum
intensity planes, (002) for 1D ZnO NW and (101) for ZnO NPs.

D = (0.9 x L)/(B x cos 0) Q)
where A, 0, and P are the X-ray wavelength (0.154 nm), Bragg diffraction angle, and full width at
half-maximum (FWHM), respectively.
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Figure 5.2 Powder X-ray diffraction (XRD) patterns for (a) templated growth of one-dimensional ZnO on ZnO
seeded glass substrate, (b) hydrothermally grown bare ZnO nanowires, and (c) ZnO nanoparticles.
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5.3.2. Normalized UV-Vis DRS Absorption Spectra

Figure 5.3a illustrates the normalized UV-vis diffuse reflectance spectroscopy (DRS) absorption
spectra of SK1 dye film on FTO (SK1), SK1-sensitized ZnO NP film on FTO (SK1-ZnO NP),
and SK1-sensitized 1D ZnO NW film on FTO (SK1-1D ZnO NW) as a function of wavelength,

against blank FTO substrate as a reference. The absorption spectrum of SK1 dye thin-film (black

line) shows its maximum absorbance range of ~350-550 nm and a molar extinction coefficient of
~3.42 x 10* Mt cm™ at 400 nm. The absorption spectra of ZnO NPs (blue line) and 1D ZnO

NWs (red line) show their typical UV absorption steeps at ~384 nm and ~378 nm, respectively.
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Figure 5.3 (a) Normalized UV-vis diffused reflectance spectra of SK1 dye, ZnO nanoparticle, 1D ZnO nanowire,
SK1-sensitized ZnO NP, and SK1-sensitized 1D ZnO NW films on ZnO seed layered FTO substrates. (b) Tauc plots
to estimate the band gap of ZnO nanoparticle and 1D ZnO nanowire films on FTO substrates.
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Notably, there is a slight red shift that occurs in the absorption spectrum of ZnO NPs in contrast
to 1D ZnO NWs, which is ascribed to the lower size dimension of ZnO NPs as compared to that
of the NWs. The apparent red shift is further confirmed by a shift of ~0.03 eV in the optical band
gap (Eg) of ZnO NPs (~3.23 eV) and 1D ZnO NWs (~3.26 eV), as estimated from the Tauc plot,
where (ahv)?is plotted against the photon energy (Figure 5.3b). The optical band gaps are
calculated using Tauc’s relationship following equations (2) and (3)

(ahv)? = C (hv — Ey) 2

a=(Axloge)/t 3)
where a is the absorption coefficient of ZnO at a certain wavelength value, h is the Planck’s
constant, C is the proportionality constant, v is the frequency of incident light, Eg is the band gap
of Zn0O, and t is the thickness (in cm) of ZnO film. It is also observed that the UV-vis spectra of
SK1-ZnO NP (orange line) and SK1-1D ZnO NW (green line) show the absorption profiles for
both ZnO and SK1 dye, confirming an enhanced molar absorptivity of ZnO upon dye anchoring.

5.3.3. Materials Morphology

Morphologies of 1D ZnO NWs, bare ZnO NWs, and ZnO NPs are investigated by field-emission
scanning electron microscopy (FESEM), SEM, and transmission electron microscopy (TEM)
analysis. Figure 5.4a shows the top-view FESEM image of 1D ZnO NWs grown over ZnO seed
layer, indicating a vertically aligned NW network. Cross-sectional FESEM image (Figure 5.4b)
1D ZnO NW film estimates a thickness of ~5-7 um, which is also confirmed using surface
profilometer. To confirm the need of ZnO seed layer to achieve a vertically aligned growth of 1D
ZnO NWs, SEM image of bare ZnO NWs (hydrothermally synthesized in absence of ZnO seed
layer) is recorded (Figure 5.4c), which confirms a random growth of ZnO NWs. The morphology
of ZnO NWs grown over ZnO seed are further analysed by TEM (Figure 5.4d), which indicates
their 1D shape and an average diameter of ~45 nm. The inset to Figure 5.4d shows the energy-
dispersive X-ray spectroscopy (EDX) pattern confirming the presence of only Zn and O atoms.
Figure 5.4e shows a high-resolution TEM (HRTEM) image of 1D ZnO NWs depicting their well-
defined lattice fringes with an interplanar d-spacing of 0.52 + 0.006 nm along the [0002]
direction of ZnO crystal growth, without having any crystal dislocations. The inset to Figure 5.4e
shows the inverse fast Fourier transform (IFFT) of the HRTEM image. This confirms an
interplanar d-spacing of ~0.52 nm, which is clearly assignable to (002) lattice plane of wurtzite
Zn0. On the other hand, the formation of spherical shaped ZnO NPs with an average diameter of

~50 nm is also confirmed from the representative TEM image, as shown in Figure 5.4f.
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Figure 5.4 (a) Top-view and (b) cross-sectional field-emission scanning electron microscopy (FESEM) images of
1D ZnO nanowires (NWSs) grown onto ZnO seed layered substrates. (¢) SEM image of hydrothermally grown bare
ZnO NWs. (d) Transmission electron microscopy (TEM) image of 1D ZnO NWs. Inset: Energy-dispersive X-ray
spectroscopy (EDX) pattern of 1D ZnO NWs. (e) High-resolution TEM (HRTEM) image of 1D ZnO NWs. Inset:
IFFT of the HRTEM image of 1D ZnO NWs. (f) TEM image of as-synthesized ZnO nanoparticles.

5.3.4. Density Functional Theory (DFT) Study of SK1 Dye

To gain an insight into the minimum energy geometric configuration and electronic density
distribution of the frontier molecular orbitals of SK1 dye molecule, density functional theory
(DFT) calculations are carried out using Accelrys Materials Studio 4.0. The theoretical picture of
the frontier orbitals for SK1 dye was derived from the DFT approach. The molecular geometries
of SK1 were optimized in DMol3 program package using generalized gradient approximation
(GGA) with BLYP basis set. These simulations were carried out in a vacuum for the single
molecule. Figure 5.5 depicts the optimized geometry of SK1 dye molecule along with its electron
density map for the HOMO and LUMO levels. At the HOMO level, the electronic density of SK1
is homogeneously distributed over the carbazole unit (donor) and oligo-phenylenevinylene unit
(m-linker), while at the LUMO level, an electronic excitation of SK1 occurs that results in an
intramolecular charge transfer leading to an electron migration from the donor unit to the
cyanoacrylic moiety (acceptor) through the m-linker group. It clearly indicates the excited-state
electron injection of the dye molecule from its LUMO to the CB of ZnO via anchoring —-COOH

group attached to the cyanoacrylic acceptor.
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Figure 5.5 Frontier molecular orbitals of SK1 dye molecule as computed from the density functional theory at a
B3LYP/6-31+G(d) level showing the electronic distributions of SK1 at the HOMO and LUMO levels.
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Figure 5.6 (a) Steady-state photoluminescence (PL) spectra at a 418 nm excitation and (b) time-resolved PL (TRPL)
spectra at a 405 nm laser excitation with the respective TRPL fitting curves for the plain SK1 dye thin-film on FTO
(SK1, black line), SK1-sensitized ZnO nanoparticle film on FTO (SK1-ZnO NP, blue line), and SK1-sensitized one-
dimensional ZnO nanowire film grown on FTO (SK1-1D ZnO NW, red line).
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5.3.5. Steady-State Photoluminescence (PL) and Time-Resolved PL Studies

To probe the electronic interactions between the dye and ZnO, steady-state photoluminescence
(PL) spectra of SK1 dye (black line), SK1-ZnO NP (blue line), and SK1-1D ZnO NW (red line)
are recorded at 418 nm excitation. Figure 5.6a shows a significant quenching in the PL emission
originating from the SK1 dye, when it is anchored onto the ZnO (NW and NP). It confirms the
presence of excited-state electronic interactions between the SK1 dye and ZnO, indicating the
deactivation of excited state via non-radiative processes involving the photoexcited charge
transfer from the LUMO of SK1 to the CB of ZnO. Notably, relatively more quenching of the PL
emission is observed in the case of 1D ZnO NWs in contrast to that of ZnO NPs, which is due to
the intrinsically faster charge transport property of 1D ZnO NWs over the NPs.3*3® In addition, a
slight shift of ~7-9 nm in the PL emission maxima of SK1 after its adsorption onto the ZnO
(NW and NP) ascribes the effective electronic interactions between the SK1 dye and ZnO.

To have an idea of the excited-state emission decay behavior of SK1 dye upon anchoring
to ZnO, the time-resolved PL (TRPL) measurements are performed on plain SK1 (black line),
SK1-ZnO NP (blue line), and SK1-1D ZnO NW (red line) films on FTO using a 405 nm diode
laser excitation, as shown in Figure 5.6b. The detailed spectroscopic and fitting parameters for
the emission decays for SK1, SK1-ZnO NP, and SK1-1D ZnO NW are presented in Table 5.1.
To calculate the exciton lifetimes of the photoanodes, the TRPL curves were fitted with a bi-

exponential function by following eq. (4) using FAST software (Edinburgh Instruments).

I(t) = o exp (—%J 4)

where «; is the initial intensity of the decay component i having a lifetime of t. The average
lifetimes z1 and n» of SK1-ZnO NP and SK1-1D ZnO NW are calculated using eq. (5).

(ty=D a7’ [D &, 5)
The kinetic curves depicted in Figure 5.6b clearly indicate faster exciton lifetimes for SK1 dye in
the presence of ZnO NWs and NPs. These lifetime values for the SK1 dye significantly decrease
from ~0.41 ns (1) and ~1.82 ns (t12) to ~0.26 ns (11) and ~0.80 ns (t2) for the SK1-ZnO NP and
to ~0.25 ns (t1) and ~0.72 ns (t2) for the SK1-1D ZnO NW, respectively. Notably, an average
exciton lifetime ((t)) of ~1.54 ns for the SK1 dye also decreases to ~0.68 ns (SK1-ZnO NP) and
~0.60 ns (SK1-1D ZnO NW). It is also noticed that the photoexcited charge injection from the
SK1 to ZnO is slightly higher in the case of NWs in contrast to the NPs, which is due to a faster
charge transportation through the 1D ZnO NWs.
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Table 5.1. Fitting parameter (?), initial intensity (o, o), excited-state lifetime (1, 72), and average exciton lifetime
(¢z)) for the SK1 thin-film spin-coated on FTO (SK1), SK1-sensitized ZnO nanoparticle film on FTO (SK1-ZnO
NP), and SK1-sensitized one-dimensional ZnO nanowires grown on FTO (SK1-1D ZnO NW).

Sample v a1 a2 71 (NS) 72 (NS) <1> (ns) Ket (s71)
SK1 1.08 52.25 47.75 0.414 1.817 1.537 -

SK1-ZnO NP 1.06 36.93 39.47 0.266 0.803 0.675 8.29x108
SK1-1D ZnO NW 1.04 34.69 37.31 0.250 0.716 0.602 1.01x10°

The aforementioned electronic interactions between ZnO and SK1 confirm the presence of
photoexcited electron injection from the LUMO of SK1 to the CB of ZnO, which is facilitated by
the higher vacant energy levels of ZnO.% By considering this electron transfer to be the only
pathway for the deactivation of excited SK1, the transfer rate constants for electron injection (kei)
from the SK1 dye to ZnO can be calculated from eq. (6), and are found to be ~8.29 x 108 s for
SK1-ZnO NP and ~1.01 x 10° s* for SK1-1D ZnO NW.

g = (6)

el
Tski-zno  Tsk1

However, it should be noted that the PL decay curves also reflect the transportation inside ZnO,
recombination rate at the ZnO-dye hetero interface, and the location of the Fermi level,
eventually depending on the crystal defects present in ZnO. The electron relaxation time in the

ZnO architectures can be correlated with the defect-mediated emission originating from ZnO.
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Figure 5.7 Steady-state photoluminescence (PL) spectra at a 410 nm excitation for the (a) one-dimensional ZnO
nanowires grown on FTO and (b) ZnO nanoparticle film on FTO showing the defect emission peaks for ZnO.
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In view of this, we have compared the steady-state PL spectra of 1D ZnO NW (grown) and ZnO
NP (deposited) films on FTO substrates at 410 nm excitation, as shown in Figure 5.7. The
emission spectra for ZnO NWs and NPs exhibit defect-mediated emission peaks visibly in the
wavelength range of ~450-580 nm, which are responsible for the transition from the CB of ZnO
to the deep defect levels of ZnO created by oxygen vacancies.?? The defect emission peak for 1D
ZnO NWs is observed to be less prominent in contrast to that of the ZnO NPs, which is in good
agreement with the single crystalline nature of 1D ZnO NWs as obtained from the powder XRD
and TEM analysis (Figures 5.2a and 5.4e). The preferential unidirectional growth along the (002)
direction offers less crystal defects in 1D ZnO NWs, favoring a longer excited-state relaxation
time as compared to that of ZnO NPs.

5.3.6. Electrochemical Study of SK1 Dye

To estimate the HOMO of SK1 dye, cyclic voltammogram is recorded in anhydrous acetonitrile
in presence of 0.1 M tetra-n-butylammonium hexafluorophosphate electrolyte (Figure 5.8). An
oxidation half-potential of +1.37 V (vs. NHE), observed for SK1, is equivalent to the HOMO at
—5.62 eV, using eq. (7).3” A more positive HOMO of SK1 in contrast to the redox potentials of
I57/1" (4.8 eV) and Co-bpy (—5.1 eV) electrolytes thus prompts an efficient dye regeneration.

EHomo = — (Eonset, ox — E1/2, ferrocene + 4.8) eV @)
ELumo = Eg — ErHomo (8)
30
<20+
3.
N
-
c
QL 104
-
=)
@)
0 -
—10 T T T T T T
-0.5 0.0 0.5 1.0 15 2.0

Potential (V)

Figure 5.8 Cyclic voltammogram of SK1 dye recorded in anhydrous acetonitrile solvent at a scan rate of 50 mV.s™!
using 0.1 M tetrabutylammonium hexafluorophosphate as the supporting electrolyte.
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The LUMO of SK1 dye is estimated from the difference between its optical band gap (Eg) and the
HOMO level, using eq. (8). An UV-vis absorption onset of SK1 probes its Eg~ 2.25 eV
(Figure 5.3). Thus, the LUMO of SK1 is found to be at —3.37 eV, which is higher than the CB
potential of ZnO (—4.3 eV). Such a favorable energy match between SK1 dye and ZnO makes an
efficient photoexcited charge transfer possible from the LUMO of SK1 to the CB of ZnO.

5.3.7. Photovoltaic Performance
Photovoltaic performance of the fabricated DSCs are evaluated from their photocurrent—voltage
(3-V) curves recorded at 100 mW.cm? under AM 1.5 G simulated solar spectrum (Figure 5.9a).
For the 1D ZnO NW-based DSCs (red line), a short-circuit current density (Jsc) ~12.0 mA/cm?,
an open-circuit voltage (Voc) ~719 mV, and a fill factor (FF) ~64%, affording a PCE ~5.7% have
been achieved by employing Co-bpy redox electrolyte. However, identical DSCs using Is7/1-
electrolyte (black line) resulted in a Jc = 12.2 mA/cm?, Vo = 629 mV, and FF = 61%, yielding a
PCE =~ 4.7%. Significantly, while changing the electrolyte from Co-bpy to Iz7/I-, the Vo of the
cells is found to increase by ~90 mV. Interestingly, ZnO NP based DSCs have also shown almost
similar trends. ZnO NP-based DSCs resulted in Jsc = 8.79 mA/cm?, Voc = 626 mV, FF = 63%, and
PCE = 3.6% for the Co-bpy electrolyte (green line), while the respective performance parameters
using ls/I” electrolyte (blue line) are ~ 9.1 mA/cm?, =~ 555 mV, =~ 61%, and ~ 3.2%. Thus, 1D
ZnO NWs based DSCs have shown enhanced Jsc and Vo values, in contrast to ZnO NP
counterparts, which is ascribed to a faster electron transport through 1D NWs in contrast to NPs.
Photocurrent characteristics of the fabricated DSCs are evaluated from incident photon-
to-current conversion efficiency (IPCE) values recorded against the wavelength (Figure 5.9b).
The representative IPCE curves of DSCs exhibit the highest values of ~60-62% (ZnO NWs) and
~47-48% (ZnO NPs) for both the electrolytes, with a broad plateau in the ~300-580 nm region
ensuring a saturated light absorption of SK1 dye. This is also in good agreement with the UV-vis
spectra of SK1 (Figure 5.3). Moreover, the proximal band alignment between SK1 and ZnO
makes it feasible to inject the photoinduced electrons from the LUMO of SK1 to the CB of ZnO
(Figure 5.10). Evidently, 1D NW-based DSCs have shown enhanced IPCE values in contrast to
that of the NPs, which is due to a more efficient and faster charge transport property of 1D ZnO
NWs (over ZnO NPs). Notably, for all the DSCs, slightly enhanced photocurrent response in the
blue spectral region (~390-470 nm) is endowed in presence of Co-bpy electrolyte, in contrast to
the I37/1- system. This is ascribed to a lower molar absorptivity of Co-bpy redox couple than that

of the Is7/I". The photovoltaic performances of all the DSCs are summarized in Table 5.2.
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Figure 5.9 Comparison of the (a) short-circuit current density—voltage (Js——V) and (b) incident photon-to-current
conversion efficiency (IPCE) plots for the fabricated dye-sensitized solar cells based on SK1-1D ZnO NW
photoanodes employing Is7/1- (black line) and Co-bpy (red line) and SK1-ZnO NP photoanodes employing Is7/I~
(blue line) and Co-bpy (green line) redox couples as the electrolytes.

Figure 5.10 Schematic showing the pathway for the photoexcited charge transfer from the lowest-unoccupied
molecular orbital (LUMO) of SK1 dye to the conduction band (CB) of ZnO.
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Table 5.2 Short-circuit photocurrent density (Jsc), open-circuit voltage (Voc), fill factor (FF), power conversion
efficiency (), maximum incident photon-to-current conversion efficiency (IPCEmax), and photoinduced electron
lifetime (ze)) for the fabricated dye-sensitized solar cells employing different photoanodes and redox electrolytes.?

Photoanode Redox Ise Voc FF n IPCEmax 1

of the DSCs electrolyte (mA/cm?) (mV) (%) (%) (%) (ms)

SK1-1D ZnO NW  Co-bpy 12.04 719 64.6 5.7 60 234
(11.9940.3)  (701426)  (63.8£1.7)  (5.1+0.9)

SK1-1D ZnONW  Iz7/T" 12.22 629 61.2 4.7 62 22.3
(12.1940.4)  (611£17)  (58.6+1.2)  (4.01+0.5)

SK1-ZnO NP Co-bpy 8.93 626 63.7 3.6 47 15.4
(8.87+0.7)  (613+13)  (62.9+1.1)  (2.9+0.2)

SK1-ZnO NP L/ 9.19 555 61.7 32 48 13.7

(9.1120.5)  (524+36)  (60.9+0.9)  (3.4+0.4)

“aData reported are the results of the best performed devices out of 5 devices for each configuration. The average
values and standard deviations for all the parameters evaluated for 5 device configurations are given in parentheses.

5.3.8. Chemisorption, BET Surface Area, and FTIR Analysis

An increment in the Jsc values from ~8.93-9.19 mA/cm? to ~12.04-12.22 mA/cm? for the DSCs
has been observed (Table 5.2) upon changing the morphology of the photoanodes from ZnO NPs
to 1D ZnO NWs. To investigate the effect of ZnO architectures on the Jsc values, the amounts of
SK1 dye chemisorbed onto the ZnO (NW vs. NP) surface are estimated using the dye-desorption
experiments carried out in 0.1 mM NaOH solution in ethanol/water (1:1, v/v). The amounts of
chemisorbed dyes onto the photoanodes are found to be ~1.93 x 10~ mol.cm? for SK1-ZnO NP
and ~1.37 x 107" mol.cm™ for SK1-1D ZnO NW. The dye-desorption process shows slightly
higher loading of SK1 dye in the case of ZnO NPs in contrast to 1D ZnO NWs, which is further
ascribed to a relatively low BET surface area of 1D ZnO NW based photoanode (~19.3 m?.g™%)
as compared to that for ZnO NP (~26.9 m?.g™). Even if a higher BET surface area of ZnO NPs
intercepts a better dye loading capability of the ZnO NP-based devices, a faster electron transport
pathway provided by 1D ZnO NWs predominates the device performances. The chemisorption of
SK1 dye onto ZnO surface are also confirmed by the FTIR spectra of plain SK1, SK1-ZnO NP,
and SK1-1D ZnO NW against a blank FTO as the reference (Figure 5.11). The SK1 dye shows
the characteristic IR stretching bands at ~1787 cm™ (vc=o) and ~1597 cm (vc o) for the
—COOH group, which are also observed for the SK1-1D ZnO NW (at ~1792 cm?, ~1599 cm™?)
and SK1-ZnO NP (at ~1794 cm™, ~1602 cm™). A slight shift in IR stretching frequencies for

SK1 upon anchoring onto ZnO surface confirms the chemisorption of SK1 dye over ZnO.
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Figure 5.11 FTIR spectra of (a) SK1 dye, (b) SK1-sensitized one-dimensional ZnO nanowire (SK1-1D ZnO NW),
and (c) SK1-sensitized ZnO nanoparticle (SK1-ZnO NP) films on FTO substrates.

5.3.9. Electrochemical Impedance Spectroscopy Analysis

To investigate the charge transfer and recombination processes occurring in the fabricated DSCs,
electrochemical impedance spectroscopy (EIS) analysis of the cells are performed under the dark
conditions at an applied bias equivalent to the Vo and a frequency range of 10-10° Hz. As can
be seen from Figure 5.12a, Nyquist plots for both NW- and NP-based DSCs are composed of two
semicircles. The right semicircle in the medium-frequency region appears due to the charge-
transfer processes taking place at the ZnO/SK1 dye/electrolyte interface, and the left semicircle in
the high-frequency region is ascribed to the redox reaction occurring at the Pt/electrolyte
interface. Notably, 1D ZnO NW-based DSCs have shown a larger radius of the right semicircle in
contrast to the ZnO NP-based DSCs. It indicates a prolonged electron lifetime or an enhanced
charge recombination resistance in the case of NW-based DSCs; in other words, a longer distance
is travelled by the photoexcited electrons in 1D ZnO NWs as compared to the ZnO NPs.

The analogous Bode plots (Figure 5.12b) exhibit two distinct peaks at the mid- and high-
frequency regions, indicating the presence of two diode interfaces for all the DSCs. Evidently the
phase angle peak located at mid-frequency region shifts to a lower frequency value from ~10.33
Hz (Co-bpy) and ~11.61 Hz (Is”/1") for ZnO NPs to ~6.81 Hz (Co-bpy) and ~7.13 Hz (I37/1") for
ZnO NWs, respectively. Since the phase angle peak determines the electron diffusion time
constant in the photoanodes, a prolonged photoinduced electron lifetime (tel) is observed for ZnO
NW-based DSCs, in contrast to the NP counterparts. The value of e can be derived from the

relation, e = (2nfp) 2, where f, is the maximum peak frequency in mid-frequency region.®
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Figure 5.12 (a) Nyquist and (b) Bode phase plots for the fabricated devices composed of one-dimensional ZnO
nanowire and ZnO nanoparticle based photoanodes employing Co-bpy and I3/~ redox couples as the electrolytes,
under the dark conditions at open-circuit voltage and in a frequency range of 1071-10° Hz.

In essence, EIS analysis revealed a higher tel values of ~23.4 ms (Co-bpy) and ~22.3 ms (Iz7/1")
for the ZnO NW based DSCs as compared to ~15.4 ms (Co-bpy) and ~13.7 ms (I37/I") for their

ZnO NP counterparts (Table 5.2). It also reduces the probability of electron—hole recombination

in the DSCs composed of ZnO NWs. Thus, the prolonged te values for ZnO NW based DSCs are

also resembled to their higher Vo values in contrast to that of the ZnO NP counterparts.
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5.4. SUMMARY

e A metal-free, D—n—A-type carbazole derivative (SK1) has been synthesized and applied
as a sensitizer for the hydrothermally grown 1D ZnO nanowire and ZnO nanoparticle
based dye-sensitized solar cells.

e The persuasive role of ZnO nanowire based photoanodes, providing an efficient and fast
charge transport through 1D pathway to enhance the device efficiency is established from
the deprived performance of the devices with ZnO nanoparticle counterparts.

e Electronic interactions between SK1 and ZnO inducing the photoexcited charge transfer
from the LUMO of SK1 to the conduction band of ZnO are evidenced by the quenching
of photoluminescence and reduced exciton lifetime of SK1 upon anchoring onto ZnO.

e The electronic distributions of SK1 dye molecule are computed from DFT probing its
D-n—A mediated intramolecular charge transfer from the carbazole (donor) to the
cyanoacrylic (acceptor) moiety via an oligo-phenylenevinylene (n-linker) group.

e Electrochemical impedance spectroscopy revealed a prolonged electron lifetime in the 1D

ZnO NW-based photoanodes as compared to the case of ZnO nanoparticles.
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Chapter 6

MoS; Loaded Cu2ZnSnS4 as a Noble Metal
Free Counter Electrode for CulnS,-CdSe
Quantum Dot Co-Sensitized Solar Cell

This chapter describes the utilization of MoS; loaded Cu>ZnSnSs microspheres as an effective
counter electrode for CulnS>—CdSe quantum dot co-sensitized solar cells constructed with single
crystalline ZnO nanowires. An ex-situ electrophoretic deposition of the quantum dot sensitizers
onto ZnO nanowires has been established. The promising role of MoS> nanosheets acting as an
electrical linker that interconnects the Cu2ZnSnS4 microspheres to improve charge transport and
catalytic activity of the counter electrode are being demonstrated.

MoS, nanosheets
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6.1. INTRODUCTION
Quantum dot-sensitized solar cells (QDSCs) have attracted significant attention due to their
involvement of quantum dots (QDs) ensuring fascinating advantages like size-controlled band
gap tunability, enhanced light absorption, viable multiple exciton generation, feasibility to extract
hot charge carriers, etc.!™ The basic design of a QDSC—a prototype of dye-sensitized solar cell
(DSC)——contains a nanostructured semiconductor oxide material sensitized with QDs that
generate electrons upon photon absorption and inject them into the semiconductor, a redox
couple as the electrolyte, and a counter electrode (CE). In QDSCs, a number of QDs (CdS, CdSe,
CulnS,, CulnSe,, Sb,S;, CdTe, PbS)'!"!¥ or combination of QDs!*?* have been tested to adapt an
efficient solar harvesting to afford several milestones in power conversion efficiency (PCE).?! 24
In addition to QDs, selection of a pertinent wide-band gap oxide material is equally credible to
boost the efficiency of a solar cell. Since the discovery of DSCs,* mesoscopic TiO, films have
been used as an excellent electron collector material. However, the enormously high surface area
of TiO, matrices tends to clog the mesopores upon QD loading, which hinders the free-charge
injection, carrier transport, diffusion of the electrolyte, and adequate loading of QDs into the
interior of oxide films in QDSCs.?® To avoid such glitches, one-dimensional (1D) morphology—
nanorods, nanowires (NWSs), nanotubes—based QD scaffolds were later on developed.?’” The use
of such 1D structures is advantageous as they possess a single or quasi-single crystalline
geometry, which facilitates a unidirectional pathway for facile charge transport, an increased
electron diffusion length, and reduced grain-boundary scattering. In view of this, recent
advancements of ZnO based architectures have paved a way to improve the charge transportation
and QD loading in QDSCs, achieving high PCEs.?®% In essence, a superior electron mobility
(ZnO = 200-1000 cm? V s7!, TiO, = 0.1-4 cm? V s7'), band offsets similar to that of TiO,, higher
crystallinity, fewer grain boundaries, and readily tunable morphologies with benchtop synthetic
routes make ZnO a prime alternative to traditional TiO,.*° Earlier results from our group have
also established the capitalization of stable morphologies of ZnO to exhibit faster charge
transportability, smooth diffusion of electrolyte, and a retarded rate of charge recombination in
solar cells.>!* Especially, epitaxially grown 1D ZnO NW based devices revealed an additional
benefit of direct 1D electrical pathways promoting the transport and rapid collection of charge
carriers injected from the sensitizers.

Another factor that influences the performance of a QDSC is loading of QDs onto

mesoscopic oxide films. Targeting a few rudiments like high surface coverage and uniform
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distribution of QDs, multiple in situ or ex situ strategies are often applied to deposit QDs onto
oxide films with effective anchoring (Scheme 6.1).>>7 Despite they hold their own merits and
demerits,*® the selection of a specific technique or a combination of techniques to be used to load
QDs depends on the physical nature, stability, and mode of anchoring of the QDs onto the oxide
surface. Notably, electrophoretic deposition (EPD)—that drives ligand-capped and charged QDs
(pre-synthesized) onto oxide based electrodes under an applied bias—technically sounds to be a
promising ex situ approach.’**° This is credible to the typical advantages of EPD like a robust
and uniformly distributed coverage of QDs in a short time span, effective anchoring of QDs onto
oxide surface, rapid penetration of QDs up to the interior pores of oxide films, etc. Besides, EPD
makes sequential loading of multiple QDs possible, allowing an efficient photon capturing

tunability of the photoanodes to extend the spectral absorption window up to infrared regime.**

£ 3 > £ >
L > == 0] [0

Cd?, S%, Se* (& ZnOfTiO, Cd*, Cu*,In* S%, Se*
precursors @ CdS/CdSe QDs precursors precursors
(Chemical bath deposition) (SILAR deposition)
Zno/ || PY
OTE OTE
Culn§; or
. CdSe QDs
w ., € Znormo,
—aT>— @ CdS/CdSe QDs
(Linker-assisted binding) (Electrophoretic deposition)

Scheme 6.1 Basic steps involved in commonly used in-situ and ex-situ methods for the deposition of quantum dots
onto oxide materials. In-situ approach: Chemical Bath Deposition (CBD) and Successive lonic-Layer Adsorption
and Reaction (SILAR). Ex-situ approach: Linker-Assisted Binding and Electrophoretic Deposition (EPD).

On top of the oxide scaffolds and QD absorbers, the prime constituent of a QDSC is CE
(mostly Pt). CEs account for the collection of electrons from the external circuit to electrolyte
thereby triggering catalytic reduction of the redox couple. The electrolyte system is in turn
responsible for the regeneration of oxidized photosensitizers. In general, iodide/triiodide (137/17),

sulfide/polysulfide (5%7/S.%"), and Co?** complex based redox couple containing electrolytes are
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used in solar cells depending on the aptness of their redox potentials with the valence band (VB)
potential of sensitizer and work function of CE material. In view of this, taking into account an
increasing demand, high-cost, high PCE, and industrialization of photovoltaic technology, the
scientific quest to replace Pt with a low-cost CE material has explored a number of carbon
materials, transition metal compounds (carbide, oxide, sulfide, nitride), conducting polymers or
hybrids, and a class of inorganic chalcogenides due to their excellent properties such as electrical
conductivity, chemical stability, and (electro)catalytic activity.** Even if the photovoltaic
performance of most of these Pt-free CEs is explored in DSCs employing an I37/1" redox couple,
an inevitable photodegradation of a majority of QD absorbers (if comes in direct contact with
I7/1") jeopardizes the stability and efficiency of QDSCs.*? Consequently, an aqueous electrolyte,
S*7/S,*", favoring an attenuated photocorrosion of QDs is often used in QDSCs.** However, using
of Pt as a CE in the presence of S*/S,>" couple limits the efficiency of QDSCs due to the
chemisorption of S-compounds onto Pt surface. Such a catalytic poisoning not only deteriorates
the conductivity and electrocatalytic activity of Pt CE, but also increases the charge transfer
resistance at the Pt/electrolyte interface.** To overcome such issues, recently CEs such as
Cu,ZnSnS, (CZTS) have been utilized wherein apart from resolving catalytic poisoning issues,
the CE is more eco-friendly as well as economical due to the presence of earth-abundant
elements; Cu, Sn, and Zn.*>*#7 Even if the intrinsic peculiarities like a direct band gap (~1.5 eV)
and a high absorption coefficient (>1 x 10* cm™') make CZTS an excellent absorber material, its
excelling role as a CE is explored less for solar cells, especially in QDSCs.*® It is worth noting
that the modification/change in elemental composition of CZTS based CEs has been studied for
solar cells achieving promising PCEs up to ~5.2-7.4%.%8°! However, to the best of our
knowledge, any co-catalyst loaded CZTS as a CE for solar cells has not been reported yet.

Based on the current understanding, herein we report for the first time, the utilization of a
MoS; loaded CZTS based novel CE for an efficient QDSC containing ZnO NWSs as a sensitizer
scaffold, CulnS, and CdSe QDs photosensitizers, and a S*/S,>~ redox couple as the electrolyte.
Notably, CZTS-MoS; CE based QDSCs exhibit superior performances in contrast to bare CZTS
counterparts. MoS; in its nanosheet form acts as an electrical linker that interconnects the CZTS
microspheres favoring effective charge transport in the CE of the devices. We believe that the
concept of MoS; loading onto CZTS might also allow us to get rid of the typical Mo back contact
issues often encountered in CZTS based solar cells.>>% Our present work has established a

maximum PCE of ~4.6% for QDSCs that can be ascribed to several factors: (1) involvement of
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epitaxially grown ZnO NWs offering inherently faster transport and collection of charge carriers,
(2) broad-visible range photon absorption achieved by a combination of CulnS; (E; =~ 1.5 eV) and
CdSe (E; = 1.7 eV) QDs, (3) efficient QD loading attained by EPD route, and (4) effective
electronic interactions between CZTS and MoS; achieved by a hydrothermal route. In addition,
favorable band alignments among different components of the photoanode and CE (Scheme 6.2)

facilitate the charge transfer in the circuit in an efficient way.

@) (b)

CU|n52 QD Cdse QD L . L3
ZnO NW MoS, nanosheets Cu,ZnSnS,

Scheme 6.2 Schematic showing the favorable band alignment mediated charge transfer processes occurring within
various materials involved in the (a) photoanode: ZnO, CulnS,, and CdSe (b) counter electrode: CZTS and MoS,.

6.2. EXPERIMENTAL SECTION

6.2.1. Epitaxial Growth of One-dimensional ZnO Nanowires

Epitaxial growth of one-dimensional ZnO NWs onto ZnO seed layered FTO coated glass
substrates were carried out using a simple hydrothermal route as discussed earlier in Chapter 4
Section 4.2.6. Typically, ZnO seed layer was spin coated onto pre-cleaned FTO substrates and
the hydrothermal growth of 1D ZnO NWs was completed at 90 °C within a period of 2 h using a
0.5 M Zn(NO3),.6H20 and 0.5 M hexamine aqueous solution. 33254

6.2.2. Synthesis of CulnS2 Quantum Dots

CulnS; QDs were synthesized following a reported protocol.*®> Typically, indium(I11) chloride
(0.226 g, 1 mmol) and copper(l) iodide (0.190 g, 1 mmol) were added to 1-dodecanethiol (5 mL)
in a two-necked round bottom flask. An inert atmosphere was created by degassing under high-
vacuum and then purged with Ar. Degasing and purging processes were repeated for twice. The
reaction mixture was heated to 100 °C till a clear yellow coloration appeared and the temperature
was then slowly raised to 180 °C. The reaction was monitored until the color of reaction mixture
was changed from yellow to orange and finally to dark red, which is indicative of the nucleation
and growth of CulnS; crystals. Any further crystal growth of CulnS, was arrested by instantly
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reducing the temperature of the reaction to ~40-45 °C using a water bath. The reaction mixture
was poured into chloroform and excess methanol was added to precipitate the QDs, which were
collected by centrifugation (10,000 rpm). The washing with chloroform—methanol was repeated
further for three times to eliminate the excess of 1-dodecanthiol. As-prepared CulnS; QDs were

finally dispersed in chloroform and stored inside the glove box for further use.?®

6.2.3. Synthesis of Cu2ZnSnS4 (CZTS) microspheres

A hydrothermal route was applied to synthesize the CZTS microspheres.>® Typically, copper
acetate monohydrate (0.472 g, 0.04 M), zinc nitrate hexahydrate (0.356 g, 0.02 M), and stannous
chloride dihydrate (0.268 g, 0.02 M) were dissolved in a 15 mL ethylenediamine/water (1:9, v/v)
mixture, where ethylenediamine performs the role of a chelating agent and a stabilizer. A 0.16 M
thiourea aqueous solution (30 mL) was then added (drop wise) to the above solution. The system
was degased under high-vacuum for 30 min to remove oxygen and then purged with Ar. The
reaction mixture was further purged (bubbling) with Ar for 1 h to remove the dissolved oxygen.
The reaction mixture was transferred into a Teflon vessel (100 mL capacity) and sealed inside a
stainless steel autoclave, and heated at 180 °C in an electronic oven for 24 h. In the hydrothermal
process, CZTS is formed by the reduction of Cu?* ions to Cu* and oxidation of Sn?* ions to Sn**
via oxidation—reduction reactions due to the strong reducing nature of SnCl,. The autoclave was
cooled to room temperature and the solid was separated by centrifugation at 5000 rpm, washed
three times with each of distilled water and ethanol. The powder form of CZTS was finally

obtained by drying the sample overnight at 50 °C in an electronic oven. Yield: 51 %.

6.2.4. Synthesis of MoS2 Co-catalyst

Synthesis of MoS. co-catalyst was carried out using a reported hydrothermal route with slight
modifications.>” For the same, ammonium heptamolybdate (0.736 g, 0.63 mmol) and excess of
thiourea (1.2 g, 15.7 mmol) were dissolved in distilled water (80 mL) in a Teflon vessel.
Hexadecyl-trimethyl-ammonium bromide (CTAB; 0.096 g, 0.26 mmol) was then added as a
surfactant to the above solution and stirred further for 30 min. The Teflon vessel was sealed
inside a stainless steel autoclave and maintained at 200 °C in an electronic oven for 24 h. The
autoclave was cooled to room temperature. The black solid product obtained was separated by
centrifugation (5000 rpm), followed by repeated washing with each of distilled water and ethanol
for three times to remove the inorganic impurities. Finally, the sample was dried at 50 °C for 8 h

in an electronic oven to obtain the MoS; co-catalyst in powder form. Yield: 62 %.
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6.2.5. Loading of 1.0 wt % of MoS2 to CZTS
The loading of 1.0 wt % of MoS; to CZTS was carried out hydrothermally by modifying the

synthesis procedure for CZTS. For the typical synthesis, a precursor solution (80 mL) of CZTS
was prepared in a Teflon vessel, degased and purged with Ar to remove the dissolved oxygen,
and a calculated amount (with respect to CZTS vyield) of presynthesized MoS; co-catalyst was
added. The reaction mixture was sonicated for ~3 h under Ar atmosphere to get a homogeneous
distribution of the CZTS precursor solution and MoS,. The Teflon vessel was sealed inside a
stainless steel autoclave, heated at 180 °C in an electronic oven for 24 h, and cooled to room
temperature. The black solid product was collected by centrifugation and repeatedly washed for
three times with each of distilled water and ethanol. CZTS-MoS; was finally obtained in powder

form by drying the sample overnight at 50 °C in an electronic oven. Yield: 58%.

6.2.6. Fabrication of ZnO-CulnS2 Photoanode

The fabrication of ZnO-CulnS; photoanode was performed by an EPD method using a readily
dispersed solution of CuInS; QDs in chloroform.*® To deposit the QDs, a ZnO NW grown FTO
substrate (ZnO/FTO) and a platinized FTO (Pt/FTO) were vertically fixed at a parallel distance of
~0.5 cm inside a glass cell as shown in Scheme 6.1. To prepare Pt/FTO electrodes, a solution of
hexachloroplatinic acid in iso-propanol was spin coated on cleaned, ozonized FTO substrates,
followed by calcination at 450 °C for 15 min. The ZnO/FTO and Pt/FTO electrodes were then
respectively connected to the positive and negative terminals of a Keithley 2400 SourceMeter.
The glass cell was filled with a dispersed solution of CulnSz QDs in chloroform and a bias
voltage of 150 V.cm™ was applied for a couple of min to deposit the QDs. The CulnS, deposited
ZnO photoanodes (hereafter, ZnO-CIS) were taken out, rinsed with ethanol, dried by blowing
argon and used for device fabrication. A schematic showing the deposition of CulnS, QDs onto
1D ZnO NWs (grown on FTO substrates) by an EPD method is illustrated in Scheme 6.3.

6.2.7. Fabrication of ZnO-CdSe Photoanode

To fabricate CdSe QD deposited ZnO NW based photoanode (hereafter, ZnO—-CdSe), CdSe QDs
were deposited onto ZnO/FTO using a similar EPD setup as used to fabricate ZnO-CIS. In brief,
a bias current of 0.60 mA.cm™* was applied between ZnO/FTO and Pt/FTO electrodes for 30 min
using an aqueous solution of 0.02 M cadmium acetate, 0.04 M ethylenediaminetetraacetic acid
disodium salt (EDTA), and 0.02 M sodium selenosulfate (NaSeSOs).2* Na,SeSOs solution was
prepared by refluxing Se (0.48 g, 6.0 mmol) and sodium sulfite (2.0 g, 15.8 mmol) in water (3 h).
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6.2.8. Fabrication of ZnO-CulnS;—-CdSe Photoanode

CulnS>—CdSe QD co-sensitized ZnO NW based photoanode (hereafter, ZnO—CIS—CdSe)
was fabricated using a two-step EPD method. First, ZnO—CIS photoanode was fabricated

by loading CulnS; QDs onto ZnO NWs under a bias voltage of ~150 V.cm™, as described
in Section 6.2.6. ZnO—CIS electrode was connected to the positive terminal of the power
supply and CdSe QDs were then deposited under an bias current of 0.60 mA.cm~2 against

a Pt/FTO electrode connected to the negative terminal, as described in Section 6.2.7.

6.2.9. Fabrication of CZTS and CZTS—-MoS:z Photocathode

To fabricate the CEs, CZTS-MoS; and CZTS powders were separately dispersed in ethanol
under an ultrasonic bath (30 min). Meanwhile, FTO coated glass substrates were cleaned with
soap solution, washed with plenty of distilled water, treated under an ultrasonic bath in acetone
and iso-propanol (15 min for each), and subjected to ozone treatment for 15 min. The dispersed
solutions of CZTS and CZTS-MoS; were then spin coated on FTO substrates at 500-1000 rpm.

The FTO substrates were finally calcined at 300 °C for 10 min under a sulfur atmosphere.

(a) (b) (c)
S vamorono |l f’
coating Hexamine
/ 2.175°C 2. Hydrothermal
V (10 min) ZnO seed layer R0 Ciah 1D ZnO NWs grown on
FTO substrate on FTO substrate ZnO seeded FTO substrate

4
CulnS, QDS g ZnO/FTO EPD setup used to ZnO-CulnS, I-V measurement
in ch}orofo T "i > deposit CulnS, QDs photoanode by Keithley 2400

Scheme 6.3 General procedure used to fabricate a quantum dot sensitized solar cell involving ZnO nanowires and
CulnS; quantum dots: (a) spin coating of ZnO seed solution on FTO coated glass substrate, followed by heating at
~175 °C for 10 min, (b) hydrothermal growth of ZnO nanowires over ZnO seed layered FTO substrate at 90 °C (2 h)
using a 0.5 M zinc nitrate and 0.5 M hexamine aqueous solution, (d) CulnS; quantum dots dispersed in chloroform,
(e) electrophoretic deposition (EPD) setup used to deposit CulnS, quantum dots onto ZnO nanowires by applying a
bias voltage between ZnO/FTO (positive terminal) and Pt/FTO (negative terminal) electrodes, (f) CulnS; sensitized
ZnO based photoanode, and (g) current—voltage measurement of the cell using a Keithley 2400 SourceMeter.
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6.2.10. Device Fabrication and Characterization

The QDSCs were constructed by sandwiching the photoanodes and respective CEs using an easy-
melt thermoplastic sealant (thickness ~50 um). A drop of S?7/Sp>" electrolyte solution was
injected to each of the cells through the pre-drilled holes on the CEs by vacuum capillary filling
method. The cells were then sealed to avoid any electrolyte leakage. The S?>7/S,?>" aqueous
electrolyte solution was prepared by dissolving 1.0 M sulfur and 1.0 M sodium sulfite in water.
No methanol was added to the electrolyte solution to avoid overestimation of actual PCE of the
fabricated QDSCs. This often occurs due to the presence of a non-regenerative hole scavenging
effect of methanol, if present in the electrolyte, producing higher photocurrents in the devices.

6.3. RESULTS AND DISCUSSIONS

6.3.1. Powder X-ray Diffraction Analysis

Phase purity of ZnO seed layer and NW films on FTO substrates and of metal chalcogenide QDs
(CulnSz and CdSe) are confirmed from their respective powder XRD patterns. From Figure 6.1a,
a sharp (002) diffraction peak at 20 ~ 34.6° (excluding the diffraction peaks of FTQO) is observed
for ZnO seed layers spin coated on FTO substrate. This confirms a preferential c-axis texturing of
seed layers of ZnO nanocrystals, which are obtained by thermal decomposition of zinc acetate
salts.>® Interestingly, the XRD pattern of as-grown ZnO NWs (Figure 6.1b) over ZnO seed layer
also exhibit a sharp (002) diffraction peak at 26 = 34.6°, similar to that of ZnO seed layers.
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Figure 6.1 Powder X-ray diffraction (XRD) patterns of (a) ZnO seed layer on FTO substrate, (b) 1D ZnO nanowires
epitaxially grown on ZnO seed layered FTO substrate, (¢c) CulnS; quantum dots, and (d) CdSe quantum dots.
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The observed XRD patterns clearly indicate—(1) a similar type of crystal parameters for both
ZnO seed layer and 1D NWs, and (2) an epitaxial growth of single crystalline ZnO NWs over a
ZnO seeded platform in [0002] lattice orientation along the c-axis. The prevailing high-intensity
(002) diffraction peaks for ZnO (seed layer and 1D NW) can be indexed to the formation of
hexagonal wurtzite phase with a P63mc space group symmetry (JCPDS Ref. No. #36-1451). In
addition, the lattice constants calculated for both ZnO NWs (a = 0.3249 nm, ¢ = 0.5208 nm) and
ZnO seed layers (a = 0.3249 nm, ¢ = 0.5208 nm) also exhibit exactly similar values.’® Thus, it
can be stated that pre-alignment of ZnO seed layer fully regulates the further crystal growth of
1D ZnO NWs. Epitaxial growth of ZnO NWs also intercepts their defect-free crystal growth in a
preferential direction. As a result, hydrothermally grown ZnO NWs possess single crystallinity
that further generates 1D pathways through their continuous crystal interiors and hence, exhibit
faster charge transport properties. A weak defect emission peak at ~450-580 nm appears for 1D
ZnO NWs upon photoexcitation (Figure 6.2), which indicates the presence of weak transitions

from the conduction band (CB) of ZnO to their deep defect levels created by oxygen vacancies.
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Figure 6.2 Steady state photoluminescence (PL) spectrum of hydrothermally grown 1D ZnO nanowires on FTO
coated glass substrate showing the less prominent defect emission peak ~475—575 nm at a 410 nm excitation.

On the other hand, phase purity of nanocrystalline CulnS2 and CdSe QDs are also confirmed by
powder XRD. Figure 6.1¢ shows the lattice planes (112), (204/220), and (116/312) for the as-
synthesized CulnS; QDs, which are indexed to the formation of tetragonal phase (JCPDS Ref.
No. #85-1575). Similarly, Figure 6.1d shows the lattice planes (111), (220), and (311) for CdSe
QDs, which are indexed to the formation of zinc blende phase of cubic crystal structured CdSe
(JCPDS Ref. No. #19-0191). In addition, the appearance of broad diffraction peaks for CulnS»

and CdSe QDs confirm their nano dimensions.
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Figure 6.3 Powder X-ray diffraction (XRD) patterns of (a) ZnO-CIS, (b) ZnO-CdSe, and (c) ZnO-CIS-CdSe
photoanodes showing the retention of individual peaks for ZnO (circles), CulnS; (triangles), and CdSe (squares).

Notably, well-resolved and broad diffraction peaks for CulnS; and CdSe QDs are apparent in the
XRD patterns of all the photoanodes: ZnO—CIS, ZnO—CdSe, and ZnO—CIS—CdSe, as shown in
Figure 6.3. This indicates a successful loading of crystalline QDs onto ZnO using EPD route.
Moreover, the strong appearance of characteristic (002) diffraction peaks in XRD patterns of all
the photoanodes further indicates the retention of structure and single crystallinity of stable 1D

ZnO NWs even after the deposition of QDs are performed under different bias conditions.
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Figure 6.4 Powder X-ray diffraction (XRD) patterns of hydrothermally synthesized (a) Cu,ZnSnS4; microspheres
(CZTS), (b) MoS; co-catalyst, and (c) 1.0 wt % of MoS; loaded Cu,ZnSnS4 microspheres (CZTS—MoS,).
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The crystallinity of CE materials are also confirmed using powder XRD. From Figure 6.4a, the
observed lattice planes (112), (200), (220), (312), (008), and (332) for CZTS microspheres can be
indexed to the formation of tetragonal kesterite crystalline phase (JCPDS Ref. No. #26-0575). No
diffraction peaks from any other crystalline forms (ZnS, Cu>SnS3) are detected. Similarly, from
Figure 6.4b, the observed broad diffraction peaks for (002), (100), (103), and (110) lattice planes
of MoS; signifies its hexagonal phase and a nano dimension (JCPDS Ref. No. #75-1539). Thus,
the XRD analysis clearly indicate that the synthesis of CZTS and MoS> can be carried out under
the current hydrothermal conditions at a temperature of ~200 °C. However, it should be noted
that the powder XRD pattern recorded for 1.0 wt % of MoS; co-catalyst loaded CZTS (CZTS—
MoS., Figure 6.4¢) shows the diffraction peaks mainly for CZTS, while well-distinct diffraction
peaks for MoS: remains silent. This could possibly be due to a low catalytic loading of MoS: to
CZTS and a weaker crystalline nature of MoS; in contrast to the CZTS host. To investigate if
there is any change in crystallite size of CZTS upon 1.0 wt % of MoS; loading, the average
crystallite sizes of CZTS and CZTS—MoS; are estimated from the Debye—Scherrer formula, using
eq. (1), by considering the maximum intensity (112) planes of CZTS*

I X
e M
where A, 0, and P are the X-ray wavelength (0.154 nm), Bragg diffraction angle, and full width at
half-maximum (FWHM), respectively. Notably, the co-catalytic loading of 1.0 wt % of MoS; to
CZTS does not exhibit any significant change in the crystallite size of CZTS (CZTS = 22.9 nm,
CZTS-MoS2 ~ 23.4 nm). This further indicates that the crystallinity of CZTS remain almost
unaltered upon a 1.0 wt % of MoS: is co-catalytically loaded under current hydrothermal route.
Alternately, the highest intensity (002) diffraction peak for MoS: at 20 = 14.48° corresponds to

its average crystallite size of ~6.9 nm and an interlayer distance of ~0.66 nm.

6.3.2. Normalized UV-Vis DRS Absorption Spectra

The normalized UV—vis absorption spectra of 1D ZnO NWs, bare CulnS> QDs (in chloroform),
bare CdSe QDs (obtained during the EPD), and the photoanodes (ZnO—CIS, ZnO-CdSe, and
ZnO—CIS—CdSe) are illustrated in Figure 6.5. The absorption spectrum of 1D ZnO NWs shows a
typical absorption steep at ~384 nm, which indicates a wide-band gap of ZnO (Figure 6.5a).
Figure 6.5b shows the characteristic broad absorption of bare CulnS, QDs in the visible range
with an absorption onset at ~650 nm. In addition, CulnS> QDs also exhibit a less pronounced

shoulder at ~520 nm reflecting a size quantized effect arising from the excitonic transitions,
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whereas the non-appearance of sharp excitonic peaks can be ascribed to slight inhomogeneity in
size and shape during the synthesis of the QDs.**>* Similarly, Figure 6.5¢ shows a wide visible
range light absorption (~400-700 nm) of bare CdSe QDs with an absorption onset at ~690 nm
and excitonic peak at ~630 nm. Notably, the individual intrinsic absorption edges of CulnS: and
CdSe QDs are also retained in the UV—vis spectra of all the photoanodes. This is indicative of a
sufficient loading of QDs onto ZnO NWs by the EPD method (Figures 6.5d—f). Interestingly, an
enhanced molar absorptivity of ZnO—CIS—CdSe photoanode in contrast to that of ZnO—CIS and
ZnO—CdSe reflects an efficient photon absorption achieved by the co-sensitization approach.

Optical properties of CZTS, CZTS-MoS,, and MoS; are endorsed from their normalized
UV-vis absorption spectra (Figure 6.6). UV-vis spectra of CZTS (black line) and CZTS-MoS;
(red line) exhibit their characteristic absorption features in a wide-visible range. Similarly, MoS,
(green line) shows its typical broad absorption in the range of ~500 to 800 nm. The observed
spectral features of MoS, nanosheets can be correlated with their excitonic peaks for the direct
transitions and spin—orbit splitting at the VB. To be more precise, solid state absorption profile of
MoS, exhibits three distinct peaks: (1) first excitonic peak at ~687 nm ascribed to a direct
transition at the K point of the Brillouin zone, and (2) the second and third excitonic peaks at
~660 nm and ~590 nm (energy difference ~0.22 eV) arising due to the spin—orbit splitting of the
top of VB at the K point for Ky — Ks and K; — K transitions, respectively. Notably, in the solid
state UV-vis study, we did not observe any sharp excitonic peak for MoS; corresponding to its
direct transition originating from the deep VB to the CB. In contrast, the absorption spectrum of
MoS; recorded in 1-methyl-2-pyrrolidone reveals the appearance of slight shoulders in the
wavelength ranges ~350 to 500 nm (peak seen at 408 nm) and ~580 to 690 nm, indicating the
presence of direct transitions in MoS,.*°

To further study the band energetics of CE materials, optical band gap energy (£;) for the
solid film samples are estimated from the Tauc’s relation, using eq.s (2) and (3)°!

(ahv)? =C(hv — E,) (2

o AxJI(Og e (3)
where a is the absorption coefficient of CE material at a certain wavelength, % is the Planck’s

constant, C is a proportionality constant, v is the frequency of incident light, and ¢ is the thickness
(in cm) of the film. The corresponding Tauc plots, where (ahv)? is plotted as a function of photon
energy (hv), estimate the £, for CZTS (~1.66 eV, circles) and CZTS-MoS; (~1.62 eV, squares),

as shown in Figure 6.7.

112
TH-1412_10612229



Dipankar Barpuzary Chapter 6

— (a) ZnO NWs
= 104 (b) Culns, QDs
8 (c) CdSe QDs
8 0.8 4 (d) ZnO-CIS
c (e) ZnO-CdSe
I, _CIS—
IS (f) ZnO-CIS-CdSe
= 0.6

o)

(7]

Yol

S 0.4 /

go)

N (b)

= 0.2

S 9

=

S 004 &

zZ

T T T T T T T T
350 400 450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 6.5 Normalized UV—vis absorption spectra of (a) 1D ZnO nanowires grown on FTO (black line), (b) CulnS,
quantum dots (QDs) dispersed in chloroform (blue line), (¢) CdSe QDs obtained during electrophoretic deposition
(green line), (d) CulnS;-sensitized ZnO NWs on FTO (ZnO-CIS, red line), (¢) CdSe-sensitized ZnO NWs on FTO
(ZnO—CdSe, orange line), and (f) CulnS,/CdSe co-sensitized ZnO NWs on FTO (ZnO—-CIS—CdSe, violet line).
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Figure 6.6 Normalized UV-vis diffused reflectance spectra of CZTS microspheres (black line), 1.0 wt % of MoS,
loaded CZTS microspheres (red line), and MoS; in solid state (green line) and in 1-methyl-2-pyrrolidone (blue line).

Notably, a slight reduction (~0.04 eV) in Eq value is apparent for CZTS upon 1.0 wt % of MoS>
loading, which is possibly be due to the presence of electronic interactions between CZTS and
MoS; in CZTS—MoS,. The Tauc plot also estimates an Eg ~ 1.59 eV for MoS; (triangles), which

is indicative of a direct band gap of MoS, nanosheets owing to their monolayered distribution. It
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is in good agreement to the fact that the optical property of MoS> can be readily tuned from an
indirect to direct band gap by introducing quantum size effects via altering the morphology from

the bulk to nano-dimensions.%%3
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Figure 6.7 Tauc plots to estimate the band gaps of Cu,ZnSnSs microspheres (CZTS; circles), MoS. co-catalyst
(triangles), and 1.0 wt % of MoS; co-catalyst loaded Cu,ZnSnS4 microspheres (CZTS-MoS,, squares).

6.3.3. Materials Morphology

The morphologies of 1D ZnO NWs, CulnS; QDs, CdSe QDs, CZTS microspheres, MoS>
nanosheets, and CZTS—MoS, microspheres are investigated using various techniques such as,
field-emission scanning electron microscopy (FESEM), energy-dispersive X-ray spectroscopy
(EDS) mapping, transmission electron microscopy (TEM), and high-resolution TEM (HRTEM).
Figure 6.8a shows a representative FESEM image (top-view) of 1D ZnO NWs indicating their
well-oriented vertical growth over ZnO seed layered FTO substrates. The as-grown ZnO NWs
are also promising to improve the efficiency of QDSCs and DSCs due to their intrinsic properties
such as, single crystalline nature, an optimum vertical length (~6—8 pum) favoring a faster charge
transport, generation of 1D charge transfer pathways, and sufficient dye/QD loading ability.?! 34
Interestingly, in the present work, 1D ZnO NWs have shown an excellent stability against the
external bias conditions applied to deposit the QDs. This is confirmed from the FESEM images
of photoanodes (Figures 6.8b—d), which clearly show the retention of 1D geometry of ZnO NWs
even after the loading of QDs are performed under external bias of 150 mV ¢m™! for CulnS, and
0.60 mA cm™! for CdSe. However, in an EPD method, QD loading time should be optimized to

ensure a sufficient adsorption of the QDs, and at the same time, to retain void-type structures in
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photoanode for an easy diffusion of electrolyte. We have applied a time period of ~2—3 min to
deposit CulnS; QDs, while 30 min was fixed for CdSe QDs.**?* To inspect the effects of higher
QD loading time on morphology of photoanodes, we have deposited the QDs for prolonged time
intervals and surface morphology of the photoanodes was performed using FESEM. Figure 6.9
reveals that such a persistent loading results in an agglomerated-type accumulation of QDs over
ZnO NW films leading to a high surface coverage of QDs. This is not credible as it induces a few
limitations such as, (1) blocking of mesopores/voids present in ZnO NW film, (2) a deteriorated
loading of QDs into the inner pores of NW network, and (3) a retarded penetration/diffusion of

redox electrolyte into the interior parts of mesoporous oxide films.
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Figure 6.8 Field-emission scanning electron microscopy (FESEM) images of (a) 1D hydrothermally grown one-
dimensional ZnO nanowires over ZnO seed layered FTO substrates (1D ZnO NWs) and the fabricated photoanodes
(b) ZnO-CIS, (c) ZnO—CdSe, and (d) ZnO—-CIS—CdSe.

%1(c) Zno-CIs—cdse

Signal A= InLens
Mag = 5625 KX

‘ () 200 nm

Figure 6.9 Field-emission scanning electron microscopy (FESEM) images of (a) ZnO—CIS, (b) ZnO—CdSe, and (c)
ZnO—CIS—CdSe photoanodes fabricated at prolonged times periods for CulnS; and CdSe quantum dot deposition.
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As can be seen from Figure 6.10, both CZTS and CZTS—-MoS; represent microspherical type of
structures with estimated average diameters of ~200-250 nm. In addition, the mesoporous nature
and void-type morphologies of CZTS and CZTS—MoS: microspheres are also apparent from
Figure 6.10. Such a morphology of CE materials not only provides sufficient active sites for the
catalytic reduction of the electrolytes, but also facilitates the diffusion of electrolytes to the
interiors of the CE films. Notably, the FESEM images of CZTS-MoS: composite reveal a
relatively more agglomerated type features for the microspheres in contrast to those in the case of
bare CZTS. This could be ascribed to an effective adhering of CZTS microspheres to MoS>

nanosheets, readily achieved under the current hydrothermal synthetic conditions.
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Figure 6.10 Field-emission scanning electron microscopy (FESEM) images of hydrothermally synthesized (a,b)
CuxZnSnS; (CZTS) microspheres and (c,d) 1.0 wt % of MoS, co-catalyst loaded CuxZnSnSs; (CZTS-MoS,)
microspheres at different magnifications.

To further elucidate the chemical composition of CE materials, EDS maps of bare CZTS and
CZTS—MoS; composite were recorded. As can be seen, Figure 6.11a shows the EDS map of
CZTS microspheres indicating a homogeneous distribution of Cu, Zn, Sn, and S atoms in the
sample. Similarly, Figure 6.11b evidences an elemental distribution of Cu, Zn, Sn, S, and Mo
atoms in CZTS-MoS, composite. Please note: EDS mapping was performed to overcome the

experimentally observed elemental overlap issue between Mo and S atoms.

116
TH-1412_10612229



Dipankar Barpuzary Chapter 6

Zn Kal

_ CuKal Zn Kal

EDS Layered Image
BT

AR

250pm
S Kal ] Mo Lal

25um

Z5pm 250um

250um 250um

Figure 6.11 Energy-dispersive X-ray spectroscopy (EDS) maps of (a) CurZnSnS4 microspheres (CZTS) and (b) 1.0
wt % of MoS; co-catalyst loaded Cu,ZnSnS4 microspheres (CZTS—MoS,).

Morphology of various components used to fabricate the photoanodes and CEs are further
studied by TEM analysis. A representative TEM image of bare 1D ZnO NWs is shown in Figure
6.12a. The TEM image confirms a single crystalline nature and a 1D geometrical shape of ZnO
NWs with an average diameter of ~40—50 nm. The crystalline nature of CulnS> QDs is evidenced
from the well-defined lattice planes observed in the HRTEM image of CulnS:> QDs (Figure
6.12b). In addition, HRTEM image reveals a spherical shape of the CulnS; QDs with an average
diameter of ~3—4 nm. The respective selected area electron diffraction (SAED) pattern of CulnS»
QDs (Figure 6.12¢) are indexed to the (112), (220), and (312) lattice planes of CulnS>. The
inverse fast Fourier transform (IFFT) of the HRTEM image of CulnS, QDs further estimates an
interplanar d-spacing of ~0.34 + 0.006 nm (Figure 6.12d). Similarly, the crystalline nature of
CdSe QDs is confirmed by the well-distinct lattice patterns observed from their HRTEM image
(Figure 6.12e). HRTEM image also reveals a spherical shape, an average diameter of ~5—6 nm,
and an interplanar d-spacing of ~0.35 nm of CdSe QDs. The SAED pattern (Figure 6.12f) of
CdSe QDs is indexed to their (111), (220), and (311) lattice planes, as also obtained from XRD.
To confirm the loading of CulnS; and CdSe QDs onto ZnO NWs by EPD method, TEM
analysis of co-sensitized photoanode is performed. To prepare the sample, QD loaded ZnO NWs
were scratched out from FTO substrates, sonicated in acetone (10 min), and dropped on Cu grid.
A typical TEM image of a single ZnO NW loaded with CulnS: and CdSe QDs (Figure 6.12g)
estimates a thickness of ~15 nm for the QD layer deposited throughout the surface of ZnO NWs.
The deposition of CulnS; and CdSe QDs is further confirmed by HRTEM image of QD loaded
ZnO NW (Figure 6.12h), which shows the well-distinct lattice fringes of both CulnS; and CdSe
QDs. The IFFT of the HRTEM image (Figure 6.12i) further estimates the interplanar d-spacing
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of ~0.34 £ 0.005 nm for CulnS; QDs and ~0.35 £+ 0.006 nm for CdSe QDs. The corresponding
SAED pattern of QD loaded ZnO NW is depicted in the inset to Figure 6.12i.
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Figure 6.12 (a) Transmission electron microscopy (TEM) image of hydrothermally grown one-dimensional ZnO
nanowires. (b) High-resolution TEM (HRTEM) image, (c) selected area energy diffraction (SAED) pattern, and (d)
inverse fast Fourier transform (IFFT) of the HRTEM image of CulnS; quantum dots showing an interplanar d-
spacing ~0.34 nm. (¢) HRTEM image of CdSe quantum dots showing an interplanar d-spacing ~0.35 nm. (f) SAED
pattern of CdSe quantum dots. (g) TEM image, (h) HRTEM image, and (i) IFFT of the HRTEM image of
CulnS,/CdSe co-sensitized one-dimensional ZnO nanowire showing well-defined lattice fringes of CulnS; and CdSe
quantum dots. Inset to (i) shows the SAED pattern of CulnS,/CdSe co-sensitized one-dimensional ZnO nanowires.

In addition to the photoanode materials, morphologies of the CE materials (CZTS, MoS,,
and CZTS—MoS,) are also investigated using TEM analysis. Figure 6.13a shows a representative
TEM image of CZTS microspheres depicting an average diameter of ~200-250 nm. Similarly,
the TEM image of MoS: nanosheets (Figure 6.13b) shows a lateral size distribution in the range
of ~3—10 nm for the smaller and larger fractions of MoS2 nanoplatelets. For better understanding

of the morphology, an illustrative HRTEM image of MoS: nanosheets is shown in Figure 6.13c.
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The single nanosheet of MoS> shows a thickness of ~8—10 nm with an estimated average length
of ~40-50 nm. Further, the IFFT of the HRTEM image of MoS: (inset to Figure 6.13¢) estimates
an interplanar d-spacing of ~0.66 = 0.005 nm for the nanosheets. Figure 6.13d shows the TEM
image of 1.0 wt % of MoS; loaded CZTS microspheres, indicating the microspherical shape of
CZTS-MoS: composite with an estimated diameter of ~200-250 nm. The HRTEM image of
CZTS-MoS:; (Figure 6.13e) depicts the well-resolved lattice patterns of CZTS and MoS: entities.
The corresponding SAED pattern of CZTS—MoS: is shown in the inset to Figure 6.13e. The
distinct lattice fringes of CZTS—MoS: are further resolved by the IFFT of its HRTEM image as
shown in Figure 6.13f. The IFFT image also estimates the interplanar d-spacings of CZTS and
MoS;, and are found to be ~0.31 £ 0.004 nm and ~0.66 + 0.005 nm, respectively.

Figure 6.13 Transmission electron microscopy (TEM) images of (a) Cu,ZnSnS4 microspheres and (b) MoS,
nanosheets. (c) HRTEM image of MoS; nanosheets. Inset to trace (c) shows the inverse fast Fourier transform of the
HRTEM image of MoS; nanosheets. (d) TEM, (e¢) HRTEM, and (f) IFFT of the HRTEM image of 1.0 wt % of MoS,
co-catalyst loaded Cu>ZnSnS4 microspheres showing the well-resolved lattice fringes of CZTS and MoS;
components. Inset to trace (¢) shows the SAED pattern of 1.0 wt % of MoS; loaded Cu,ZnSnS, microspheres.

6.3.4. Steady-state Photoluminescence Study of Counter Electrodes

To gain an insight into electronic interactions between CZTS and MoS», steady-state PL spectra
of bare CZTS (filled circle) and CZTS—MoS; (empty circle) are recorded at a 510 nm excitation.
Figure 6.14 shows a quenching of PL emission originating from CZTS, when it is loaded with 1.0
wt % of MoS: co-catalyst. This confirms the presence of excited-state electronic interactions

between CZTS and MoS; entities in their composite. It also leads to the deactivation of excited
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state of CZTS via non-radiative processes, €.g., a favorable charge transfer from CZTS to MoS.
Thus, it can be allegedly said that MoS; nanosheets can act as electrical bridge that interconnects
the separated CZTS microspheres in the CE, thereby generating a faster charge transport network

with a minimized electron—hole recombination in CZTS—MoS, composite.

1.0
-
S 0 —— CZTS-Mos,
2
[72]
C 0.64
[¢D)
+—
=
O 0.4
(D)
i
©
E 0.2
| -
(@)
Z
0.0 T T T T "
650 700 750 800 850 900

Wavelength (nm)

Figure 6.14 Steady-state photoluminescence (PL) spectra of CZTS (filled circle) and CZTS—-MoS, (empty circle)
solid films on FTO coated glass substrates at a 510 nm excitation.

To have a better understanding of charge transfer processes taking place within the CE
materials, VB and CB edges of CZTS and MoS; are estimated from the corresponding absolute
Mulliken electronegativity values.®* Xu and Schoonen reported a simple method to estimate the
absolute band positions of CB and VB for semiconductors using the absolute electronegativity (y)
values.®* The top of VB (Evs) at the semiconductor/electrolyte interface may be predicted from
the y value of semiconductor, using eq. (4). In general, y of a multi-atomic compound (M.X,) may
be defined as the geometric mean of y values of constituent atoms.%® The corresponding y values
for each atom can be derived from their ionization potential (IP) and electron affinity (EA)

values, using eq. (5) and Mulliken electronegativity scale.®
=1
Eys = —{(z& Z; )a+b =5 xE,+ 0.059(pHch —pH) + Ee} 4)

1
24 =5 % (IR, +EA,) (s)
where y,, and y, are absolute electronegativities of M and X atoms, respectively, £° is energy of

free electrons on the normal hydrogen scale (—4.5 eV), and E; is band gap of the material.
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Considering the point of zero charge, eq. (4) can be simplified to eq. (6). Therefore, Evs and Ecg

values can be calculated, using eq.s (6) and (7).

EVB=;5+%><E9—EE 6)

Eco = Eve —E, %)
For MoS;, IP and EA values for Mo atom are 7.10 ¢V and 0.746 eV, while the same for S atom
are 10.36 eV and 2.08 eV, respectively.®”*® From IP and EA values, absolute electronegativities
of Mo and S are found to be 3.9 eV and 6.22 eV, respectively, using eq. (5). This further gives a y
value of 5.32 eV for MoS». Again, the Tauc plot estimates a band gap of = 1.59 eV for MoS». The
corresponding values of Evs and Ecs of MoS; are calculated to be —5.9 eV and —4.3 eV,
respectively, with respect to the vacuum level. Similarly, Evs and Ecs for Cu2ZnSnS4 are found
to be —5.1 eV and —3.4 eV, respectively. Such a favorable band proximity of MoS; and CZTS
induces a facile charge transport from the CB of CZTS to that of MoS»; on the contrary, a VB
mediated hole migration from MoS> to CZTS is also prominent in CZTS—MoS> (Scheme 6.4).
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Scheme 6.4 (a) Estimated values for the top of the valence band (VB) and bottom of the conduction band (CB) for
CuZnSnS, and MoS; and the favorable electron and hole charge transfer processes within the Cu,ZnSnS;—MoS;
composite. Please note: The positions of VB and CB are calculated from the Mulliken electronegativity values of
CupZnSnS, and MoS,. (b) Schematic showing an interconnected charge transfer network of Cu,ZnSnS4 microspheres
in the presence of MoS; nanosheets.

6.3.5. BET Surface Area and Pore Size Distribution Analysis

Nitrogen adsorption—desorption isotherm and corresponding Barrett—Joyner—Halenda pore size
distribution plots for bare CZTS microspheres (filled circle) and 1.0 wt % of MoS. co-catalyst
loaded CZTS (empty circle) are depicted in Figure 6.15. As can be seen, both the plots exhibit
type 1V isotherms with H3 hysteresis loops, indicating a typical mesoporous nature of CZTS and

CZTS-MoSz. This is also favorable for an efficient catalytic performance of CEs. In addition, the
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pore size distribution plots of CZTS and CZTS-MoS: (Inset to Figure 6.15) show similar features
of isotherms and identical pore diameters. This specifies that the surface morphology of CZTS
microspheres remain unaltered even after the loading of 1.0 wt % of MoS> is performed under
hydrothermal conditions. Notably, BET surface areas of CZTS and CZTS-MoS:; are found to be
~18.5 m?/g and ~20.0 m?/g, respectively, which are adequate to produce sufficient number of
active sites to accomplish an efficient reduction of redox electrolytes. Even if the co-catalytic
loading of MoS, does not manifest a noticeable enrichment in the overall surface area, an
interconnected mesoporous network of CZTS microspheres created by MoS2 nanosheets allows a

more facile collection and transfer of electrons and ions in contrast to the CZTS counterparts.
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Figure 6.15 Nitrogen adsorption—desorption isotherms and Barrett-Joyner—Halenda pore size distribution plots for
CZTS microspheres (filled circle) and 1.0 wt % of MoS; loaded CZTS microspheres (empty circle). Inset shows the
corresponding pore area versus pore diameter plots for CZTS and 1.0 wt % of MoS; loaded CZTS.

6.3.6. Raman Spectroscopic Analysis

Figure 6.16 shows the Raman spectra of MoS> nanosheets, bare CZTS microspheres, and CZTS—
MoS: composite under a 514.5 nm He-Ne laser excitation in a spectral range of 100-2000 cm .
Raman spectrum of MoS, nanosheets exhibit two prominent peaks at ~387 cm™! and ~406 cm™!
(Figure 6.16a), which are the typical E'z4 (in-plane) and Aiq (out-of-plane) vibrational modes of
MoS;,. The E;q mode corresponds to an anti-phase oscillation of Mo and S atoms parallel to the
surface plane, while Aig mode represents the anti-phase oscillation of only S atoms (Mo atoms
remain static) perpendicular to the surface plane. Figure 6.16a also shows a difference of ~19
cm™! between the E'zq (=387 cm™!) and Asg (=406 cm™') Raman bands, which is indicative of the
monolayered arrangement of MoS, nanosheets. Similarly, from Figure 6.16b, the strong
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appearance of a single Raman peak at 331 cm™! for CZTS microspheres confirms its formation of
kesterite form without having any secondary phase (ZnS and Cu»S). Interestingly, the Raman
spectrum of 1.0 wt % of MoS; loaded CZTS microspheres also exhibit the corresponding Raman
peaks for both of CZTS and MoS: entities, as shown in Figure 6.16¢c. However, slight shifting of
the intrinsic Raman peaks of CZTS and MoS; in the CSTS-MoS, composite ascribes the

presence of intimate interactions between CZTS and MoSo.
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Figure 6.16 Raman spectra of (a) MoS; nanosheets, (b) Cu,ZnSnS4 microspheres, and (c) 1.0 wt % of MoS; loaded
Cu,ZnSnSs microspheres at a 514.5 nm He—Ne laser excitation. Inset to trace (a) shows the in-plane (E'2,) and out-
of-plane (Aj,) vibrational modes for MoS; nanosheets (filled circle: S atom, empty circle: Mo atom).

6.3.7. Photovoltaic Performance

Photovoltaic performances of the QDSCs are evaluated against CZTS and CZTS—MoS; based
CEs with a S?7/S,? redox couple as the electrolyte, under AM 1.5 G simulated solar spectrum at
an intensity of 100 mW.cm 2. The performance parameters such as, short-circuit current density
(Jsc), open circuit voltage (Voc), fill factor (FF), and PCE, for the cells are derived from current
density—voltage (Jsc—V) plots (Figure 6.17a) and summarized in Table 6.1. In the case of CZTS
CE, bare CulnS; QD sensitized devices resulted in a Jic = 4.72 mA/cm?, a Voc = 513 mV, and a
FF = 35.9 % affording a PCE = 0.87 %, whereas bare CdSe based QDSCs exhibited a Jsc = 8.99
mA/cm?, a Voe = 606 mV, and a FF = 46.8 % yielding a PCE = 2.55 %. Notably, CulnS,/CdSe
co-sensitized QDSCs exhibited a maximum PCE of ~4.17 % with a Jic = 12.78 mA/cm?, a Vo =
660 mV, and a FF = 49.4 % against CZTS CE. Interestingly, upon changing the CE material from
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bare CZTS to a 1.0 wt % of MoS: loaded CZTS, performance parameters of identical QDSCs are
improved, as shown in Figure 6.17a. As can be seen, CulnS,/CdSe co-sensitized cell exhibited a
maximum PCE of ~4.58 % with a Ji. ~ 13.52 mA/cm?, a Voe = 669 mV, and a FF = 50.6 %
against CZTS-MoS: CE, while CulnS> and CdSe sensitized devices resulted in following values:
aJse = 5.90 mA/cm?, a Voe = 531 mV, and a FF = 43.7 % vyielding a PCE = 1.36 % (for CulnS>)
and a Jsc = 9.32 mA/cm?, a Voo = 614 mV, and a FF = 49.7 % vyielding a PCE = 2.84 % (for
CdSe). The above results demonstrate that CZTS and CZTS—MoS: both act as effective CEs for
QDSCs employing S?7/S»* as the redox electrolyte.

Excelling photovoltaic performances of CZTS—-MoS2 CE based QDSCs in contrast to the
CZTS counterparts can be ascribed to a more facile charge transport achieved by CZTS
microspheres upon MoS; loading. In essence, MoS: nanosheets functions as electrical bridges
that interconnect CZTS microspheres, leading to a prominent charge transfer network in CEs. It
is also observed that CulnS>—CdSe co-sensitized QDSCs performed better as compared to the
bare CulnS, and CdSe counterparts. This can be ascribed to an enhanced molar absorptivity of
QDSCs employing co-sensitized photoanodes in contrast to CulnS; and CdSe counterparts. In
addition, the overall high performance of all the fabricated QDSCs can be accredited to a number
of factors such as, (1) an adequate loading of QDs onto the ZnO NWs by an EPD method, (2) a
favorable band alignment among CulnS;, CdSe, and ZnO offering an efficient photoinduced
charge injection from the QDs to ZnO in the photoanodes, (3) facile charge migration and
transport properties of ZnO NWs generated by the 1D pathways, (4) sufficient catalytic reduction
of redox electrolyte due to the mesoporous nature of CE materials, and finally (5) an excellent
charge transport property of bare as well as MoS: loaded CZTS microsphere based CEs.
Table 6.1 Short-circuit photocurrent density (Jsc)2, open-circuit voltage (Voc)?, fill factor (FF), power conversion
efficiency (PCE, 7), maximum incident photon-to-current conversion efficiency (IPCEma) and photoinduced

electron lifetime (i) values for the fabricated solar cells composed of one-dimensional ZnO nanowires, CulnS; and
CdSe quantum dot photosensitizers, CZTS and CZTS-MoS; counter electrodes, and a S*/ Sx>” redox electrolyte.

QDSC Counter Jse Voc FF PCE IPCEmax
photoanode electrode (mA/cm?) (mV) (%) (n, %) (%)
ZnO-CIS CZTS 4.72+£0.26 513+13 359 0.87 13
ZnO-CIS CZTS-MoS; 5.90+0.19 531432 43.7 1.36 20
ZnO-CdSe CZTS 8.99+0.21 606 + 57 46.8 2.55 50
ZnO—-CdSe CZTS-MoS; 9.32+0.09 614 +41 49.7 2.84 61
ZnO—-CIS—CdSe CZTS 12.78 £0.16 660 + 14 49.4 4.17 66
ZnO-CIS—CdSe CZTS-MoS; 13.52£0.18 669 £ 27 50.6 4.58 72
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Figure 6.17 (a) Short-circuit current density—voltage (Js—V) plots for the fabricated QDSCs employing Cu,ZnSnSs4
and 1.0 wt % of MoS; loaded Cu,ZnSnS, microsphere based counter electrodes with sulfide/polysulfide (S27/S,27)
redox electrolyte under AM 1.5 G simulated solar illumination at an intensity of 100 mW.cm2. (b) Incident photon-
to-current conversion efficiency (IPCE) plots for the fabricated QDSCs.

To have a better understanding of the photocurrent behavior of fabricated QDSCs, their
IPCE values are recorded against a wavelength range of 360—-800 nm, as depicted in Figure
6.17b. It is clearly observed that all the QDSCs exhibits an efficient photosensitization in the
visible range, which is directly correlated to the visible-light absorptivity of QD sensitizers

(CulnS> and CdSe) loaded onto the respective photoanodes. As can be seen, CulnS> based

125
TH-1412_10612229



Dipankar Barpuzary Chapter 6

QDSCs exhibited lower IPCE values with a maximum of ~13 % (against CZTS CE) and ~20 %
(against CZTS—MoS: CE), while the identical devices with CdSe counterparts achieved IPCEmax
of ~50 % and ~61 %, respectively. Fascinatingly, CulnS,/CdSe co-sensitized QDSCs afforded
the IPCEmax of ~66 % and ~72 % against CZTS and CZTS-MoS: CEs, respectively. In general,
IPCE values of the QDSCs can be ascribed to the efficiencies of (1) photon harvesting by the QD
sensitizers, (2) photoinduced electron injection from the QDs to ZnO and collection at the FTO
electrode, and (3) faster charge transport in the CE favoring the regeneration of redox electrolyte.
It is therefore expected to obtain maximum IPCE values at the wavelength range where the
photon absorption by the QD sensitizers is maximum. The UV—vis spectra (Figure 6.5) of the
photoanodes reveals an enhancement in light absorption in an order: ZnO—CIS < ZnO—-CdSe <
ZnO—-CIS—CdSe. A similar pattern is also observed for the IPCE values of the fabricated QDSCs,
which indicates that the highest photocurrent is readily generated by the QDSCs composed of
CulnS,—CdSe co-sensitized photoanodes. This is in good agreement with the corresponding Jsc
values obtained from the Ji.—V curves of the devices (Figure 6.17a). Moreover, a suitable band
alignment among CdSe, CulnS;, and ZnO plays a significant role to improve the photogenerated
charge injection from the QDs to ZnO, leading to an efficient charge transport by ZnO NWs and
their collection at the FTO electrode. Additionally, an electrically interconnected network of
CZTS microspheres, generated by a co-catalytic loading of MoS,, induces a facile charge
transport in CZTS—MoS; CE in contrast to the CZTS counterparts. As a result, CZTS—MoS, CE
based QDSCs exhibited superior IPCE values in contrast to the devices based on CZTS CEs. The
IPCEmax values of all the QDSCs are summarized in Table 6.1.

6.3.8. Electrochemical Impedance Spectroscopy Analysis

To investigate the effects of MoS; loading on electron transport and recombination properties of
the fabricated QDSCs, EIS measurements are carried out for the best-performed devices under
the dark conditions at an external bias equivalent to Vi at a frequency range of 10"'-10° Hz. EIS
analysis of the QDSCs mainly accounts for the charge transfer and recombination processes
taking place at the CE/electrolyte interface in the high-frequency region (10°-~10° Hz) and
ZnO/QD/electrolyte interface in the mid-frequency region (107'-10° Hz), and the diffusion of
electrolyte in the low-frequency region (10~'-1072 Hz). From Figure 6.18a it is observed that the
Nyquist plots for CulnS2/CdSe co-sensitized cells depict two semicircles for each of the devices.
The first semicircle in the mid-frequency region accounts for the charge transfer processes taking

place at the ZnO/QD/electrolyte interface, while a second semicircle in the high-frequency region
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ascribes the redox reactions taking place at the CE/electrolyte interface. The co-catalytic loading
of MoS, to CZTS lowers the internal charge recombination between the CE and the redox
electrolyte, thereby enhances the Jsc values. Ideally, the Jsc values of solar cells depend on their
series resistance (Rs). Interestingly, a lower value of series resistance (Rs) is observed for the
QDSC fabricated with CZTS—MoS; CE in contrast to the CZTS counterpart. In general, Rs for a
typical QDSC can be derived from the Nyquist plot, using eq. (8)*!

Ry =Rrco + Ry +R; (8)
where Rrco is the electron transport resistance at the FTO electrode, proportional to the sheet
resistance of FTO and contact resistance at the FTO/ZnO interface, R is the electron transfer

resistance at the electrolyte/CE/FTO interface that directly depends on the carrier transport
resistance at the CE surface, and Rgq is the Nernst diffusion impedance within the electrolyte.

250 .
30 —— CZTS ( )
200 - —C— CZTS-Mos,
[@)]
E 1501 i‘% 20-
S 19)
L )
Ry 100 )=
| QI_ 104

—0— CZTS-Mos,

0 100 200 300 400 500 600 700 800 10°  10° 10* 10° 10° 10* 10°
Z'/ohm Frequency/Hz

Figure 6.18 (a) Nyquist and (b) Bode phase plots for the CulnS,/CdSe quantum-dot co-sensitized solar cells against
CuxZnSnS4 (CZTS) and 1.0 wt % of MoS; loaded Cu,ZnSnS4 (CZTS—MoS:) microsphere based counter electrodes
with S?7/S,2” as a electrolyte under the dark conditions at open-circuit voltage in a frequency range of 107'-10° Hz.

In the present work, CZTS—MoS: exhibits a more facile charge transport in CEs in contrast to the
bare CZTS due to the formation of an electrically interconnected network of CZTS microspheres
upon MoS: loading. This further retards Rt value at the electrolyte/CE/FTO interface and hence a
lowering of Rs is evidenced from the Nyquist plot upon MoS; loading. However, the values of R
and Rq do not change much because of the involvement of identical anode and electrolyte in both
the cells. It is also noticed that the Voc of QDSCs are marginally improved by changing the CEs
from CZTS to CZTS-MoSz, which could be attributed to the lowering of interfacial charge
recombination in the devices upon the addition of MoS: in the CEs.

127
TH-1412_10612229



Dipankar Barpuzary Chapter 6

Figure 6.18b shows the corresponding Bode plots for CulnS,/CdSe co-sensitized QDSCs
with different CEs. It is observed that Bode plots for both the QDSCs represent two distinct
peaks corresponding to two diode interfaces of the devices. The peak observed at the mid-
frequency region accounts for the electron diffusion time constant in photoanode, which can

further give the lifetime of photoinduced electron (tel) at the photoanodes, using eq. (9)
-1
7y =(271,) ©9)
where fp is the maximum peak frequency in the mid-frequency region. The characteristic peak
frequencies of CZTS and CZTS—MoS; based co-sensitized QDSCs are found to be located at

~4.91 Hz and ~4.59 Hz, respectively. The corresponding te1 values for the fabricated QDSCs are
found to be ~32.4 ms (for CZTS) and ~34.6 ms (for CZTS—MoS,).

6.4. SUMMARY

e Fabrication of an efficient QDSC involving a noble metal free counter electrode utilizing
MoS:; loaded CZTS-MoS: is demonstrated.

e Epitaxially grown 1D ZnO NWs have revealed an excellent stability against the external
bias conditions applied for the electrodeposition of QDs.

e A CulnS>—CdSe co-sensitization approach provided an efficient photon harvesting ability
of the QDSCs in contrast to the bare CulnS, or CdSe counterparts, which is also reflected
in an improved PCE of co-sensitized QDSCs

e MoS: in its nanosheets form performs the role of an electrical bridge that interconnects
the CZTS microspheres, leading to a prominent charge transfer network in the CE owing
to a favorable band alignment between CZTS and MoS; entities in their composite.

e Electrochemical impedance spectroscopy revealed a lower series resistance of the QDSCs

composed of CZTS-MoS: based CE in contrast to the bare CZTS counterpart.
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Power Conversion Efficiency (PCE) Comparison Table

Table 1. Comparison of the photovoltaic performance of ZnO based dye-sensitized solar
cells by our approaches to the available literature reports as described in Chapter 1.

ZnO structures Sensitizer Jsc (mA.cm2) Voc(V) FF (%) n(%) Ref.

Hierarchical aggregates N719 19.8 0.64 59 7.5 86

Zn0 NWs/TiOz2 shell N719 15.5 0.77 - 7.0 93

Commercial nanopowders N719 18.1 0.62 58 6.6 94

ZnO tetrapod/Sn02/Zn0O N719 16.3 0.65 59 6.3 95

core-shell NPs

ZnO aggregates/TiOz shell N3 15.8 0.70 56 6.3 96

Hierarchical aggregates N3 21.0 0.66 44 6.1 97

Nanosheet D149 18.0 0.53 63 6.1 98

One dimensional NWs Ru-dppz 11.2 0.80 63 5.9 Chap. 4

One dimensional NWs SK1 12.0 0.71 64 5.7 Chap.5

Oriented porous film D149 12.2 0.69 65 5.6 99

NPs + scattering hollow cavities N719 15.7 0.56 62 55 100

NPs D102 17.4 0.63 48 5.4 101

Hierarchical aggregates N3 18.7 0.65 45 5.4 102

Hierarchical aggregates D205 12.2 0.65 67 5.3 103

Zn0/Nb20s shell N719 12.4 0.71 59 5.2 104

Tetrapod-like ZnO nanopowders D149 12.4 0.60 65 4.9 105

Nanosheets/NWs N719 10.9 0.68 65 4.8 106
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Self-assembled nanostructures N719 10.7 0.71 62 4.7 107
NWs/NPs N3 15.2 0.61 46 4.2 108
Hierarchical NWs/nanoporous layer = D149 12.3 0.57 58 4.1 109
Mesoporous film N719 11.8 0.65 52 4.0 110
NPs Ru-dppz 8.9 0.70 66 4.0 Chap. 4
NPs SK1 8.9 0.62 63 3.6 Chap. 5
Hierarchical NWs N719 8.8 0.68 53 2.6 111
NWs D102 14.1 0.55 34 2.6 112
Nanorods 7907 6.4 0.72 49 2.3 113
NWs N719 9.3 0.67 34 2.1 114

Table 2. Comparison of the photovoltaic performance of ZnO based semiconductor-
sensitized solar cells by our approaches to the available literature reports as described in

Chapter 1.
ZnO structures Sensitizer Jsc(mA.cm2) Voc(V) FF (%) n(%) Ref.
ZnO tetrapods ZnSe/CdSe/ZnSe 17.3 0.76 47 6.2 87
Branched nanorods and CdS/CdSe 16.5 0.70 45 5.2 125
nanotetrapod
NP film/microsphere CdS/CdSe 17.1 0.56 53 5.0 126
NW array ZnyCd1-xSe 18.0 0.65 40 4.7 127
NPs passivated with TiO2 CdS/CdSe 15.4 0.62 49 4.6 128
One dimensional NWs CulnSz/CdSe 13.5 0.67 50 4.5 Chap. 6
NW array ZnSe/CdSe 11.9 0.83 45 4.5 129
NPs CdS/CdSe 10.4 0.68 62 4.4 130
Nano-tetrapods CdS/CdSe 13.8 0.72 42 4.2 131
NW array CdS/CdSe 17.3 0.62 38 4.1 132
NW array ZnSe/CdSe 11.4 0.81 43 4.0 133
NW array CdS/CdSe 12.6 0.68 42 3.6 134
ZnO nanorods passivated CdS/CdSe 9.9 0.61 52 31 135
with TiO2
Branched n-Si NW/ZnO nanorods CdS/CdSe 11.0 0.71 38 3.0 136
NP based nanourchins CdS/GO 7.3 0.70 54 2.8 Chap. 3
Nanosheets CdS/CdSe 19.3 0.49 28 2.6 138
NPs/nanorods CdS/CdSe 7.8 0.55 57 2.4 139
NWs/mesoporous CdS/CdSe 9.0 0.51 51 2.3 140
hollow spheres
NWs CdS/CdSe 8.3 0.55 51 2.3 141
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