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Abstract

Dye sensitized solar cell (DSSC) offers the adwgega of low-cost,
high-efficiency, and large flexibility in color, ape and transparency. However,
the highest power conversion efficiency to-dat&5%o for a small size device,
which is still too low to be considered as a conuiadlly viable technology.
The power conversion efficiency of the photovol@dévice can be expressed as
the product of three factors - the light absorptiefficiency, the charge
injection efficiency, and the charge collectioni@éncy. Improvement in any
of these factors alone, or in combination, couldtaiely improve the

performance of the DSSC device.

In this study, the one-dimensional nanostructurelenaut of TiQ nanofibers
has been adopted as the photoanode of the DSSCh wihovides several
advantages. The one-dimensional nanofiber configuraprovides a direct
path for transport and collection of electrons. &ddition, a large
surface-to-volume ratio that favors dye adsorptian be attained as the %O
nanofiber is composed of closely packed anataggesorystallites with sizes
less than 10 nm. In consequence, a high efficied14% has been obtained

in our DSSC device using a Ti@anofiber photoanode.



To further improve the efficiency of the DSSC basad TiO, nanofiber
photoanode, two different novel scattering configians have been introduced,
in the photoanode to improve the light harvestifiigiency. A high efficiency
of 8.71% and 9.28% has been achieved, respectivelith the
polydispersed-size Tiihanoparticles and the large-diameter Ji@nofibers

as the scattering layer.

Other than trapping the incident light, another iayement has been made on
light harvesting by adopting the dye cocktail agmio A novel design of
core-shell photoanode where a thin-shell of infiladye is deposited on the
core of sensitized Ti© nanofiber has been developed. Specifically, the
ruthenium-based dye (N719) sensitized Ji@anofibers are wrapped by
thin-shell of copper phthalocyanine (CuPc). In thishitecture, photons are
absorbed by the infrared dye and undergo chargsfeato the sensitizing dye,
and subsequently to the TiOrhis approach not only broadens the absorption
spectrum, it also further suppresses the recombmaif electrons and the
electrolytes, which is a common limiting factor parformance of DSSC using

TiO,. The highest efficiency attained is 9.48%.

Finally, to enhance the charge transport and dodlecefficiency, multiwall

carbon nanotube is incorporated in the Ji@norods, which make up the
[



photoanode. The multiwall carbon nanotubes insile nhanorods can
effectively transport and collect photogeneratedctebns and reduce the
recombination, both of which improve the efficienoy the device. The
maximum efficiency achieved is 10.24% accompaniét & high fill factor of

74%.
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Chapter 1

| ntroduction

In an effort to preserve the global environment agtbure sustainable
economic growth, developing clean alternatives uoent power generation
methods is extremely important. Among all the alad# technologies to
produce clean and renewable energy, photovoltawicee (PV), for which
electricity is generated directly from sunlight,aspromising solution for the
alternative energy sources. Given the earth resei@e annual average
insolation of 1.X 10 W, covering just 0.13% of the earth’s surface siifar
cells with an efficiency of 10% would satisfy ouwaily need® 2. However, the
cost of production using existing well commercializ silicon-based
photovoltaic technologies are too high to be coitiget with conventional
power generation, such as from hydrocarbons. Simeeeport on a low-cost
and high-efficiency dye sensitized solar cell (D$&@peared in 1991, it has
attracted intense interest as a promising substitidr conventional
silicon-based solar c&F. A record high efficiency of 15% for small solaalls
has been achieved receffilyMany theoretical and experimental researches
have been carried out with an attempt to furthgrovwe the performance of the
DSSC for successful commercialization. Howevers¢hefficiencies are much

below that of the multi-crystalline silicon solallc which stands at about 20%.



Therefore, it is imperative to enhance the efficienf DSSC in order to bring
this photovoltaic technology closer to commerciatget. In the next few
sections, we will introduce the background and giswvide a review of the

relevant literatures.

1.1 Photovoltaic Energy Conversion

Photovoltaic energy conversion is the direct proidacof electrical energy in
the form of voltage and current from electromagnetnergy, such as light.
There are four basic steps needed for photovadtagrgy conversion:

(1) Light absorption which cause a transition in theaaber from the ground
state to an excited state;

(2) Conversion of the excited state into a free negatand- positive charge
carrier pair;

(3) Resultant free negative charge carrier moves towapsitive electrode
(cathode) outside the cell or device, while theiltesit free positive charge
carrier moves oppositely to the negative electi@i®de) outside the cell
or device.

After arriving at the anode in the cell the endggbhotogenerated, negative

charged electrons leave the anode travelling throag external electrical

circuit towards the cathode. Along this path, these their electrical energy by

carrying out work. In the cell, the charge carrigrg. ions) carry the negative



charge to the anode thus “completing” the circAttthe anode, the ions give

up the free electrons and all the returned elestcmmplete the (4th) step of

photovoltaic energy conversion.

(4) Combining with a supply of negative-charge carraer electron, the
absorber is returned back to the ground state.

In some materials (the absorber), the excited statgbe a photogenerated free

electron-hole pair, in which case step 1 and 2Zcarebined. In other materials,

the excited state may be an exciton, in which cisp 1 and 2 are distinctly

separated.

1.2 Solar Cdll

1.2.1 Background

M. A. Green has grouped various photovoltaic satalls in three major
categories (Fig 1.%} based on the nature of the materials, maximum powe
conversion efficiency and associated cost of ategiower generation. The first
generation solar cells use materials of the higpasty, such as single-crystal
silicon. The maximum efficiency obtained to-datefnrsm the first generation
solar cells. However, the cost per watt is alsohiighest too because of the high
labor and energy cost for material processing. ddst for power conversion is
presently about US$1 per watt, however, it depdrigBly on the price of the

silicon materials.



The second generation solar cells are based oenengy, thin-film technologies
such as electroplating and vapor deposition. Theartdges of these solar cells
are (a) easy to manufacture allowing a significaatuction of the fabrication
cost to less than $1 per watt, (b) extensive agfitins with attractive appearance,
and (c) possibilities of using flexible substratgafortunately, due to difficulty
in preparing materials without defects the powervession efficiency is lower
when compared with the first-generation solar céllsamples of most efficient
thin-film system are made of multi-crystalline omarphous Si, CdTe and
CdinGaSe (CIGS). The efficiency of amorphous Silawer than that of
single-crystal Si, yet it has an advantage of aelotemperature coefficient for
power loss, and it is only slightly cheaper thaat thf single crystal Si primarily
because it requires expensive equipment for matwrfag. The highest
efficiency of CdTe for a laboratory unit is 16.7%dafor a module efficiency is
10.9%"!. The disadvantages of the CdTe thin-film solatscate the toxicity,
lack of raw materials for fabrication, temperatdependent efficiency, and only
average tolerance for light intensity. The CIGSteys can achieve high
efficiencies (19.4% in the laboratory, and 16.7%sib-modules) and they are
durable with low material cd&t. However, the manufacturing cost of this type

of solar cell is expensive due to the complicatdatitation processes.

According to Shockley and Queisser calculation, tttermodynamic efficiency

limit is 31% for single-junction solar cell. Supgoabsorption of an individual



photon results in the formation of a single electhwmle pair and all of the photon
energy beyond the energy band-gap is lost in fdriveat. This limitation can be
overcome by utilizing various types of the thirdageation solar cells, such as
dye sensitized solar cell (DSSC), polymer orgamigek hetero-junction and
quantum dots. In principle, sunlight can be coraeitto electricity at efficiency
near the Carnot cycle limit of 95%. The objectiee the third-generation solar
cells is to generate electricity with a competitpmgce, say, less than $0.5 per
watt. If the photovoltaic devices which are prodluids/ techniques that allow
facile mass production, the impact on economics lmarenormous rendering
photovoltaic technology one of the most cost-effectoptions for future

green-and renewable energy production.

100 , 7 7
Us 0.1/ us 0.2 Uso.5 -
80 | Max. thermodynamic limit -~

] /

(multijunction) -

Efficiency / %

0 ' 160 ) 2(')0 - 360 ' 460 ) 500
Cost/ US$ m2

Fig 1.1 Classification of solar cell into threeeggries, based on the nature of

materials used and associated cost of electric pgameration
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1.2.2 Operating principle of solar cell based on p-n

junction

In a bulk crystalline semiconductor, the highestupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LOMof constitute atoms/
molecules converge into valence and conduction baespectively. In the
absence of dopants, the Fermi level of the semiottod lies in the middle of the
separation gap between the valence band and céomiuzind. Upon doping
with electron donors (n-type semiconductor) rentgthe material electron-rich,
the corresponding Fermi level moves closer to thredaction band. Similarly,
doping with electron-acceptors (p-type semicondictwould deplete the
electron and the Fermi level will move closer te tlalence band. Excitation of
the semiconductor with energy higher than the endsgnd gap lead to
generation of free charge carriers, i.e., elecand-hole pairs. In a configuration
consisting of both n-type and p-type semiconductonsrge separation occurs

due to bending of the bands in the depletion |éy&y.1.2).

Upon illumination, additional carriers are genedatend the single Fermi level
splits into two quasi-Fermi levels in the p-typedan-type region. These
quasi-Fermi levels are split. Close to the eleardmbth quasi-Fermi levels
collapse toward the majority quasi-Fermi level, vehihey are reconnected. This
shift of the Fermi level represents the open-ctrevitage (M. Fig 1.2). Such

separation of the charge carriers allows selectikection at the collector
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Fig 1.2 Energy diagram of p-n junction solar cell

1.3 Dye Sensitized Solar Cell

1.3.1 Background and structure of DSSC

DSSC can be seen as a technology between the sandnithird generation of
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solar cells, which has the potential to becomettitirel-generation photovoltaic

device based on nanostructure configuration.

The history of DSSC can be traced back to 1887,a¥lobserved the first case
of dye sensitized semiconductor electrode whengutie dye erythrosin on
silver halide electrod®. Not until 1960s, researchers finally understooe t
operating mechanism and fabricated the first-geimerddSSC based on zinc
oxide '€ However, the power conversion efficiency of thistotype DSSC
was way too low due to the limited light absorpti¢ior the next couple of
years, a lot of efforts were put into the basiceagsh, selecting the
photoelectrode materials, optimizing the dye withhigh molar extinction
coefficient. All these efforts finally led to thenmouncement in 1990’s of the
sensitized nanocrystalline photovoltaic device vaticonversion efficiency of
7.1 -7.9 % under solar illumination and 12% in uf daylight”. This
non-conventional solar technology has attracteehse interest as a promising
substitute for conventional silicon-based solarl adle to its low-cost,
environmental compatibility and high efficiency. S performs also better
than other photovoltaic devices under diffuse ligbhditions and at higher
temperature. Moreover, it offers the design fldikipion color, shape and
transparency. To-date, the power conversion effayeof over 12% has been
achieved for the device that contains liquid eldgte, whereas the

counter-part, solid state, reaches an overallieffiy of 15%.



The basic structure of a typical DSSC is compodeal sensitized mesoporous
wide band-gap semiconductor, i.e., the sensitizedtganode, a counter
electrode and an electrolyte® 8l The photoanode is the key component in
DSSC, which captures the photons and transport thenthe substrate.
Generally the photoanode utilizes the fluorine-dbfia oxide (FTO) glass as
the substrate coated with a layer of mesoporous, TD ~ 20um),
subsequently it is sensitized with an approprigte. dhere are many different
wide band-gap semiconductors, such as ZnO, and &wQ that can be used in
the photoanode system. Among these,, 180l shows the highest efficiency
(1921 The electrolyte is divided into three types aduuwy to the viscosity:
liquid, gel and solid state. The liquid electrolygewidely used and intensively
studied owing to its fast ion diffusion and low aasity. Due to concerns on
solvent leakage and long-term stability of liquideatrolyte, solid state
electrolyte has been developed as a replacemest.sdld state-electrolyte,
which is also called hole transport materials (HTNHrough which holes
transfer from the dye to the metallic counter etsmtd by hopping. One
problem of the solid-state electrolyte is thatsitdifficult for the electrolyte to
penetrate deeply into the photoanode, which lithigspractical thickness of the
photoanode. The gel-state electrolyte is betweeuidi and solid-state
electrolyte, which shows lower performance than tfidiquid state electrolyte.

This is attributed to limited mobility of the redogouple in the gel



electrolyté?. To balance the charge and regenerate the keyauents, the
oxide species needs to be reduced by electron ritpwhrough the external
circuit returning back to the counter electrodepigglly, in liquid-based DSSC
device, counter electrode is made of FTO glassedoatith a thin film of
catalyst, such as platinum and carbonaceous mateei@. Usually, platinum
(Pt) coated FTO is used as the counter electrodause Pt shows excellent
chemical stability and low over-potential for therkeduction reaction. While in
solid-state DSSC device, metallic counter electraelirectly deposited on
photoanode in form of a thin layer. In most cage$d and silver are adopted as

the counter electrode in solid-state DSSC.

1.3.2 Operating principle of DSSC

DSSC is different from the conventional p-n junantiphotovoltaic devices in
that it separates the function of light absorpticam charge carrier transport.
The operating principle of DSSC is shown in Fig.1J®on illumination, the

surface anchored dyes are sensitized to the exdtatt (S*) by light

absorption at the interface, and an electron-haieip generated with electrons
subsequently injected into the conduction bandhefd4emiconductor (usually
TiO,) while the holes, at least initially, remain oretkensitizers. The dye
ground state (S) is then regenerated by electroatdm from the redox system

to the oxidized state of the sensitizef)(SThe recovery of redox system is

10



realized by transporting holes to the counter ebelet by diffusing or hopping
(depending on the transporting mediator, i.e. tlyeid electrolyte, or hole
transport materials). The entire process is coragldily electron transport
through the external circuit and the device gemsratlectric power from
sunlight without chemical transformation. As evitahe dye sensitized TiO
system has mainly two functions: the dye absowi# lupon illumination and

charge carriers are generated and separated i TiO

(SS")

il

(S78)

""G
f

©

Fig 1.3 Principle of operation of the nanocrystaliTiO, dye-sensitized solar cells
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1.3.3 Light absorption and charge generation

Light is absorbed in the absorber (dye) located dhe
semiconductor-semiconductor, or semiconductor-elte hetero-junction.

The light harvesting efficiency (LHE) is given by &.1

LHE() =1 -107T*® (1.1)

wherel is the number of moles of the sensitizer(dye)gugrare centimeter of
projected surface area of the filmis the absorption cross-sectional area at the
wavelengthi in units of cmi mol* obtained from the decadic extinction
coefficient,e (units of M* cm'). The LHE is directly determined by the surface
concentration of the dyes in the film, and the maatinction coefficient of
dye. Ruthenium-based complexes are the most conyraeetl photosensitizers.
For the liquid-based electrolyte DSSC increasirgy gktinction coefficient of
the sensitizer is not the main issue, because tmatoanode functions
efficiently up to 20um thickness. To-date, ruthenium-based complexes, asl
N3, i.e.CisRuLy(NCS) (L, =4,4-dicarboxy-2,2-bipyridyl), and N719 (for the
di-tetrabutylammonium salt of N3) are the most Widésed sensitizers due to
their high absorption coefficients at 518nm, resipelty of 1.3x1d
Lmol™cmand 1.33x16Lmolcm™ . An alternative strategy might be the
co-sensitized or “dye cocktail” where a sensitierabsorbed together with

another sensitizer which has a complementary absorpegion at different

12



wave length rangd&*?!

1.3.4 Chargetransfer processin DSSC

DSSC is a photovoltaic device in which several tetec transfer (ET)
processes are taking place concurrently eitherowtthor with, competitiof®
2729 Gijven the highest energy conversion efficiency haen achieved by the
mesoporous Tifilm, sensitized with a Ru-based complex dye alheldf with
I'/l3" electrolyte, the following discussion will be fead primarily on such
DSSC configuration. Fig 1.4 shows the typical tismles for the processes
involved in such a DSSC device. Upon illuminatitre sensitizer is excited in
a few femto-seconds(fs) (Eq. 1.2) and electromjiscied extremely fast from
S* to the conduction band of the TO(Eq. 1.3) on the order of
subpico-second(subps) time scale. The ground statehe sensitizer is
regenerated subsequently bynl the micro-secondu§) domain (Eq. 1.4). The
exchange current density for reduction of tri-iadat the counter electrode has
been measured to be 4610" Acm®*([Eq.1.5). Recombination of electron in
TiO, with the S (Eqg. 1.6) can occur in the milli-second(ms) tirmage. This is
followed by the processes of: (i) electron trandbgr diffusion across the
nanocrystalline film with time scale of 5 milli-smad(ms) and (ii) the redox
capture the electron by the oxidized relay (badctien, Eq. 1.7),3l, within
milli-seconds(ms) even seconds. The similar timedescfor both processes, i.e.

recombination and diffusion, induces a practicaues on achieving high

13



conversion efficiencies in DSSC. In a simple modei, electron collection
efficiency at short circuit condition can be defin@s®¢q = kyans/ (Kirans + Kred)
wherekyans andkiec are the first-order rate constants for the electransport
and the recombination, respectively, indicating thdast electron transport in

TiO, and a slow recombination are preferred.
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Fig 1.4 Dynamics of different electron transfer ggsses in the conversion of light to electric

power by a DSSC. The time scales in parenthesagjpresentative values for each pro[:légés

S|TiG; + hv — S*| TiO, Photoexcitation (1.2)

S*| TiO, — S'| TiO, + €(CBTIOy) Charge injection
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(1.3)

S'|TiO; + I'— S|TIG + I Regeneration (1.4

I's+ e(counter electrode)> I’ Reduction of tri-iodide
(1.5)

S'| TiO, + €(TiO,) — S|TIG Recombination
(1.6)

e (TIOy) +I3— I Back reaction (1.7)

1.4 Current status of DSSC and objectives of present

thesis

Since the great discovery of the DSSC in 1990ssidenable efforts have been
made over time to increase the power conversioaigficy of the device, and
the best efficiency over 15% for a small size el been reported. It can be
seen in Fig 1.5 that as a member of the third-ggioer photovoltaics, DSSC
shows the advantages of low-cost, easy fabricatrah high efficiency, which

is expected to take a significant share in thedemsting photovoltaic are&9.

The overall sunlight to electric power conversidilceency (n) of a DSSC can
be expressed as the product of the three key @&ft@@Sm= napst Ninj X Neolls
wherenapsis the light absorption efficiency, which is thradtion of the incident

photons that are absorbed by the dyg. is the quantum yield for charge
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injection, which depends on the number of low lyglgctronic excited states
below the conduction band edge of the J#hd the ability of these states to
undergo electron transfer with the i@ preference to other decay channel of
the excited states. A good electronic coupling leetwthe electron acceptor
level of TiG, and the HOMO level of the dye used in the DSSCicdeis
required for efficient electron injection into tlkenduction band of Ti@ i.e.
separation of electrons in CB of TiO2 and holeshe@ HOMO of dyes. The
energetic of the charge injection step, i.e. theimy force, can be determined
by considering the HOMO level of the dye relativetie conduction band of
the semiconductor, i.e., TYOA moderate driving force of 200mV ensures the
excited state of election transfer to be rapid antarge amountngy is the
charge collection efficiency. In principle, improg at least one of these
physical parameters while keeping others essentialhffected can increase

the power conversion efficiency.

Anatase nanocrystalline Tids a well known semiconductor material for
DSSC photoanode. However, electron transport in opaicle-based
photoanode relies primarily on the trap-limitedfulfon process, which is an
inefficient mechanism that limits the power convanms efficiency of the
devicé®™. One promising solution is to provide a more dirpathway for
electron transport by replacing the nanoparticlegh wone-dimensional
nanomaterials, such as nanowires, nanorod, nargtubanoforest, or

16



nanofibers®2¢. However, these one-dimensional nanostructureopinatles

sacrifice some dye loading capacity; the perforreant these photoanodes
cannot compete with the photoanode made of nanolgatrtin this thesis, the
mesoporous TiQis replaced by electrospun Ti@anofiber as the construction
material for the DSSC photoanode. The one-dimeasiamnostructure

photoanodes have the advantage of direct electramsgort. Further, the
electrospun Ti@nanofiber would not sacrifice the dye loading adiyaas the

nanofibers are composed of numerous densely patkedcrystals with size
less than 10nm. Moreover, considerable efforts Hmaen taken in the present
investigation to further improve the light harvestiefficiency and charge

collection efficiency based on the BHi@anofiber photoanode.
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1.4.1 Improving light harvesting efficiency

Much effort has been devoted to enhance the lightdsting efficiency. One
promising solution is to increase the surface afethe photoanode. The key
breakthrough for DSSC in 1991 was utilizing mesoper TiQ photoanode,
which has a high surface area to absorb sufficiernolayer of dye
molecule¥!. An alternative for improving light harvesting tie develop new
dyes and dyes cocktail/ co-sensitized with stromgl d&road absorption
spectrum®% Besides, another approach to improve the lightdsiing
efficiency is to incorporate a light scatteringdayn the photoande to trap more
light in the devicé****. Incorporating a scattering layer in the devicariseasy
but cost-effective method to improve light harvegtiHoreet al reported that
by adding a reflector layer on the photoanode pithveer conversion efficiency
of DSSC has been improved from 3.8% to 6/8%n this thesis, two methods
have been proposed to improve the light harveffigency. In chapter 4, two
types of novel scattering layers are introducetthéphotoanode to improve the
light harvesting efficiency via extending light pah the device. In chapter 5, a
novel design of a core-shell photoanode is predenteere a thin-shell of
infrared dye, copper phthalocyanine (CuPc), is d#@d on the core composed
of N719 sensitized Ti@nanofiber. In addition to broadening the absorptio
spectrum on solar energy, this core-shell configomaphotoanode further

suppresses the recombination process.
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1.4.2 Improving charge collection efficiency

Fast recombination and/or slow charge carrier siffa result in lower charge
injection and collection efficiency/arious methods have been carried out to
effectively transfer electrons in the conductiomdbaf TiO, in preference to
other decay channels, for example modified surfaic@iO, with insulating
oxides or using high band-gap semiconductors, peatment with agueous

TiCl, solutior***4"!

. Recently, another effective approach is to inooafe
carbon-based materials, such as carbon nanotugehite in the photoanode to
provide an effective, dedicated highway for elettttansport and collection.
Dang et al using single-walled carbon nanotube (SWCNT) -li@s
photoanode improved the electron collection efficie (con), and the power
efficiency has reached 10.6% Janget alembeded the gaphitic thin film into
TiO, nanoparticle photoanode to improve the electramioductivity of the
photoanode and extend the electron lifetfftheln chapter 6, the multiwall
carbon nanotube (MWCNT) is incorporated into thee-dimensional TiQ
nanorod to enhance the charge transport and doledctfficiency. This

approach can effectively collect and transport pgenerated electrons and

reduce the recombination thereby improving thecegficy of the device.
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Chapter 2

Experimental Methods

After introducing the background and working prpiei of the DSSC in the
previous chapter, the basic materials and theteetiniques as used in this
study are presented and discussed in this chapgtermorphology and crystal
structure characterization methods, such as SEMJ,TERD are described.
Moreover, details on the set-up and theories oftspgcopic methods, such as
photovolatic current- voltage I-{) characterization, external quantum
efficiency (EQE), absorption and reflectance s@egthotoluminescence (PL),

etc. are also briefly discussed in this chapter.

2.1 Materials and Reagents

The requirements of the substrate for DSSC areslwet resistance, especially
independent of temperature variation; and high sparency to the solar
radiation. Typical sheet resistance of the sulestnaed needs to be in range of
5 to 15 ohm/sq. Both indium-doped tin oxide (IT&)d fluorine-doped tin

oxide (FTO) have been used as substrate for thpbitaic devices.

Indeed, ITO glass is the most used substrate itophltaic devices. However,

the thermal stability of ITO glass is not ideal,ighhcan reduce the conversion
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efficiency of the device. Hence, FTO glass is prefé as the substrate for

DSSC application.

FTO glasses with sheet resistance of 150hm/sq used as the substrate for
the photoanode, which were cleaned using the fatigyrocedure: sequential
ultrasonic cleaning in deionized (DI) water withtetgent, DI water, acetone,
2-propanol for 5 min at each step a@Dand the acetone and 2-propanol
procedures are repeated. After cleaning, the FT&3sgks were dried with
nitrogen and subsequently placed in an UV-Ozonenblea for 15 min. The

detailed procedure can be seen in the flowchdfigr.1.

FTO glass 13X 1 inch?
\L 5 min . 400C

Dlwater with detergent

Srmin,40°C

Dl water

Smin,400C

— Aceton
Smin, 40°C

Z2-propanol

\L 15 min

Uv-ozone

Fig 2.1Flow chart of cleaning FTO glass
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The materials used in the experiments are listdéinte 2.1.

Table 2.1 Experimental chemicals

Name Manufactory
titanium isopropoxide TIP Sigma Aldrich
polyvinylpyrrolidone PVP Sigma Aldrich

acetic acid HAc Sigma Aldrich

titaniumtetrachloride TiCly4 Fluka

iodine I Fluka

lithium iodine Lil Fluka
4-tert-butyl pyridine TBP Sigma Aldrich
1-methy-3-propylimidazolium iodide PMII Sigma Aldrich
ruthenium(ll) based dye N719 Sigma Aldrich
copper phthalocyanine CuPc Sigma Aldrich
multiwall carbon nanotube MWCNT Sigma Aldrich

2.2 Morphology and crystal structure characterization

The morphology of nanostructure photoanodes weaeackerized by scanning
electron microscopy (SEM, JEOL Model JSM-6490) gnadsmission electron
microscopy (TEM, JEOL 2100F). These equipments veése equipped with
an energy dispersive X-ray spectroscopy (EDS) tlmtéc carry out the X-ray
analysis of elements. The crystal forms of the Ti@nofiber under different

calcination temperatures were investigated by X-&#yaction (XRD). In this
22



work, the XRD was performed by Rigaku 9KW Smartlabing Cu k
(A=0.1540nm) radition. The thickness of the photo@naéds measured by a

surface profiler (TENCOR P-10).

2.3 Spectroscopic M easurement

2.3.1 UV-visble absor ption and reflectance spectra

The absorption spectrum of the test photoanodes measured by an Agilent
Varian Cary 4000UV/VIS/NIR spectrophotomet&eflectance of the test
photoanodes and different scattering-layer conétjans (to be discussed later)
was measured using a Cary spectrometer was equipftedan integrating

sphere.

2.3.2 Photoluminescence spectrum

Photoluminescence (PL) data was measured usingdamblEgh FLSP920
spectrophotometer with an incidence-and-detectinglea of 45 at room

temperature. The emission spectrum was measuras &xcitation using a
325-nm monochromatic filter and an increment of lwas adopted for data

collection.
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2.3.3 Raman spectrum

Raman spectroscopy is generally used in chemistgce vibrational
information is specific to the chemical bonds agthmetry of molecules. In
this study, Raman spectroscopy RM3000 (Renishawg used to analyze

multiwall carbon nanotubes (MMWCNT) in Tianofibers.

2.3.4 XPS spectrum

X-ray photoelectron spectroscopy (XPS) is a powestiuface analysis technique,
which provides elemental information about a swefas well as chemical state
information ®°*3. A sample material is bombarded by mono-energstift
X-rays, resulting in electrons being ejected. Emditphotoelectrons from the
sample material are collected as a function ofr teeergies from which binding

energies can be calculated by the Einstein equation

Ep=hv-Ex—® (2.1)

Where E is the binding energy of the electron,ig€the kinetic energy and is
the work function of the spectrometer. On a fineals it is also probable to
identify the chemical state of the elements presemh small variations in the

determined kinetic energies.
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The relative concentrations can be obtained withgbnsitivity of 0.1-1% for a
monolayer (around ¥®atoms/cr) from the measured photoelectron intensities.

The intensity A of a photoelectron peak of element A is given by

Iy =Igx 04 f (EJK)[,0%00 KC,A (Z)exp((~Z)/(MA sina)] )dz (2.

2)

where kx is the intensity of the incident X-rays, the cross section of emission
of a photoelectron from an inner core shell of &f the detection efficiency of
the spectrometer for a photoelectron with a kinaieergy Ek, Ca (z) the
concentration of element A as a function of thetldep s the inelastic mean
free path of a photoelectron emitted by A amdhe take-off angle of the
photoelectron with respect to the surface of te@a. In a homogeneous matrix,
the concentration of £Ccan be approximated by the relation:

()

2o(st) (2.3)

C_q =

where $is the relative atomic sensitivity factor. Typigalthe XPS probes 2-20
atomic layers (3-10 nm) deep for a solid sample @hergy of the photoelectron
depends on the angle (with respect to the surfatdhe measurement. The
escape depth z of the photoelectron depends oreltsstic mean free path length
L as well as on its emission anglewith respect to the surface. The sampling
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depth can therefore be varied by making use oétjuation:

Zz=Asna (2.4)

The lateral resolution of this technique is appmoately 2-10um.

XPS measurements can provide a semi-quantitatieenezital analysis of
surfaces, as well as chemical state analysis fouwa-compatible materials,
which cover with a diversity of materials from higical to metallurgical
samples. Due to the very small emission crosseswdlti area and the
corresponding long analysis times, this techniguaadt applicable to hydrogen

and helium.

2.3.5 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) candeel to investigate the
electron transport properties in electrochemicalias. In EIS, the potential
applied to a system is disturbed by a small singewaodulation and the
resulting sinusoidal current response is recorde@ &inction of modulation
frequency. The impedance is defined as the frequeloenain ratio of the
voltage to the current and is a complex value. fa resistor (R), the

impedance is a real value, which is independernh@fmodulation frequency.
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The capacitors (C) and inductors (L) both generataginary impedance,
whose value change with frequency. The impedaneetspn of a real system,
i.e., the impedance measured in a wide range qgtiénecies, can be described
in forms of an equivalent circuit consisting of issrand parallel connected
elements R, C, L, and W (Warburg element which wdless diffusion
processes). EIS is a useful method to investigateraplete DSSC system
including DSSC counter electrode and redox eleggol* *%. From
measurements of EIS, the following parameters candbduced: series
resistance, charge transfer resistance of the eouelectrode, diffusion
resistance of the electrolyte, resistance of edectransport, and recombination

in the photoanode.

In this thesis, EIS measurement was carried ou \&itcomputer assisted
potentiostat (Princeton 2273). The frequency wascally in the range of 10

mHz-100 KHz and the magnitude of the modulatiomaigvas 10 mV.

2.4 Photovoltaic characterization and analysis
2.4.1 Basics of photovoltaic
2.4.1.1The solar resource and Air Mass

The solar spectrum is a mixture of sunlight withffetent wavelengths\,

including ultraviolet, visible-light and the infred regions. According to the
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black-body radiation, the energy density per wawvgtle ce/dA can be described

as a function ok by Eq.2.5.

2heydQ 1
de, (1) B he
Y 0 _
a = e’"’( ;/'AkET 1) (2.5)

where d is solid angle element,,& the velocity of light in vacuunk;is the
Boltzmann constant, anld is the Planck constant, respectively. When taking

d’e/dA\* =0, the maximum value ofeddA is at a wavelength

he v
0 _.2497 525

Amax T T OGEKRLT KT (2.6)

The power density at the sun’s surface is 62 MWand it attenuates to 1353 W
m? at the point just outside the Earth’s atmospheéneesthe solid angle
subtended by the suf), is as small as 6.8 xP0sr. Once passing through the
atmosphere, the spectrum is partially reduced byattsorption of € Os in the
ultraviolet region; and water vapor, g@nd methane in the infrared region. The
attenuation is described by the “Air Mass” factorce the absorption increases
with the mass of air through which the radiatiosg®s. For a thickness lgfof
the atmosphere, the path lendtithrough the atmosphere for radiation at an

incident anglex relative to the normal to the earth’s surfacedsatibed by
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" cosc (2.7)

The Air Mass factor is the ratio ti,. The spectrum outside the atmosphere is
expressed as AMO and that on the surface of théh dar perpendicular
incidence as AM1. The standard spectrum for modexaiather is AM1.5 which
means a solar incident angle of°48lative to the surface normal and gives an
average irradiance of 1,000 W?mFig 2.2 shows the comparison between the
spectrum of a 590K black body and those of AMO and AM1.5. The actual
irradiation changes with position of the sun, cliesa seasons, and time.
Averaging over a year, the global average energsentidensity changes from
less than 100 Wihat high latitude areas to approximately 300 Win Saudi
Arabia. It is slightly more than 100 Whin central Europe, where the amount of
energy incident to a normal surface in a year muali000 kWhrf and is also

known as 1000 sun-hours per year.
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Fig 2.2 Spectra of a) Black body 5900K (attenudied factor of 6x10in intensity), b) AMO

and c) AM1.5

2.4.1.2 Photovoltaic Current- Voltage Char acterization

Standard current-voltage (I-V) measurement of a ©$8termines the current
voltage response of the device, i.e. |-V charastied, in the dark and under
different light intensity conditions. In the dar&rdition, the applied voltage, i.e.
the bias, on the device generates a current twasfln the opposite direction to
that of the photocurrent. This reverse curreneferred as the dark current. For
an ideal diode, the dark curreng is related to the voltage (V) by Eq. 2.8

qv/
Ljark =15 [E kT — 1) (28)

30



where Lis the saturation current of the diode (typically’410°A), V is the
voltage applied on the terminals of the device @mlthe electronic charge, 1.6

x 10*° coulomb. Under illumination condition, the I-V chateristics follow:

gv Vi,
I= lph _ldark = Iph - IS (E jkBl - 1) :lPh - ls (e j‘ll’ B 1) (29)

Where Iy, is the photocurrent that depends on the lightnsitg and Vr is
referred to as the thermal voltage that eqkg®qg. For non-ideal devices, an
ideality factor,m, is used to modify the weak dependence of darkeatiron

voltage.

=1y, — 1, (e 1) (2.10)

An experimental-V or J-V (current density-voltage) curve is shown in Fig.2.

The following parameters can be derived from tNé¢ J-V curve:
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Fig 2.3 Typical I-V/ J-V curvén the experiment

In this work, the current density-voltage (I-V) cheterization curves were
measured by a power meter Keithley 2400 digital re®umeter under
illumination from an AM1.5G 100 mWcthsolar simulator ABET SUN 2000

(Fig 2.4) with power density calibrated by a siha@ference cell (NIST).
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Fig 2.4 Solar simulator (ABET SUN 2000) spectrummearing with the standard AM1.5G

Open-circuit voltage (Vo)

The V¢ iIs measured when there is no external load coaedece. under the open
circuit condition. In this condition, there is ngternal current flow between the
two terminals of the device, i.e. | =0 and Vg\Wrom EQ.2.10

I= Iph - Is(e‘?mvT—‘l] (211)

I I,
V,. = mVyr In E(Ilh] + 1) ~ mVy In E(IF—hE)

5

(2.12)

As seen in Eg. 2.12,is proportional to the thermal voltager Which in turn
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depends on the temperature, angl ®Iso increases logarithmically with the

photocurrent, g, that depends on the light intensity.

Short-circuit current (1.)

Iscis measured at the condition when the applied gel@quals zero, i.e. V=0.

From Eq. 2.10,

I.=1

ph (2.13)

Iscincreases linearly with the photocurrent and tpktlintensity.

Fill Factor (FF)

The power is simply the product of | and V, whiadktogetry-wise is represented
by the area of the rectangle with width V and heigh Fig. 2.3. Along the I-V
curve, one can determine the maximum area correépgpm@lso to the maximum
power point, Rax as labeled by the dot in Fig 2.3. At this poitite device
generates the highest power output with the voltdgeand current, ). FF is

defined as the ratio

FF =
VDCISC (214)

Typical FFof DSSC ranges from 0.6 to 0.8 depending on theiohehl device
and illumination intensity. It increases with deasimg light intensity. It is also
affected by the series resistané®, arising from the internal resistance and

resistive contacts of the device, as well as para#sistanceRs, from the
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leakage of the current. Fig 2.5 illustrates a sifigol equivalent circuit for a
DSSC system in whicRs andRs, are both present. For an efficient solar cell, a
smallRs but a largeRs, are required since a largg and a smalRspdecrease the

FF dramatically.

RS
——+——
A

A Y | dark

Fig 2.5 Simplified equivalent circuit for DSSC. fer and shunt resistances are taken into

account.

Power conversion efficiency (PCE, )

The power conversion efficiency, of the device is one of the most important
parameter that is associated with the performaidtkeodevice. It is defined as
the ratio of the maximum power outpRyax to the power of the incident

sunlight, R,.
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lem _ VucISE FF
P l:'iu (215)

=
Pin IS an important experimental parameter. In ordezampare different results,
“standard test condition” was used across the béardll the devices in this
study. The standard condition includes AM 1.5 spmetillumination with an

incident power density of 100 mW &énand a test temperature of 298 K.

2.4.1.3 External Quantum Efficiency (EQE)

External Quantum Efficiency (EQE) is the ratio dfetnumber of charge
carriers collected by the solar cell to the numtifephotons of a given energy

(or specifically wavelengthy) irradiated on the solar cell (incident photons).

electrons

EQE (L) = photons (A)

The EQE should not be confused with internal quanefficiency (IQE),

which is the ratio of charge carriers generatedsbohar cells to the photons
actually absorbed by the active materials afterswharing the reflection and
absorption lost by the front electrode. Due toeithQE or IQE are dependent
on both the absorption of photons and collectionh@rge carriers; they can be

used to characterize the charge collection effayesf photovoltaic devices.
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In this study, the EQE values were measured witle@f& system equipped
with a xenon lamp (Oriel 66902, 300 W), a monocheton (Newport 66902), a
Si detector (Oriel 76175 _71580) and a dual-chamosier meter (Newport

2931_C).
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Chapter 3

Fabrication and Characterization of Dye
Sengitized Solar Cel Based on TiO,

Nanofiber Photoanode

3.1 Fabrication of TiO, nanofiber by electrospinning

3.1.1 Introduction

Electrospinning is one of the simplest techniques produce the
one-dimensional nanostructure materials — nandfibanofibers have been
intensively researched recently due to their unigueperties and intriguing
applications in many are&® ®"! In the past several decades, electrospinning
has been successfully applied to fabricate nandfifrem a broad range of
organic polymers”. Recently, it has also been extended to genematgdnic
nanofibers, such as &Ds, SnQ, and TiO2 etc®® %, Among these inorganic
nanofibers, TiQ has attracted much interest because it can bdymiged in
catalytic devices, sensors, super-capacitors arel snsitized solar cells.
Preparation of Ti® nanofibers by electrospinning mainly involves the
following key steps: (1) prepare a titanium sol-getcursor, and then mix it

with a suitable polymer to get the solution to feaa appropriate viscosity; (2)

38



electrospin the solution to obtain polymer/ Ti©omposite nanofibers; (3)
calcinate the composite nanofiber to remove thargyphase to yield Ti©

nanofiber.

The physical properties of the electrospun nanddibguch as the fiber shape,
diameter, and uniformity are often influenced b #solution properties and

processing parameters, such as viscosity, suréarson, applied electric field

strength, and flight time of fiber from the poséielectrode to ground, &.

In this chapter, we investigate the effect of srmessing parameters on the
formation and morphology of electrospun Zi@anofibers, including: (1) the

solution property: viscosity of solution; (2) thejugpment parameters: the
applied voltage and the distance between electaadecollector which control

the time of flight; and (3) post heat treatmentciceation temperature.

3.1.2 Fabrication and characterization of electrospun

TiO, nanofiber

TiO, nanofibers were prepared by combining sol-gel atettrospinning
techniqgues. The sol-gel precursor for electrospigniwas made from
polyvinylpyrrolidone (PVP), titanium isopropoxideriP), acetic acid and
ethanol. In this work, the nozzle-less electrospigrsetup is adopted instead of

the traditional syringe approach.
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Traditional electrospinning setup consists of ahhigltage power supplied
spinneret, a syringe pump and a grounded collgtade (Fig.2.1 a), which has
been described in the literatures. In our tests,n@ael nozzle-less
electrospinning setup (Nanospider) was used asnstiwlly represented in
(Fig.2.1 b). A simple rotary electrode substitui@sthe spinneret and syringe
pump. The rotating electrode, half submerged irath lof solution, carries the
solution in form of a thin layer or film. The filns highly charged as it is in
contact with the rotating electrode and is expose@ strong electric field
formed between the positive rotary electrode arddgitound collector. When
the voltage is sufficiently large and the film sciféntly thin, the charged film
becomes unstable in the intense electric field withumerous electrospinning
jets generated over the electrode surface. Asdtsedarrying the fiber “fly”
over to the ground collector, the neighboring pesitharges deposited on the
fiber repel against each other thus stretching fiber to an even thinner
diameter during its flight to the ground collect®his process continues until
the fiber diameter gets smaller to tens and hursdoéchanometers depending
on the distance between the rotating electrodegamdnd collector as well as
the applied voltage. Comparing with conventionalngk-nozzle or
multi-nozzles electrospinning with the spinning dealistributed artificially,
the main advantages of nozzle-less electrospinisinigat the numbers of jets
are much greater and the locations of the jetssateup naturally in their

optimal positions. This translates to advantagegrofiucing better uniformity
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in the nanofiber web, fast production (at least tlfhes faster), and

easy-to-clean process.
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High Voltage Electrods =]
Powe Supply
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Fig.3.1 Schematic setup for electrospinning: aiti@thl electrospinning setup, b nozzle -less

electrospinning setup

First, we added TIP to an alcohol solution contagnPVP as precursor. Acetic
acid was also added to stabilize the solution amdrol the hydrolysis reaction
of the sol-gel precursor. The prepared precursar sudsequently placed in the
feed trough of the nozzle-less electrospinning @=vAn electric potential of
70kV was applied to the rotating electrode, whidmswgpaced 19 cm from the

stationary collector. Then TyPVP composite fibers were fabricated by
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electrospinning process. The resulting compoditeré were left exposed to air
with humidity/moisture for about 5 hours to allowneplete hydrolysis before
sending the sample to calcination. Ti@anofibers were obtained after

calcinating the samples at 450°C for 2 hours.

In order to investigate the effect parameters onpimalogy of TiQ nanofibers,
different molecular weight (IM=10,000, 360,000, and 1,300,000 g MdPVP
and precursor compositions were studied. Detaih@fprecursor composition

for electrospun in our experiment are shown in &abl.

Table 3.1Solution composition for electrospun

Samples M, of PVP /gmol  Concentration of PVP (%) Concentration of

TIP(%)

1-1 2.5 6.7
1-2 35 6.7
1-3 10,000 5 5
1-4 5 10
2-1 2.5 6.7
2-2 35 6.7
2-3 360,000 5 5
2-4 5 10
3-1 2.5 6.7
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3-2 3.5 6.7

3-3 1,300,000 5 5

3-4 5 10

To investigate the effect of calcination temperatwon TiQ phase, the
TiO,/PVP composite nanofibers were calcinated at 45%50°C and 650°C

respectively, for 2 hours.

Figs. 3.2 to 3.4 show the images from the ScanBklegtron Microscopy (SEM)
on the different morphologies of TiOmorphology prepared using different
molecular weight of PVP. The molecular weight oflypoeoer affects the
formation and morphology of the electrospun naresBb Fig 3.2 shows SEM
images of electrospun TyQwith lower molecular weight (LM, M,, =10,000
gmolY) of PVP at different solution composition. Instezfdgetting nanofibers
(with fibrous morphology), both micro-network andanoparticles were
obtained in the tests. It reveals that non-fibretrsicture can be fabricated
using the LM, of PVP. Fig 3.3 and 3.4 are respectively SEM insagé
electrospun Ti@ with middle (MM,, M, =360,000 gmat) and higher
molecular weight (HM, M,, =1,300,000gmol*) of PVP. Unlike the previous
case with LM, PVP, morphology of nanofibers has been obtainednwising
these two types (MM and HM,) of PVP. Based on these trials, different

morphology and nanostructure of Li€an be obtained by adopting appropriate
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Fig.3.2 SEM imagines of electrospun %i@ith LM,, PVP at different solution composition: a.

2.5%PVP+6.7%TIP, b. 3.5%PVP+6.7%TIP, c. 5%PVP+ 8 8l5%PVP+10%TIP

Fig 3.3 SEM imagines of electrospun Ti®ith MM,, PVP at different solution composition: a.

2.5%PVP+6.7%TIP, b. 3.5%PVP+6.7%TIP, c. 5%PVP+ 59%@l 5%PVP+10%TIP
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Fig 3.4 SEM imagines of electrospun Bi@ith HM,, PVP at different solution composition: a.

2.5%PVP+6.7%TIP, b.3.5%PVP+6.7%TIP, c. 5%PVP+ 5%tIB%PVP+10%TIP

The molecular weight of the polymer used in thecprsor step affects the
viscosity of the solution and subsequently affetht® morphology of
electrospun  nanostructft®.  According to Huggins (Eq.3.1) and

Mark-Houwink-Sakurada (Eq.3.2) equatfGr’®

Nsp(€) =Me + kg(me)? + - (3.1)

n =KM* (3.2)

nsp(C) is the specific viscosityy is the intrinsic viscosity, ¢ is the polymer

concentration, K is the Huggins coefficient, M is the molecular glgi of the
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polymer, K and a are two constants, both of whiepethd on temperature and
solvent. Therefore, the molecular weight and cotraion of the polymer are
major parameters affecting viscosity of the solutid’here is a minimal
required viscosity on the solution for electrospigy below which
electrospinning is not possible. Unfortunately, thscosity of the solution
using lower LM, PVP has not reached that minimal requirement for
electrospinning nanofibers (Fig.3.2). On the otma@nd, increasing Vlof PVP
increases the viscosity of the solution, which faviormation of nanofibers

(Fig 3.3 and 3.4).

According to Huggins Equation (Eq.3.1), concentratdf the polymer also
affects the viscosity of the solution, which inrtaffects the morphology of the
nanofibers. Fig 3.3 shows the SEM images of elsptro TiQ with MM,, PVP

from the concentration of 2.5% to 5%. Beads formeden the PVP
concentration was relatively low (2.5%). As PVP cemtration increased
(3.5%), beads became larger and the shape changed d$pherical to
spindle-like. When the PVP concentration increaged an appropriate

concentration, beads disappeared. Fig 3.4 follbmsame behavior.

Formation of beads could be attributed to the los@lution viscosity that
cannot suppress surface tension resulting in thetieo breaking up into

various forms of beads and not continuous jetscdntrary, higher solution
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viscosity supports the jets with continuous eloigatof fibers avoiding
breakup of liquid jet by surface tension. Therefdcefabricate smooth TiO
nanofibers, PVP concentration should be higher tha#o for the HN, PVP;
and higher than 3.5% for the MMPVP. On the other hand, too high in
viscosity “gels” up the solution and prevents ibdity of the liquid film
carried by the exposed rotating electrode. Thissamdble situation also deters

formation of nanofibers.

Table 3.2 shows the average diameter of ;Ti@nofibers obtained with
different solution composition. The diameter ofatlespun TiQ nanofibers
obtained ranged from 60 to 120nm with both MMnd HM, PVP. The
diameter of TiQ nanofibers increased with increasing PVP, or TIP
concentration, while the concentration of TIP hasater effect on Ti®
nanofibers diameter. Moreover, the diameter of,Tm@nofibers fabricated by
HM,, of PVP is slightly larger than those fabricated Mi1,, PVP. Based on
these observations, the diameter of Jfi@anofibers can be controlled easily by

appropriately tuning the composition of the preoussolution.
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Table 3.2 Morphology of electrospun Ti@ith different composition of solution

M, of PVP/ gmol  Composition of solution Morphology of TiQ
2.5% PVP + 6.7%TIP Film-like
10,000 3.5% PVP + 6.7%TIP Micro-network
5% PVP + 5%TIP Micro-network
5%PVP+10% TIP Nanoparticles with diameter about 250
nm
2.5% PVP +6.7%TIP Nanofibers with diameter abouh6b
360,000 3.5% PVP +6.7%TIP Nanofibers with diameter abouh8b
5% PVP + 5%TIP Nanofibers with diameter about 61 nm
5% PVP +10%TIP Nanofibers with diameter about 1680 n
2.5% PVP +6.7%TIP Nanofibers with diameter abouhi#B
1,300,000 3.5% PVP +6.7%TIP Nanofibers with diameter abouh80
5% PVP +5%TIP Nanofibers with diameter about 65 nm
5%PVP +10%TIP Nanofibers with diameter about 120 nm

Fig 3.5 shows the effect of distance between tterycelectrode and collector
on the morphology of Ti@nanofibers. In Fig 3.5 a, the voltage applied was
70kV and the distance between the collector anddtaey electrode was 19 cm,
while in Fig 3.5 b the applied voltage was 35kV #énel distance was 10 cm. In
both cases, the strength of electric fields wasoatnthe same. Diameter of
TiO, nanofibers in Figs. 3.5 a, b is, respectively,ragpnately 89 and 135 nm,

which means the longer is the separation distaeteden the electrodes the
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smaller is diameter of the nanofibers. Longer distaprovides more time of
flight for solvent to evaporate. More importantlye positive charges deposited
on the fiber (after leaving the rotating electrodéo have more time to repel

against each other, thus stretching the fiber tevaam smaller diameter.

Fig 3.5 SEM imagines of electrospun gitanofibers under different distance: a. 19 cni, .

cm

Fig 3.6 is the XRD patterns of Tianofibers, respectively, before calcination
and after calcinating at different temperature: 250550°C and 650C. It can

be seen that there is no sharp peaks appearece bedtmination due to its
amorphous structure. T¥hanofibers showed peak of anatase when calcinated
at 450°C. When the calcination temperature increased @°65 more peaks
appeared and both anatase and rutile phases wseeved in the pattern. As
the calcinatedemperature was further increased to 660 more rutile phase

can be clearly observed in the XRD pattern.
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Fig 3.6 XRD pattern of Ti@ nanofibers before calcination and at differenticaltion

temperature: 458C, 550°C and 650C

3.1.3 Conclusion

Different morphologies and nanostructures of ;JiGuch as nanofibers,
nanoparticles and mirco-networks, can be obtaineingu nozzle-less
electrospinning process. The molecular weight ofPP&nhd the solution
concentration have a significant effect on the rholpgy of the electrospun
TiO,. Electrospun solution with LW PVP resulted in formation of
nanoparticles or micro-network due to insufficieigtcosity. On the other hand,

nanofibers formation was observed using Mend HM, PVP. Increasing
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either concentration of PVP, or TIP, will increaiee diameter of Ti®
nanofibers. Moreover for each molecular weight ¥PPthere is a minimum
concentration needed to stabilize the fibrous smecand also a maximum
concentration that the solution cannot be useel&etrospinning due to excess

viscosity leading to solution gel-up.

PVP/TiO, composite nanofiber revealed an amorphous steicnd it was
converted into crystalline Ti#Dphase (anatase and rutile phase) through
subsequent calcination process. Anatase phaseradpater being calcined at
450° C. On the other hand, anatase and rutile mixed gshagere both

observed after calcined at 65C.

3.2 Fabrication of TiO, nanofiber photoanode

Based on the results shown in Table 3.2, increahiagconcentration of PVP,
or TIP, will increase the diameter of Ti@anofiber. The smaller is the diameter,
the higher is the surface area, therefore, Ti@nofiber with smaller diameter is
adopted to fabricate DSSC device in order to adsafficient dye molecules.
Based on this, the composition of the precursautsm was adjusted to 4g of
TIP, 3.5g of PVP with Mw of 1,300,000 gmipland 2g of acetic acid in 100mL
ethanol. In following chapters, the Ti@anofiber was fabricated with this

optimized composition for the electrospinning pirsou solution.
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Fig 3.7 shows a schematic diagram of fabricati@ctedure for TiQ@ nanofiber
photoanode. TigJPVP composite nanofibers were first electrospunFi®
glass from precursor solution. The thickness ofofiler layer was controlled
by electrospinning time. TiOnanofiber film was obtained after calcining at
450 °C for 2 hrs, and the film was peeled off frahe FTO glass and
subsequently transferred to another FTO glass qaged with an ultra-thin
adhesive layer made of TiOpaste. The photoanode was obtained after
calcinated again at 450 °C for 2 h. The prepardd, manofiber photoanode
was first treated with an aqueous solution of 7i@DmM) at 60°C for 15 min.
After treatment, the film was washed with ethanad dried in vacuum at 8
for a half hour, and subsequently it was immersed dye solution containing

0.3 mM N719 in absolute ethanol at 55°C for 24 h.

Nozzleless

.. Calcinate
electrospinning TiO,/ PVP NF TiOQ, NF

FTO glass _ FTO glass —_— —

glass

Transfer
TiO, NF /
Doctor blade
. Calcinate TiO, NF

FTO o TiO, NP —_— TiO, NP

TiCl, treatment ”

<

Dye solution

Fig 3.7 Fabrication procedure for Ti@anofiber photoanode
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Fig 3.8 a and b show the SEM morphology of photdartmased on electrospun
TiO, nanofiber before-and-after sensitized with the Nyd 9. It is noted that

the photoanodes in Fig 3.8 were treated with agaisolution of TiCl.

It can be seen that the average diameter of efgiro TiQ nanofibers was
about 60nm, which could be used as the suitabléophode materials. Fig 3.8
c and d are the Transmission Electron MicroscoMY and high-resolution
TEM (HRTEM) images of the electrospun Bi@anofiber before sensitized.
The HRTEM image reveals that the Fi@anofiber was composed of closely
packed single crystallites with sizes less thannib@ It indicates that the
electrospun Ti@nanofiber has a high surface area, which favarsatisorption

of the dye molecules.
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Fig 3.8 SEM and TEM images of Tianofiber for the photoanode: a SEM image of ;TiO
nanofiber before sensitized with N719, b. SEM imafidiO, nanofiber after sensitized with

N719, c. TEM image of Ti@nanofiber, d. HRTEM image of Tihanofiber

3.3 Characterization of DSSC device based on TiO,

nanofiber photoanode

3.3.1 DSSC device assembly

The soaked photoanodes were washed with absolbéaa@tto remove the
“unanchored” dye molecules and subsequently theye wlieéed in vacuum at

room temperature. Platinum (Pt)-sputtered FTO gless used as the counter
54



electrode. The counter electrode and dye-anchdretbpnode were assembled
into a sandwich structure with surlyn (DuPont, |#8) by clip. The internal
space of the device was filled with the liquid é&lelyte, which was composed
of 0.6 M 1-methy-3-propylimidazolium iodide (PMIIP.05 M Lil, 0.05 M },

and 0.5 M 4-tert-butyl pyridine (TBP) in acetorgri

3.3.2 Photovoltaic properties char acterization

Fig 3.9 shows the photocurrent density-voltage \&Mves of DSSC devices
with different thickness Ti@nanofiber photoanode. The related photovoltaic
parameters are listed in Table 3.3. From TableiBc&n be seethat both PCE
and Jcincrease with increasing thickness of the photoanbdwever, both of
them decrease with further increase in thicknedse highest PCE and
correspondingsd are achieved when the thickness of the photoarsde 9.2
um. This optimum is a result of the competing eBdottween light harvesting
from the adsorbed dyes and the charge recombinatitme photoanode, both
of which are affected by the thickness of the phaotme. Increasing the
thickness of the photoanode will increase the amofidye absorbed in the
photoanode thereby enhance the light harvestingeity. On the other hand,
increase the thickness of the photoanode will atsrease the electron

diffusion length thus increase the recombinatice taat lead to the reduced
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efficiency. Therefore, there is an optimized thiegs that balances the light

harvesting and charge recombination process.

0 3
_2_. "-
4
U —6—_
£ 8
E
> -104
5
a) '12_
ko] -
£ 14
o |
G 159 —=—55,um
-18 - —e—7.9um
i —a— 16.7 um
-20- —v—9.2um
'22 ! I : I ' I I y | o I

e
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Voltage / V

Fig 3.9 J-V curves of DSSC devices based on, hidhofiber photoanode with different

thickness

Table 3.3 Photovoltaic parameters of DSSC withedéit thickness Ti©nanofiber

photoanode
Thicknessfim Voc / V Jod mAcm’? FF/ % PCE / %
5.5 0.67 6.5 52 2.50
7.9 0.73 15.4 50 5.63
9.2 0.74 20.1 48 7.14
16.7 0.74 16.3 51 6.18
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Fig 3.10 is the EQE spectra of DSSC device with,;Th@nofiber photoanode
with the optimized thickness. The peak of the EQIcta is right at the

absorption range of dye N719 (450-550nm).

Furthermore, from the J-V curves the.¥nd FF of all the devices were almost
the same with exception of the device withyrbphotoanode. This indicates
that the thickness of the photoanode does nottafiecv,c and FF of the DSSC
device within a certain range of photoanode thiskn@ — 17um) that was

considered.
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Fig 3.10 EQE spectra of DSSC device with Fi@nofiber photoanode
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Chapter 4

Improved Light Harvesting Efficiency in
Dye Sensitized Solar Cell Based on
Novel Scattering Layers

4.1 Introduction

As discussed in chapter 1, the overall sunlightlestric-power conversion
process of a DSSC can be summarized as the cornairatlight harvesting
efficiency, charge carriers transport and collectiefficiency. Considerable
efforts have been made to increase the light hamge®fficiency, such as
increasing the surface area of the semiconductemprove the dye loading
ability!; developing new dyes, or dye mixture, with strangdsorption
coefficient and broader absorption spectfdrf® **! A different approach to
improve light harvesting is to introduce a lightatering layer in the
photoanode thereby extending the light path in dbeice. It is known that
introducing the scattering layer is a simple arfeatifve way to improve the
light harvesting. Extensive research have been madainderstand the
scattering effect based on Mie and Lorentz theammy, the results reveal that an
effective scattering layer is usually composedaofé size nanoparticles greater
than 100 nid™ ** ® However, this approach sacrifices the dye-loading

capacity of the photoanode, thereby limiting thefggenance improvement of
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the device. Therefore, in this chapter, two typksavel scattering layers are
introduced to overcome this problem with the intémtimprove the light

harvesting efficiency of DSSC.

42 A novel scattering layer composed of

one-dimensional electrospun TiO, nanofiber

4.2.1 Fabrication and characterization of DSSC with

TiO, nanofiber scattering layer

One promising well-practiced method to improve B@E of DSSC is to use a
one-dimensional nanostructure photoanode, suchaasfiber, nanowire or
nanotube as these have excellent electron trangpopgerty to effectively
transfer and collect photo-generated electrons. é¥ew researchers pay much
less attention to their optical properties, suchthees light scattering effect,
which is actually quite importantApplication of TiQ nanofiber as the
scattering layer in DSSC to improve the light hatirg of the device has been
reported®®”. Another advantage in the use of nanofiber is thatnanofiber
mat in the photoanode exhibits higher porosity padneability than those of

the nanoparticles. As such, electrolyte with highiscosity can be used.

In the present study, an innovative nanofiber paotale with scattering layer

was investigated. Both smaller- and bigger-diamdi€), nanofibers were
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incorporated in this novel photoanode. Both sizesamofibers were readily
fabricated in a one-step process by the simple carstieffective nozzle-less
electrospinning. The new photoanode consists oflawers of TiQ nanofibers
with different diameters: approximately 60 and 1@®, respectively. The
smaller-diameter nanofiber (SNF) layer with highface-to-volume ratio is
used to adsorb, in its maximum capacity, dye mdéscand transport directly
photogenerated electrons released from the exciigds; while the
bigger-diameter nanofiber (BNF) layer functions(asa light scattering layer
to extend the light path in the device, (b) a dysaaption layer for light harvest,
and (c) a medium with high porosity to facilitateearolyte diffusion for
sensitized dye regeneration in the photoanode eTdrer, the bilayer composite
nanostructure photoanode can offer a combinatiofa\ajrable properties for
DSSC namely, dye-loading, light-harvesting, andt fatectron-transport
properties. With the bilayer photoanode, the penforce of the DSSC device
can be improved from 7.14% (i.e. photoanode withscattering layer) to
8.40% (i.e. photoanode with an optimal scatteriaget), which represents a

17% increase.

Fig 4.1 shows the schematic diagram of fabricatmocedure for TiQ
nanofiber photoanode with the scattering layerayl TiQ/PVP composite
nanofiber with different diameter was first elespan on FTO glass. The

diameter of the Ti@nanofiber and the thickness of the layer (SNF BNdF)
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were controlled by the processing parameters: egpholtage, rotating
electrode separation distance, and electrospintimmg. For a given electrode
separation distance, decreasing the applied vottagencrease the diameter of
the nanofiber, and extending the electrospinnimgtcan increase the thickness
of the nanofiber layer. The Thanofiber layer with different diameter was
electrospun as described and then calcined at°@88. Subsequently the
bilayer TiOQ, nanofiber was peeled off from the FTO glass aaddierred to
another FTO glass with an ultrathin Bi@anoparticle layer, which functions
both as hole-blocking and bonding/adhesive laydne Thew composite
photoanode was calcinated again at 450 °C for 2dnesconditioned with an
aqueous solution of Tigland finally sensitized with dye solution (i.e. 1j

to yield the bilayer photoanode for the new DSSCislnotable that this
fabrication procedure is simple, efficient and esfé¢ctive as it is carried out in
air and does not require high vacuum condition.tharmore, the bilayer
photonode was fabricated in one step avoiding adhessues between

different layers, which can be a serious issue.
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Fig 4.1. Schematic diagram of fabrication procedamd SEM images of the TjGanofibers

photoanode with the scattering layer

Fig 4.1 show images of the SNF and BNF from the SBKIcan be seen, the
electrospun nanofibers are randomly distributethanlayers with diameter of
approximately 60 nm and 100 nm, respectively, wiaigt confirmed by TEM
images in Figs. 4.2a and 4.2c. Both TEM and HRTENBges shown
respectively in Figs. 4.2b and 4.2d indicate th&,Tanofiber was composed
of closely packed anatase single grains with dees than 10 nm, which was
further verified by the Selected Area Electron Riftion (SAED) patterns
(insert in Fig 4.2a). Small Ti¥Ograins show large surface-to-volume ratio,
which favors dye adsorption. The amount of the dgsorbed in the Ti©

photoanode was measured for three different cordtgans each with a layer

62



thickness of 3um): bilayer (SNF+BNF), single layer (SNF), and tiederee
nanoparticles layer with particle diameter abounh® Dye loading ability on
the TiG, photoanode was quantified by desorbing the dye fitee photoanode
surface in 0.1M NaOH solution (water: ethanol=1ahid subsequently the
absorption spectrum of the solution was measurkd.amount of dye adsorbed
in these three configurations was determined t®48x10°, 3.56x10° and
2.84x10° mol cmi®, respectively. This results reassure that theyéila
photoanode, superficially packed with large quagibf nanoscale crystallites,
have excellent dye loading capacity, which was camaiple to that of the

photoanode made of 13-nm nanoparticles.
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Fig 4.2 a. TEM image of SNF and corresponding SAtfiern, b. HRTEM image of SNF, c.

TEM image of BNF, d. HRTEM image of BNF

Fig 4.3 shows the J-V characteristics for DSSC aks/iwith and without the
one-dimensional scattering layer photoanodes amcabar cell characteristics

are summarized in Table 4.1.
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Table 4. 1. Characteristics of Different DSSC Phatmle Configurations

Structure Thicknessfum Voc / V JJ mAcm? FF/ % PCE /%

5.5 0.67 6.5 52 2.50

without 7.9 0.73 154 50 5.63
sacttering 9.2 0.74 20.1 48 7.14
layer 16.7 0.74 16.3 51 6.18

5.4 0.72 9.6 63 4.30

with 7.2 0.72 14.0 65 6.78
scattering 8.9 0.71 22.5 60 8.40
layer 17.6 0.73 12.6 63 5.80

The J-V curves show that the photoanode with atestrag) layer DSSC has
higher photocurrent density compared to the phatdarwithout a scattering
layer. To optimize light harvesting and electroansport, the dependence of
PCE and ¢ on thickness of the both single-layer and bilai€y, photoanode
were investigated wherein the thickness of diffeggrotoanode configurations
was measured by a surface profiler (TENCOR P-1i@)4F indicates that both
PCE and ¢} increase with increased thickness of the photoaraidemall
thickness and ultimately decrease with furtheraasmg in thickness. The best
performance of the DSSC, as measured by highesta@Eorrespondings)

iIs achieved when the thickness of the bilayer phrodde is 8.9um. This
optimum is a result of balancing the competingafidetween light harvesting

from the adsorbed dyes and the charge recombinatidhe device, both of
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which are affected by the thickness of the photdandhe best PCE achieved
by the bilayer photoanode DSSC is 8.40% withad 22.5 mAcnf, while the
performance of the single-layer photoanode devidd &pproximately the
same thickness (942m) has a PCE of only 7.14% with the correspondiggt]
20.1 mAcn?. This represents an improvements of both PCE apd J
respectively, of 18% and 12%. The improved perforoeais primarily due to
the enhancement in the.&and FF. The increased;Jnay be related to the
enhancement of light harvesting efficiency by théFBscattering layer in the
photoanode. Comparing the transmission spectrunFigh 4.5 and EQE
spectrum in Fig 4.6 between the bilayer and siteyer of TiQ: nanofiber
photoanodes provide further supporting evidence.shswn in Fig 4.5, the
scattering layer (BNF) exhibits lower transmissiban that of SNF layer at the
visible wavelength range (400-700nm), indicatingsleoptical loss in the
scattering layer which benefits light harvestingeTEQE spectra of the device
with the photoanode incorporating the scatterirygiaeveals that a significant
increase, as much as 17%, over the wavelength taetgeen 450 and 550 nm.
The enhancement in EQE is attributed to the ligiypging effect of the BNF

scattering layer.

The performance of the DSSC device with BNF phododanwvas also measured
(with the optimized photoanode thickness, which wheut 9um). The J-V
curve shown in Fig 4.7. The PCE was just about%,3&hich is much lower
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than that of the device made of SNF or bilayer(BER¥) photoanode.
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The enhancement of PCE of the device with ;Ti@anofibers photoanode
incorporating a scattering layer can be explainetbbowing effects. First, the
photon absorption is enhanced due to the nanafiteephology as it is packed
with highly crystalline-shaped Ti@rains which provide large surface area for
increased dye-loading capacity for light harvestfBgcond, nanofibers provide
the direct pathway for transport and collection pbfotogenerated electrons
throughout the photoanode. Third, the scatteriggrladjacent to the SNF layer
works as the light trapping mechanism improving ligat harvesting of the
device without compromising the dye loading capaaitd electron transport

properties.

In summary, an innovative bilayer Ti®anofibers photoanode, fabricated
primarily by nozzless-electrospinning technique) sagnificantly improve the
performance of the DSSC. The transmission speotraodstrate that the
bilayer nanostructure photoanode can trap moret lighthe device. By
optimizing the thickness of the photoanode with cattering layer, the
photocurrent density was significantly increased @ne highest PCE that could
be reached was 8.40%. Furthermore, the FF and binettee conversion
efficiency of our bilayer photoanode DSSC deviceendeen improved by
more than 20% as compared with the single-layertqammde device. The
nozzleless-electrospinning process was adopteabtichte readily the required

bilayer nanostructure, which can be applied tonthe DSSC.
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4.2.2 Optimizing TiO, nanofiber scattering layer for

DSSC photoanode

A one-dimensional nanostructure scattering layemmosed of electrospun
TiO, nanofibers with bigger-diameter, has been intredua-situ on top of the
photoanode made of smaller-diameter Ji@nofibers to extend the light path,
thereby improving the power conversion efficienéylge sensitized solar cell.
Different configurations have been investigatec¢hieve optimal design for
the photoanode. Light trapping effect by the scatelayer was found to be
related to the thickness of the photoanode. Thekéhiis the photoanode the
weaker is the scattering effect. Furthermore, thiekhess of the scattering
layer in relation to the total thickness of the famode needs to be optimized
balancing the dye-loading capacity of smaller dimmeranofibers and the

light-trapping capacity of bigger diameter nanoffge

To address this issue, a scattering layer madeppfoaimately 100 nm
diameter TiQ nanofiber was directly introduced on a Tianofiber
photoanode to form a bilayer structure. The effettthe scattering layer
thickness in proportion to the total thicknesslad bilayer photoanode on the
performance of the device was systematically ingattd. This is under the
premise that higher efficiency can be achieved upowklerstanding and

quantifying the competitive effects influencing feemance of the device.
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Incorporating a scattering layer can extend thiet lgath in the DSSC device;
unfortunately, this would also sacrifice the dyadmg capacity. Therefore, it
is necessary to balance the light-scattering ardlialyding effects to obtain the
optimal photoanode design. Indeed, upon systenfigticgptimizing the

dye-loading and light-trapping capacities, a higBEPof 9.28% can be

ultimately achieved.

The configuration of photoanode with scatteringelayan be seen in Fig 4.8 a.
The bigger diameter nanofiber scattering layer weposited in-situ on the
smaller diameter nanofiber to form the photoanctlee smaller diameter
nanofiber layer functioned both as dye loading aledtron transport. Despite
with different diameters, both TpOnanofibers in the photoanode were
composed of densely packed crystallized sTgoainswith nanoscale size that
can be seen from the transmission electron micpys€bEM) image in Fig 4.2.

The ratio of scattering layer thickness to thattleé photoanode can be

( thickness of scattering layer )
.ilﬂ = " - -
expressed as thickness of photoanode . In this work, various

photoanode configurations have been fabricated wittom 1/8 to 1/4. The
thickness of the scattering layer was controlledh®y electrospinning time at
lower applied voltage (55kV), and the relationshiptween thickness of
electrospun Ti@ nanofiber layers with the two different diametemad

electrospinning time can be seen in Fig 4.8 b.dgiven nanofiber diameter,

the total thickness first increases linearly withc&rospinning time and then
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subsequently with a diminishing return behaviorcéwing to the relationship
for the bigger diameter nanofiber as depicted |48 b, the photoanode with

a desired scattering-layer thickness can be readilguced.
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Fig 4.8 a. A schematic of the DSSC bilayer phota@nwith different scattering layer ratio r; b.
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The photovoltaic properties for a thin and thiclof@anode, respectively, each
with different ratios of the scattering layer, haaen carried out in our study.
The thin photoanode has a total thickness of apmrabtely 5.5-0.2um, while
the thick photoanode has a total thickness of agmately 8.9 0.5um. The
photovoltaic properties of the referee devices suitha scattering layer were

also measured for comparison.

Fig. 4.9a shows the effect of the ratio of scatgtayer,r, on the PCE for both
sets of devices. The photovoltaic parameters sredliin details in Table 4.2. It
is evident that the devices with thicker photoanddelay higher PCE than the
ones with thinner photoanode for the same rativhich suggests that the
photoanode thickness is an important parameterafdSSC. The thicker
photoanode has a higher light-harvesting capalidlity to higher dye loading.
Moreover, it can be seen from Fig. 4.9 for botls ttin and thick photoanode)
of devices that as the ratig,of the scattering layer in the photoanode increase
the PCE also increases until a maximum is achieBegond the maximum,
further increase im results in a reduction of the PCE. Increasingrdtie of
scattering layer implied increasing the thicknetshe scattering layer, light
path was extended hence PCE was enhanced. &taidemonstrated the same
effect, increased thickness of scattering layed feaenhanced reflectar®®
However, increasing the ratio of scattering layeydmd a certain point results
in reduction on the thickness of nanofiber with Bemadiameter as the total
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thickness is kept constant. It is known that theltan diameter nanofiber has
larger surface area and is best used for dye Igadinthe photoanode.
Therefore, the performance of the solar cell F€EE) can degrade when the

layer thickness, which carries out the dye-loadungttion, is being reduced.

It is worthy to note that the thick photoanode with 1/8 exhibits even lower
PCE than that of the photoanode without a scatidayer (see top curve in Fig.
4.9a atr=1/8). In this case, instead of improving perforcamf the device,
introducing the scattering layer actually bringsmswhat a surprisingly
negative outcomdt is because for the configuration wherequal to 1/8, the
thickness of the scattering layer was just abaumh,lin a photoanode with a
total thickness of 8.7um, which is way too thin to function as an effeetiv
scattering layer. Furthermore, comparing with theotpanode without a
scattering layer, it sacrificed the dye loading amfy resulting in poorer

performance.

Fig. 4.9 b further highlights the difference in P@E a percentage of the
original with and without a scattering layer. Fdretdevices with a thin
photoanode (total thickness = 5:50.2um), the improvement of PCE (i.
PCE), above-and-beyond the device without scatjdamer, is much higher
than that of the thick photoanode devices (totatktiess = 8.9-0.5um
photoanode) for all values of By adding a scattering layer, the maximum
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performance improvement for the thin photoanodé wiéqual to 1/6 reaches

112%.

It is obvious from Fig. 4.9 b that the effect ofroducing a scattering layer is
much weaker for the case with a thick photoanodia@sverage enhancement
in PCE (i.e. APCE) was approximately 20%. This is because fdnieker
photoanode, most of the incoming light is absoregvay, adding a scattering
layer would increase dramatically the PGtwever, for the thin photoanode,
the amount of transmitted light through a thin plaotode is not negligible, and
such loss can be recovered or salvaged by thedunteml scattering layer on top
of the thin photoanode. Therefore, adding a scéagjelayer on a thinner

photoanode can effectively improve the performasfdée device.

Furthermore, for the thin photoanode the perforraangprovement fAPCE)

varies strongly with the ratio of scattering layewWhenr is increased from 1/8
to 1/6, A PCE increases from 32% to 112%. However, for thekth
photoanode variation ofAPCE with r is much reduced. Thisuggests an

optical compensation is necessary for a DSSC withraphotoanode.
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The performance of the DSSC devices with a scagdayer together with the
baseline without a scattering layer is tabulated@able 4.2. From Table 4.2, it
is found that the open-circuit voltage(yis almost the same (0.74 + 0.03V) in
all the configurations of photoanode devices careid, indicating that the

ratio of scattering layer has insignificant effeatthe \§: of the device.

The short-circuit current densitys{dexhibits similar trend as with the PCE (as
seen in Fig 4. 9 a). The highest(23.03 mAcn) is obtained whemn equals to
1/7 corresponding to the photoanode with thicknes<9.3um. Fig 4. 10
compare the external quantum efficiency (EQE) dsintion of excitation
wavelength for the thicker photoanode DSSC dewuadls /without scattering
layer. The EQE spectrum examines the light respohsephotovoltaic device,
which is directly related to the,. From Fig 4. 10, it can be seen that the
highest EQE value obtained is whenl/7. Introding the scattering layer in the
photoanodesr€1/7-1/4) produce higher EQE values than the sirdgleer
photoanode device due to the light trapping effetiile for the device with
equal to 1/8, the EQE value is lower than that edtrscattering layer, which is

consistent with the result of,J
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Fig 4. 10 EQE spectrum of thicker photoanode #8®5um) devices with/without

scattering layer

Fig 4.11 reveals the reflectance spectrum for twot@anodes, respectively,

with and without a scattering layer with the salmekness of photoanode prior

to being sensitized. The spectrum shows that titectance of incident light in

the range of 300-800 nm for the photoanode witltescag layer is higher than

that of the photoanode without scattering layemficming enhancement of

light trapping effect by introducing the scatteritgyer. Obviously, the

reflectance of just the scattering layer by itsslfexpected to be higher;

however, in actuality this is not terribly greatiean the case of the photoanode

79



with a scattering layer£1/4) as seen in Fig 4.11 showing the benefit ofrita
a scattering layer in the photoanode. Increasimgrétior can increase the

reflectance.

Table 4.2 Characteristics of Different DSSC PhotaEnConfigurations

Structure  Thicknessim  JiJ mAcmi? Vel V FF/ % PCE/%
Single layer 5.5 6.50 0.67 52 2.50
9.2 20.10 0.74 48 7.14

r=1/4 5.2 10.10 0.77 63 4.89
8.4 16.46 0.75 62 7.60

r=1/5 5.4 9.60 0.72 63 4.30
8.9 22.50 0.71 60 8.40

r=1/6 5.4 11.39 0.75 62 5.30
8.7 18.48 0.73 66 8.51

r=1/7 5.2 8.93 0.76 64 4.35
9.3 23.03 0.73 55 9.28

r=1/8 5.7 6.68 0.75 63 3.29
8.7 16.79 0.74 55 6.81
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Fig.4.11 The reflectance spectrum for scatteringiaphotoanode with scattering layer and

without scattering layer

Although a thicker scattering layer enhances thiet lirapping effect; however,
this sacrifices the dye-loading capacity of the tphoode due to the lower
surface area of the scattering layer which is nadegger diameter nanofiber.
Fig 4.12 confirms this point. Asis increased from 1/8 to 1/4, the dye-loading
capacity of the photoanode is decreased from 208119.63x10 mol-cni®,
which represents a 27% reduction. It is obvioug tieaachieve enhanced
scattering effect with introduction of a biggeriieter nanofiber layer is offset

by a loss of surface area for dye adsorption tsults in poor light-harvesting
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efficiency. Therefore, the ratio of the scatteriager in a photoanode should be

optimized to balance the dye-loading capacity &giutdscattering effect.
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Fig 4.12 The relationship between dye loading amauna ratio of scattering layer)(in the

photoanode

In conclusion, the bigger diameter Ti@anofiber was employed as an effective
scattering layer to extend the light path in DSS®ick. Systematic study on
the effect of this scattering layer on performaatéhe device revealed that the
light-trapping effect was related to the thicknexsthe photoanode. The
light-trapping effect was more for a thicker phatode. Moreover, the ratio of

the scattering layer in the photoanode played aportant part on the
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performance of the device. Increasing the ratid wdrease the light trapping
but sacrifice the dye-loading capacity in the phatmde. Optimizing the ratio
of the scattering layer in the photoanode can beewed by balancing the
functions of the dye loading capacity and lightterang effect. With the
optimized ratio of scattering layer of 1/7 and 146 the thick (8.9:0.5 um)
and thin (5.5-0.2 um) photoanodes, respectively, the devices havebést
performance with PCE of 9.28% and 5.30%. The thiotgpanode (5.50.2
um) benefited more from the scattering layer and 224 increase in PCE can

be realized at the optimal condition.

43 A Nove Scattering Layer Composed of
Electrosprayed Polydisper sed-size Nanocrystallite TiO,

4.3.1 Advantages of electrosprayed scattering layer

An innovative scattering layer made of polydispdrselectrosprayed
nanocrystallite TiQ for the DSSC photoanode was developed to imprbee t
light harvesting efficiency. This novel scatteririgyer has three major
advantages. First, the electrosprayed ;Tm@noparticles were composed of
nanocrystallites with diameter approximately 10 tirat did not sacrifice the
dye loading capacity of the photoanode. Second, diemeter of the
electrosprayed Ti©@nanoparticle was polydispersed resulting in mumher

porosity in the scattering layer, thereby improviedfectively the light

83



harvesting property of the device (Fig 4.13 a).rdhthe size and distribution
of the nanoparticles in the novel scattering lagan be engineered and
fine-tuned easily by changing the operating paramet electrospraying, such

as the applied voltage.

4.3.2 Fabrication and characterization of DSSC with
electrosprayed polydispersed-size nanocrystallite TiO,

scattering layer

The scattering layer (polydispersed Ticanoparticles) with thickness of (2+1)
um was in situ electrosprayed on top of Ti@anofiber (~60 nm) layer with
thickness of (10+£1um. First, the PVP/ Ti@ composite nanofibers were dir
ectly electrospun onto a FTO glass from a precussution: 1g of PVP
(Mw=1,300,000, 1g), 1.2g of TIP, 1g of acetic acid &funL ethanol. An
electric potential of 70kV was applied to the rotgtelectrode, which was
spaced 19 cm from the collector. The resulting cositp nanofiber (PVP/Tig)
layer was exposed to air with moisture for aboutobirs to allow complete
hydrolysis and subsequently was calcinated at 45@fC2 hours. After
calcination, this layer was peeled off from thegoral FTO glass and
transferred to another FTO glass pre-coated withl&a-thin TiG paste. The

TiO, nanofiber photoanode was obtained after calcigamain at 450°C for 2
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hours. Subsequently, Tihanoparticles were electrosprayed from the same
nozzle-less electrospinning setup onto the;T@nofibers photoanode from a
precursor solution containing PVP {10,000, 1.5g), TIP (3g), acetic acid (29)
and ethanol (30mL). The electric potential of 50, &d 70 kV was applied
during the electrospraying process, respectivalystudy the effect of the
different scattering layer configurations on thghti harvesting of the DSSC

device. Finally, the three samples were calcinetb@f C for 2 hours.

To compare the effectiveness of the novel scatidager with the traditional
approach, TiQ nanoparticles with monodispersed diameter of 2060 was
coated on a nanofiber photoanode with the samé&nbgs of (2+1um. The
resulting photoanode was further treated with aneags solution of TiGl
(40mM) at 60°C for 15 min and then sensitized isodution of 0.3 mM Ru
based dye (N719) solution in absolute ethanol &C56r 24 hour. The soaked
photoanode was washed with absolute ethanol to wvemmanchored dye

molecules and subsequently dried in vacuum furahceom temperature.

Fig 4.13 a. shows the two schematics of photoamatte the traditional and
our novel scattering layer, respectively. Compariwgh the traditional
scattering layer, our novel scattering layer filledith polydisperesd
nanoparticles exhibits lower pore volume (i.e. Ibght transmittance) which
functions to trap more light in the dye absorptiayer.
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Fig.4.13 b-d shows thmorphology of electrosprayed Ti@anoparticles. Fig
4.13 b is a SEM image of TiOnanofibers deposited with electrospray
polydispersed nanoparticles. The nanofibers haverage diameter of
approximately 60 nm and length of at least & presenting a large
length-to-diameter aspect ratio for the deviceisltworthy to note that the
nanoparticle layer shown in Fig 4.18 was much thinner than what was
typically adopted in our device to facilitate obssion of the randomly
distributed nanoparticles deposited on the surfddbe nanofiber layers in the
background. Fig 4.13 ¢ and d are, respectively,T#B® and HRTEM images
of the electrosprayed TiOnanoparticles. These images indicate that the
electrospray nanoparticles were polycrystalline aath nanoparticle was
made up of TiQ crystallites with size approximately 10 nm. Theveals an
interesting benefit that the electrosprayed nanmbes have a large
surface-to-volume ratio. Comparing with the traxhll nanoparticles
(diameter>100 nm) used as a scattering layer, afigreat benefit for the

electrosprayed nanopatrticles to serve partly ferldgding in the photoanode.
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Fig.4.13 a, Schematic representation of DSSC wiHitional scattering layer and the novel
electrosprayed scattering layer; b, SEM image @ittebaprayed TiO2 nanoparticles on
nanofibers; ¢, TEM image of electrosprayed TiO2 aparticles; d, HRTEM image of

electrosprayed TiO2 nanoparticle

It is well-known that the morphology/diameter oke@lrospray nanoparticle
depends on the operating parameters of the elpcttying, such as applied
voltage, distance between electrode and colleatat,the angular speed of the
rotating electrode. Here, the effect of appliedtagé on the morphology of

electrospray nanoparticles was investigated. Astiowed earlier, the applied
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voltage of 50, 60 and 70 kV were adopted to prodheevarious sizes and size
distribution of nanoparticles in the scatteringdaywhile the distance between
the rotating electrode and the collector was maiathconstant at 19cm. Fig
4.14 exhibits the measured diameter distributionthef electrosprayed TiO
nanoparticles at different electrospraying condsioOf significance is that the
electrosprayed particles obtained have diametevdsaet 150 and 1000 nm that
follows an approximate Gaussian distribution. Tiverage diameter of the
electrosprayed particles became larger when theliedppvoltage of
electrospraying, thus the applied electric fieldsweduced. It is known that a
scattering layer consisting of larger particles effactively reflect the incident
light resulting in improved light harvesting forettsolar cell. In the three test
configurations, more than 40% nanoparticles haaendiers greater than 400
nm for effective light scattering. The remainingdvece of nanoparticles was
smaller in size yet they have large surface-to4+v@uatio, which lend them as

good absorbents for the small dye molecules.
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Fig 4.14 The diameter distribution of the electragied TiQ nanoparticles under different

applied voltage during electrospraying.

The amount of the dye adsorbed respectively ineuddfit electrosprayed
scattering layers and the traditional scatteringeda(200 nm nanoparticles)
were measured. Dye loading on these scatteringrday@s quantified by
desorbing the dye from the layers in 0.1M NaOH sotu(water: ethanol=1:1)
and subsequently the absorption spectra of thdisotuwere measured. The
amount of dye adsorbed on the electrosprayed soattayer at 70, 60 and 50
kV was determined to be 7.3x105.1 x10' and 4.6x1d mol cm®,

respectively; while the amount of dye adsorbedhe traditional scattering
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layer was much lower at 2.9x10mol cni®. It can be seen that the
electrosprayed scattering layer can absorbed sit 1€a times of dye molecules
than that of the conventional scattering layer.sTindeed confirms that the
novel scattering layer, superficially packed widingle quantities of nano-sized
crystallites, have higher dye-loading capacity. réfmre, the electrosprayed
scattering layer with polydispersed sizes can fondboth as a light scattering

layer as well as an effective dye loading layer.

The light scattering/ trapping effect of differestattering layer, prepared at
different applied voltages during electrospray, bancompared based on their
reflection properties. Fig 4.15 shows that theefince of incident light with
wavelength in the range from 300 to 800 nm foredléht scattering layers for
the same thickness prior to sensitizing with thee®ldye. From the reflection
spectrum depicted in Fig 4.15, the scattering laslectrosprayed at 60 kV
shows the strongest reflectance in the UV, or kBaregion, with wave length
between 300 and 400 nm; while the traditional scaty layer made up of 200
nm nanoparticles shows the weakest reflectanceeirsame wavelength range.
In the visible-light wavelength between 400 and 800, the electrospray
scattering layer exhibits stronger light scatteripgoperty than that of
traditional scattering layer. Among the three elesprayed scattering layer
configurations, the one electrosprayed at 50 kV thes best performance
followed closely by the one at 60 kV. It is to beted that the traditional
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scattering layer shows better light trapping propéhan that of nanofiber
alone without a scattering layer, which also canshewn in the normalized
EQE spectrum (Fig. 4.16). This confirms the effeatiess of light trapping

with a scattering layer resulting in improved lightilization in the DSSC

device.
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Fig 4.15 Reflectance of incident light of differesdattering layers
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Fig 4.16 EQE spectrum of DSSC devices with andauitiscattering layer

Fig 4.17 shows thel-V characteristics of DSSC with and without an
electrosprayed scattering layer. Th® curve reveals that the photoanode with
the scattering layer achieves higher photocurreienw compared with
photoanode without a scattering layer. The enhamtedocurrent is mainly
due to the enhanced light harvesting capabilitynojuding the light scattering
layer. Table 4.3 shows the photovoltaic performanoé DSSC with and
without the electrosprayed scattering layer. The &hd FF were nearly the
same for all configurations of the photoanode deviendicating the scattering
layers and their configurations have insignificaffect on the Y. and FF of

the device. The short-circuit current density wamproved by introducing a
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scattering layer in the photoanode. By introducirige traditional
mono-dispersed nanoparticles as the scattering fayehe DSSC device, the
Jscincreased from 13.70 to 14.96 mAénwhich is a 9% increase. On the other
hand, the electrosprayed polydispersed nanopagad#ering layer showed a
significant improvement with ¢J ramping up to 17.84 mA/chand the
corresponding PCE increasing to 8.71% when 60k¥tesprayed scattering
layer was incorporated in the photoanode. Theseesept a significant 30%
and 31% improvement inchnd PCE, respectively, when compared to the case
without a scattering layer. For comparison purpegeen incorporate the 50
kV and 70 kV electrosprayed scattering layer, thprovement in g} was about
20% and 14%, respectively. Therefore, the 60kVtedsprayed nanoparticles
as the scattering layer were the optimal reflefdothe nanofiber photoanode.
Comparing with the 50 kV electrosprayed layer, #6@kV configuration
showed higher dye-loading capacity given the partgize distribution was
slightly finer. On the other hand, comparing witltet70 kV electrosprayed
layer, the 60 kV configurations exhibited strontight scattering property (see
Fig 4.15) as it has coarser particle size distridu{see Fig 4.14). Therefore,
the dye loading capacity and light trapping abikitgs well balanced in the
device which with the 60 kV electrosprayed scattgtayer. The improvement
over single nanofiber layer is well beyond thatiaehd with the traditional
scattering layer as seen in Table 4.3. It is olwithat the present novel
electrosprayed scattering layer with polydispers@é®, nanoparticles
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outperforms the traditional scattering layer usimgpnodispersed 200 nm

nanoparticles in DSSC.

Table 4.3 Photovoltaic characteristics of DSSC paobde with and without scattering layer

JJmAcni? VooV FF/%  PCE /%
Without scattering layer 13.70 0.72 67 6.64
With traditional scattering layer(200nm) 14.96 0.76 63 7.17
With 50KV electrosprayed scattering layer 16.50 0.73 66 7.94
With 60kV electrosprayed scattering layer 17.84 0.75 65 8.71
With 70kV electrosprayed scattering layer 15.58 0.74 65 7.52

0
|—°— nanofiber only I

.2 |~ nanofiber with traditional scattering layer (200nm) I

Current density / mAcm2

I
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Fig 4.17 J-V curves of DSSC photoanode with antiouit scattering layer
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In summary, electrosprayed Ti@anoparticles can be applied as a novel
scattering layer in DSSC to improve the performanicine device. Comparing
with the traditional scattering layer, the elecin@yed nanoparticles as a novel
scattering layer consisted of numerous nano-ctitea(10 nm size) packed on
the nanopatrticles. This provides the scatteringrayth an added advantage of
high dye-loading capacity. Due to the polydisperdistribution of the particle
size (i.e. diameter), the porosity of the scattgtayer is reduced trapping more
incident light in the device. Thus, our unique ta@g layer configuration with
polydispersed nanoparticles with each particle cased of polycrystallites of
10nm size can extend the light path in the deviddout compromising the
dye loading ability. A high efficiency of 8.71% cae achieved with our novel
scattering layer which is 21% greater than a dewidth the traditional
monodispersed 200 nm nanoparticles scattering légeting only 7.17%

efficiency.
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Chapter 5

|mprovement of Light Harvesting in Dye
Sensgitized Solar Cell Based on Cascade
Charge Transfer

5.1 Introduction

In chapter 4, the novel scattering layers were es&fal introduced in the
photoanode to improve the light harvesting efficienf DSSC. Given the key
feature of DSSC device is to utilize photosensitizilye that harvests light and
generates excitons. To achieve high-power conwversificiency based on
iodine/ triiodine redox couple system which woul@ lsompetitive with
conventional silicon-based solar cells, DSSC mbsbeb as much as 80% of
the solar spectrum with wavelength between 3509tdnm. It is difficult to
further improve PCE of the device with traditiomathenium-based dyes, such
as N719 and N3, because of their low molar exwmcticoefficient
(5,000-20,000Mcm™)28 9 despite they exhibit relative broad absorption
spectrum. On the other hand, organic dyes, suchmetallophthalocyanines
(MPcs), show higher molar extinction coefficienf(]1000 M'cm?), they have
narrow absorption bandwidti?®> . Complementally, dye cocktails or
co-sensitization have been proposed to enhandetiteabsorption and extend

the absorption spectrum of the device; howevehehio there is only limited
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success along this direction. This is probably wu@) inferior charge injection
efficiency caused by intermolecular interactionsieen different dyes; and (ii)
limited adsorption surface area of the photoanode dyes adsorption.
Considerable efforts have been made to solve tpheslglems. One possible
solution is to separate the adsorption sites on, MdDich means acquiring the
appropriate location of each dye on the desirexl Blowever, this approach is
difficult to realize because of the complicated duction process. Recently,
Forster resonance energy transfer (FRET) was eilin DSSC to enhance
light harvesting where an unattached, highly luregemt donor dye was
dissolved in the electrolyte solution to absorbhkémergy photons and then
efficiently transfer this energy to the anchoredriafrared acceptor dy& "%l
Unfortunately, triiodine @) in the electrolyte was found to quench partittily

fluorescence of the donors, limiting the improvetna&the performance.

In this investigation, we demonstrate that an tthia layer of near-infrared
dye, copper phthalocyanine (CuPc), deposited orefterior or periphery of
ruthenium based dye (N719) sensitized Jli@anofibers, can harvest
complementary light thereby extending the absonpsipectrum of the device.
Upon illumination, the excited electrons in the CuRolecules are injected to
the N719 and then passed onto the conduction béatikeoTiO, nanofibers.

This broadens the absorption bandwidth of DSSCcdegovering nearly the

entire spectrum of the visible solar irradiatioh
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5.2 Experiments

TiO,/PVP composite nanofibers were first electrospunFJi® glass from
precursor solution which contained 1.2 g of TIP,afg®?VP (M,=1,300,000),
1g of acetic acid and 30mL ethanol. The voltag&d @V was applied over a
collector distance of 19 cm. Tianofibers were obtained after calcination at
450 °C for 2 h. The nanofiber mat was peeled afinfithe original FTO glass
and got transferred to a second FTO glass alresslgqated with an ultrathin
TiO, paste layer to improve adhesion between the F&Ssgind the nanofiber
photoanode. The photoanode was calcinated ag&if0atC for 2h. The Ti@
nanofiber photoanode was subsequently treated avitaqueous solution of
40mM TiCl, at 60°C for 15 min. After treatment, the film wasshed with
absolute ethanol and dried in vacuum at °8) and subsequently it was
immersed in the solution of 0.3 mM N719 in absoletieanol at 55°C for 24 h
for dye attachment onto the nanofibers. Prior tading into the vacuum
chamber of the thermal evaporation setup, the sbpketoanode was washed

with ethanol to remove “unanchored” dye.

The CuPc layer with different thickness, 20, 25, 3% and 40nm, respectively,
were deposited on the N719 sensitized ,Ti@nofiber photoanode using
thermal evaporation under reduced pressure of tess 1x1® Torr at a

deposition rate of approximately 0.5 A/s. The taseface was rotated during

deposition to maintain uniformity. A 6MHz gold ctgb monitor was used to
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determine film thickness and deposition rate.

5.3 Resaults and Discussion

Unlike the single dye case as discussed in Chdaptdrere are two paths for
charge generation and transfer in the presentraysthich are depicted in Fig
5.1 a. Upon illumination, N719 molecules are extiéwd an electron-hole pair
Is created. Electrons are injected into the condadiand (CB) of TiQ. In this
novel design, CuPc absorbs the near-infrared phatwh also creates an
electron-hole pair, i.e. exciton. The exciton dffs to the interface between
CuPc and N719 molecules and dissociates due tolothiest unoccupied
molecular orbital (LUMO) level at the interface. &klectron transfers first to
the LUMO of N719 and injects subsequently to thed@BiO,. This completes

the cascade charge transfer process.

The present novel core-shell photoanode desigrséesral advantages. First,

the one-dimensional T nanofiber maintains the fast charge transport

property.

Second, the surface roughness and porosity of ieamsffilm favor deposition

of the primary and secondary dyes (N719 and Cufspectively) on the

photoanode.
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Third, the introduced secondary dye (CuPc) in fayman ultra-thin layer,
shielding externally the N719 sensitized Ti@anofiber photoanode, extends

the absorption bandwidth.

Fourth, this arrangement further avoids the contipatof the second dye with
the first dye (N719) for the anchored sites of JJi@hich heretofore has been a

limiting factor with conventional co-sensitization.

Fifth, the two dyes are spatially and energeticathganized to achieve
electrons transfer from the outer- to the inner-thyeer, while holes transfer

reversely from the inner- to the outer-dye layer.

Sixth, this configuration increases the separatisstance between injected
electrons traveling along the CB of Ti@nd the oxidized dye species, thereby
suppresses the recombination process in the deWie5.1b¥" "® The

structures of CuPc and N719 can be seen in Fig.5.1
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Fig 5.2 is a schematic of the thermal evaporatieinup. The CuPc-shell was
deposited on the N719- sensitized- Ti@anofiber-core using thermal
evaporation method under a reduced pressure. Tatamaiuniformity, the

target surface (i.e. substrate) was rotated dutépgpsition.

Substrate (rotational)

——
Vacuum » . ® Evaporatedatom
chamber v\ | Afrom source

Fig 5.2 Schematic of thermal evaporation set up

Fig 5.3 a displays the morphology of N719 sengitiz&, nanofiber, while Fig

5. 3 b and c display the morphology of the N719sg&ed TiQ nanofiber
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coated with 30nm CuPc. Both SEM and TEM images ssigthat the CuPc is
not a simply superficial film on the entire photode but it takes form of a

shell structure covering the core made up of N&&iized TiQ nanofiber.

It is noted that the CuPc deposition cannot petestdepth-wise across the
entire nanofiber mat. Despite this, the high pdyoand permeability of the
TiO, nanofiber mat enable deposition of CuPc relatividep into the mat,
forming the core-shell structure as can be seéfngrb.3 d and e, which are the
cross-sectional SEM of Tighanofiber film (around 1&m) coated with 30 nm
CuPc and a line scanning element mapping of this fh Fig 5.3 e, carbon is
selected to represent CuPcsf@16CuNg) while titanium represents TiO
nanofiber, respectively. From the line scanningnelet mapping, it can be seen
that in the upper layer (about firsifh), the concentration of carbon is relative
high and it decrease further down into the nanofiti@. This indicates that the
deposited CuPc can penetrate deeply (as much amixhe TiQ nanofiber

mat.

This novel core-shell photoanode is different frtme traditional approaches

that were made up of two different semiconductorssemiconductor-insulator

configuration, to reduce the recombination process.
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Fig 5.3 a, SEM image of Ti@nanofiber sensitized with N719; b, SEM image oPC{30 nm)
coated N719 sensitized Ti@anofiber; ¢, TEM image of CuPc coated N719 sasitiTio
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scanning element mapping the content of titaniuthcarbon.
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Fig 5.4 delineates the absorption spectrum of wuarisensitized photoanode
configurations, respectively: N719/TiOCuPc/TiQ and CuPc/N719/Ti@ The
absorption bandwidth of N719 sensitized 7i® in the range from 400 to
550nm, while the absorption bandwidth of CuPc adi€, are in two ranges,
respectively, 340-380nm and 550-700nm. It is cteat upon introducing the
CuPc shell layer, the absorption spectrum of theqanode (CuPc/N719/Typ

has been broadened up including the near-infranege.
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Fig 5.4 Absorption spectrum of photoanode: N7194TQuPc/TiQ, CuPc/N719/TiQ

Furthermore, the photoluminescence (PL) emissiectspms corresponding to

CuPc, N719, Ti@ N719/TiG and CuPc/N719/Tigare shown, respectively, in
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Fig 5.5. There is no evident emission peak for Caidd N719 in the
wavelength ranging between 330nm and 800nm. Thesgoni spectrum of
TiO, nanofiber film is around 420nm, which is maintributed to the
recombination of photogenerated electron-hole paiii8O,, which can be seen
in Fig 5.6 a. Another peak, at about 470nm, is teduby the equipment, which
can be ignored. It is interesting that after séresit by the N719 dye, the
emission intensity of Ti@nanofiber film is reduced. As is well known, the
electron-hole pairs recombination in TiCcompetes with the electron
injection/hole transport. It suggests that the tebecis transferred effectively
from the lowest unoccupied molecular orbital (LUMGH)N719 to the CB of
TiO, and concurrently hole transfers from the valeraredo(VB) of TiG to the
highest occupied molecular orbital (HOMO) of N718. consequence, the
number of electron-hole pairs in Ti@ reduced in the N719/Ti&ystem, thus

the PL intensity is also reduced (Fig 5.6 b).

On the other hand, the emission intensity of N7d®/Tis enhanced with

introduction of CuPc, which suggests the chargeegdion and transfer

mechanism is as follows. Photons are absorbed B¢ @pon illumination and

excited electrons are transferred directly to N7dr®j subsequently to the CB
of TiO,, while holes transfer from the VB of Tj@o the HOMO of N719, and

subsequently to the HOMO of CuPc. When CuPc i®dhiced in N719/TiQ

the concentration of electrons in the CB of Ji®increased; the recombination
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rate is likewise higher. In comparison with N71@38ystem, CuPc/N719/TiO
shows indeed higher PL emission as depicted in &g With increasing
electron-hole pairs recombination, the electroeanpn/hole transport rate is

also increased as discussed contributing to higégormance.

Given there is no overlap between the absorpti@cttspm of N719 and the
emission spectrum of CuPc, the FRET process acupriti Forster theory

cannot be observed in our N719 sensitized,¥@¢0re, CuPc-shell device.
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Fig 5.5 Emission spectrum of CuPc, N719, FiN719/TiQ, and CuPc/N719/Ti©
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Fig 5.6 Schematic of photogenerated charges recaibn and transfer between TLiénd

N719

Fig 5.7 shows thd-V characteristics of DSSC, respectively, with anthaut
30nm CuPc layer under AM1.5 (100mW@&millumination; and results are
tabulated in Table 5.1. The thickness of all thetet® photoanodes of devices

was maintained at 13 +dm. As shown in Table 5.1, the,afemained almost
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constant independent of the presence/absence af. Jinié device sensitized
with only N719 showed a PCE of 6.39% while the H@Ehe device with an
addition of 30nm CuPc shell escalated up to 9.48%6ch is a 48% increase.

This improvement is attributed primarily to theliease in ¢ and FF.

Table 5.1 Photovoltaic characteristics of DSSC witd without 30nm CuPc

30nm CuPc Without CuPc Change %
Jc(mAcmi?) 2112 14.97 41.08
Voc(V) 0.74 0.75 -1.33
FF (%) 60.65 56.91 6.57
PCE (%) 9.48 6.39 48.36
Rs(Qen) 2.34 10.07 -76.76
Ry (Qcn) 641.5 414.8 54.65
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Fig 5.7 Photocurrent density— voltagé-¥) characteristics of DSSC devices with and without

CuPc (30nm)

Interestingly, as shown in Fig8 the reference device with a photoanode made
of CuPc/TiQ was found to have extremely low.And PCE, respectively,
0.67mAcm? and 0.18%. It is known that CuPc with multiple ayimetrical
carboxyl groups is easy to synthesize, howeves difficult to sensitize the
semiconductor, i.e. Ti§) because electrons cannot inject directly from €CuP
into the CB of TiQ. Hence, the device with CuPc/Ti@hotoanode shows
disappointingly low PCE. The improved performansesgident from the high

Jsc realized through introducing the CuPc shell was ttuthe cascade charge
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transfer from the CuPc through N719 to the CB @.IiThis is the second of
the two routes for charge generation and transésidies the primary route
from N719 to the CB of Ti@ As can be seen, besides harvesting light N719

also functions as a charge carrier, or transpaaheél, connecting CuPc and

TiO».
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-0.1 - Jsc = O.GTmACm-Z /.
FF =51.66% ./.
wE -0.24 PCE=0.18% ./
Q .
< !
E o3 :
3 ]
= -!
§ 04 ."/
c .
o 0.5 :
= ...
(&) ......l
-0.6 - .
1 —IIIIIIIIIIIIIIIIIIII-.
Tl
-0.7 . . ‘ I | | I I l I
0.0 01 0.2 0.3 0.4 0.5
VOItageI Vv

Fig 5.8 Photocurrent density —voltagd-¥) characteristic of device with the photoanode of

CuPc/TiQ under AM1.5 (100mWcif)

Besides harvesting light, introducing the CuPc layethe photoanode can
further reduce the recombination process. Electransport (ET) properties
can be investigated by electrochemical impedaneetsgscopy (EIS). Fig 5.9

is the EIS spectrum of DSSC devices with and withe@nm CuPc under
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AM1.5 (100mWecn?) illumination. Three semi-circles are observed tfe
measured frequency between™1and 16 Hz (Fig.5.9), which represent the
charge transport resistance at the Pt-counter retkmt electrolyte (first
semi-circle), charge transfer resistance at interfaf photoanode/ dye/
electrolyte (second semi-circle), and diffusionqa®ss of 4 in the electrolyte
(third semi-circle), respectivéf§ °* 7”1 It can be seen that the device with
30nm CuPc layer shows lower charge transfer remistain other words, the
charge transport property through the photoanode imiproved with

consequence that electron recombination being estuc

Moreover, from thel-V curve, R (series resistance) ang (parallel resistance)
can be calculated and they are listed in Table Bslarise from the internal
resistance and resistive contacts of the devicdewy from the leakage of the
current. For an efficient solar cell, small But large B are needed. Here,
through introducing the CuPc-shell; 6ecrease and,Rhcrease, which renders

the device more efficient.
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Fig 5.9 EIS of DSSC devices with and without 30nmP€ under AM1.5 (100mWch)

illumination

To provide further insight into the mechanism ohamced ¢, the normalized

external quantum efficiency (EQE) is examined i tthvo wave-length regimes:
350 to 400nm and 550 to 800nm as depicted in HiQ &. The increase of EQE
is attributed to the introduced CuPc that can dbpbotons in these regions for
additional charge generation. As shown in Fig S]1Ghe normalized EQE
enhancement, i.eAnormalized EQE, was calculated based on the diftere
between normalized EQE of the device with and with@&uPc. The

Anormalized EQE has three peaks, respectively, & 30 and 700nm,
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corresponding to 0.4, 0.23, and 0.37 enhancemenblimalized EQE. These

peaks match very well with those from the absompspectrum of CuPc (see

Fig. 5.4).
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Fig 5.10 a, Normalized EQE versus wavelength ofiB&SC with and without CuPc (30nm); b,
Normalized EQE additionAl Normalized EQE) from adding 30nm CuPc and corredpm

absorption spectrum of CuPc on TiO

"8 The excited

It is known that 4 in the electrolyte is a “prefect quencHé&¥
state of the outer-most shell of the CuPc, whickxisosed to the electrolyte, is

therefore quenched (Fig 5.11).
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Fig 5.11Schematic of electrolytef) quenching the excited state of the CuPc andioakstip

between exciton concentration and distance frorseclto N719 to far from N719

As such, an appropriate CuPc shell should haveci&nbss of more than the
exciton diffusion length (about 15nm) to compendate the loss from the

quenching effect. In our tests, different thickmessrom 20 to 40 nm of CuPc
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shell were tested for optimization. Shown in FigZ.the SEM images reveal

the morphology.

500nm | S4800-5485 5.0kV 7 2mm %100k SE(U)

Fig 5.12 SEM images of CuPC coated N719 sensitiz€d nanofibers: a, without CuPc; b,

20nm CuPc; ¢, 30nm CuPc; d, 40nm CuPc

The respective photovoltaic properties{VJX, FF and PCE) of these
photoanodes are plotted in Fig 5.13 a-d. As shawfig. 5.13 c, ¥:for all the
devices remains nearly constant at 0.73 £ 0.02\6fwn in Fig. 5.13 d, FF is
maintained at 60% when thickness of the CuPc lageless than 30nm,
thereafter it decreases to 54% when the CuPc thgkrs increased to 40nm.

As shown in Fig. 5.13 a, b, the maximum PCE of %4®gether with the
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highest 4. are achieved when the CuPc layer thickness i8ran3
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Fig 5. 13Photovoltaic characteristic of DSSC devices wittfedént thickness of CuPc. a, PCE
versus thickness of CuPc; R, Yersus thickness of CuPc; cqWersus thickness of CuPc; d,

FF versus thickness of CuPc
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On the other hand, poorer performance is obtaineehvwhe CuPc thickness is
either above, or below, this optimal thickness. W\iticreasing thickness of
CuPc starting from a thin shell in the photoanadere electrons are generated
under solar irradiation and they get transferretheo TiQ; photoanode via the
N719, resulting in improved performance. Howevehew the thickness of
CuPc exceeds the combined exciton diffusion leragid the quench layer
thickness, the excess CuPc incurs extra resistiorcéoles transport with

negative consequence of retarding regeneratiorv@®Nsee Fig 5.14).
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Fig 5.14 Schematic of holes transfer process in ©3#&h core-shell photoanode: a with

thinner CuPc shell; b, with thicker CuPc shell.
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5.4 Conclusions

In conclusion, the results presented in this chiagiéenonstrate the viability of
application of our novel photoanode with core-shedinofiber structure in
DSSC. The core Tipnanofiber sensitized with one dye (N719), andshell

made from a second dye (CuPc), has the complenyeaibaorption region that
can broaden the absorption spectrum of device. silttace roughness and
porosity of the semiconductor nanofiber provideofable deposition of the
dyes while the one-dimensional nanofibers furtlaeilitate electron transport.
Realization of high efficiency device, renewableergy solution is possible
provided that a much more favorable dye, when coetpbéo CuPc, can be

identified.
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Chapter 6.

Improved Electron Collection in Dye
Sengitized Solar Cel Based on
Electrospun TiO, Nanorod | ncor porated

with Carbon Nanotube

6.1 Introduction

As discussed in the previous chapters, through rpweating the novel
scattering layer or introducing another dye in fafa shell wrapping the Ti¥O
nanofibers in the photoanode can improve the ligatvesting efficiency
thereby enhance the total power conversion effayiesf the DSSC device. As
well established in the literature, the electreamgport in nanoparticle-based
device is limited by the trap-limited diffusion @ess. The slow charge
diffusion increases the probability of recombinatioresulting in lower
efficiency for the device. Moreover, the grain bdanes encountered during
electron transport lead to fast recombination ptmrtheir collection at the
electrode. Much effort has been devoted to imprtdwe charge transport

property and collection efficiency.

One promising solution is to use one-dimensionabs&ucture photoanode to

replace the nanoparticle film, which provides adirpathway for collection of
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charges generated throughout the device. Electamsport in one-dimensional
nanostructure, such as nanowire, nanofiber, anarodnis expected to be
several orders of magnitude faster than that obparticles. Another approach
to improve the electron transport and collectionbys incorporating highly

electrically conductive materials, such as carhdret graphite, in a titanium
photoanode. The presence of effective conductivigterials in the titanium

photoanode is expected to improve the charge taahppoperties and extend
the electron lifetime thereby improving the perfame of the device. Several
groups have reported that utilizing nanocomposjpbstoanodes, such as
titanium/carbon nanotube, titanium/graphene, camaece electron transport

and collection efficienc{f® 4% 7981

Based on the idea of deploying direct-charge trarisguperhighway, here, the
one-dimensional nanomaterials, Fi®anorod and multiwall carbon nanotube
(MWCNT), were both incorporated into the photoantmleDSSC. Specifically,
the MWCNT is inserted in the Tighanorod by electrospinning with a simple
one-step approach. Incorporating the MWCNT into zli@norod can enhance
the charge transport rate and improve the effigien€ the device. An

impressive PCE of 10.24% has been achieved withraf of 74967
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6.2 Experiments

TiO,/ PVP/ MWCNT composite nanofibers were first elespun on FTO
glass from precursor solution which contained H#g), PVP (3.59), acetic acid
(29), MWCNT (0.05-0.15g) and ethanol (100mL). The voltage of 70kV was
applied over a collector distance of 19 cm. A laydr TiO, nanorods
incorporated with MWCNT were peeled off from thegoral FTO glass after
calcination and then transferred to another FTGsgylavith an ultra-thin
adhesive TiQ@ paste. The Ti@® nanorod photoanode incorporated with

MWCNT was obtained after calcinating again at 460dr 2 hrs.

Before sensitization, the photoanode was firsttékavith an aqueous solution
of 40mM TiCl, at 60°C for 15 min. After treatment, the photoamosas

washed with ethanol and dried in vacuum at°80 Subsequently, it was
immersed in a solution of 0.3 mM N719 dye in absokthanol at 55°C for 24
h. The soaked photoanodes was then washed withuédsthanol to remove
“unanchored” dye molecules and subsequently driedvacuum at room

temperature.

Pt-sputtered FTO glass was used as the countetraglec The counter
electrode and dye-anchored photoanode were assknmiie a sandwich
structure with surlyn (DuPont, 2om). The internal space of the device was

filled with an electrolyte.
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6.3 Results and Discussion

Incorporating CNT into titanium nanosphere photalnbas been reported in
many literatures. However, we have made an unitpgedifferent from others,
which is to replace the previous attempt of usiagaspheres wrapping the
CNT by the one-dimensional titanium nanostructwefurther improve the
charge transport property. In our novel architest@NTs are inserted inside
the TiQ, nanorods. The charge transport routes in thesee thiifferent
architectures are depicted $theme 6.1. Among these three routes, electrons
should be most effectively transported and colatescheme 1c with minimal

electron loss.

FTO glass FTO glass FTO glass

¢ -

CNT TiO, nanorod TiO, nanoparticle electron electron transfer route

Scheme 6.1. Electron transport across photoanddleCNTs totally surrounded/embraced by

TiO, nanoparticles, (b) CNTs totally surrounded/emhdalog TiO, nanorods, and (¢) CNTs

inside TiQ nanorods. The thickness of the arrow represemteléctron transport speed, with

thicker arrow representing faster electron transpor
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Fig 6.1 a displays the SEM image of pi@anorods incorporating MWCNT.
The diameter of the nanorod is approximately 70ang the length of the
nanorods is of order of hundreds of nanometerse lait the MWCNT is not
visible from the SEM image, which suggests thatNtgCNT might be inside

the TiG, nanorods.

Fig 6.1 b to d displays the related TEM images.nFrine TEM image of
MWCNT (Fig 6.1 b), it can be seen that the outslaneter of the MWCNT
ranges from 7 to 12nm and the inside diameter aaitaBnm. The electrospun
TiO, nanorods incorporating MWCNTs exhibits clear ca/dattice fringes

(Fig 6.1 c and d).

The crystal inter-planar spacing of the 7Zi@rains is about 0.35nm
corresponding to (101) planes of the anatase phasethe other hand, the
crystal inter-planar of 0.34nm corresponds to B@2f plane of the MWCNT.
The foregoing morphology analysis indeed confirmitbd MWCNTs were

inside the Ti® nanorods.
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Fig 6. 1. SEM and TEM images: a. SEM image of JJi@norod incorporating MWCNTS; b

and c are TEM images, respectively, of MWCNTSs ai@, hanorods incorporating MWCNTS;

d. HRTEM image of Ti@ nanorods incorporating MWCNTS.

Fig 6.2 a and b are, respectively, the XPS speftiaO, nanorod photoanode
with and without MWCNT, which further confirm thegsence of MWCNTS in
the TiG, nanorods. The results shows that C 1s peak ofophotle with

0.1wt% MWCNT (in precursor solution for electrospimg) was stronger than
that without MWCNT, which suggests that the MWCNwWsre successful

incorporated in the Ti@nanorods of the photoanode.
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Fig 6. 2. XPS spectra of photoanode: a. with MWCQRTLWt% in precursor solution), and b.

without MWCNT
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Fig 6.3 is the Raman spectra of MWCNT, electrospid, nanorod without

and with MWCNT, respectively. From Fig 6.3, it che observed that the

disorder-induced D-band and G-band modes of MWQOMBks correspond to

1375 and 1575cth thus the D/G band ratio is 0.93. It is interegtia find that

the intensity of G-band modes of MWCNT was reduedetn the MWCNT

was incorporated in the TOnanorods, while a new peak was observed at

lower frequency approximately at 1850&mwhich corresponds to the

one-dimensional linear C-chains consisting of nmibian 40 atoms inside the

MWCNTP? 53]

M multiwall carbon nanotube
= TiO,
= 2
2
‘»

c
2
E s,
TiOg { multiwall carbon nanotube
C-chains
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Raman shift /cm™

Fig 6.3 Raman spectra respectively of MWCNT, Ji@norod photoanode without and with

MWCNT
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To investigate the effect of thickness of the phatude on the performance of
the DSSC device, two sets devices each with diffepbotoanode thickness,
respectively, 6.6t0i@m and 14.3+0.3um have been developed for the
photovoltaic test. Furthermore, for each device #feect of MWCNT
concentrations, respectively, 0.05, 0.10, and 0.ib8e precursor solution, on
the performance of the device was also investigaled performance on the
device of TiQ nanofiber photoanode without MWCNT was determifed
reference.

Fig 6.4 shows the typical-V curves of these test devices. The details of the
photovoltaic parameters, such as V., FF and PCE, were tabulated in Table
6.1. From thel-V curves and Table 6.1, it can be deduced that fhieas been
substantially improved through introducing the MWTMto the photoanode.
With the same amount of MWCNT, the thicker phota#shows both higher

Jsc and V.

To investigate the effect of the dosage of MWCNTihe photoanode on the
performance of the DSSC device, different sampliés weight percentages of
MWCNT from 0.05% to 0.15% in the precursor solution electrospinning
were prepared. Fig 6.5 shows the effect of amotMWCNT on . and FF.
By increasing the concentration of MWCNT from 0.05%6 0.1% for the

thinner photoanode, <J increased from 8.92 to 11.1mA@ma 24%
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improvement. On the other hand, similar tests irying the concentration of
MWCNT from 0.05% to 0.1% for the thicker photoanodbows 30%

enhancement inggdcan be realized.

However, both g} and PCE decreased in both sets of photoanodeedewith

further increase in the amount of MWCNT in the pisor solution to 0.15%.
It is conjectured that excess MWCNT might have @épd on the surface of
the TiO2 nanofibers precluding the N719 depositiarthe nanofibers. Despite
this reverse trend, the FF maintained increasin wicreasing the amount of

MWCNT.
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Fig 6.4.J-V characteristics of different photoanodes, hollgambol curve represents thinner

photoanode with thickness about 6.6i0vif and solid-symbol curve represents thicker

photoanode with thickness about 14.3+0n3

Table 6.1 Photovoltaic parameters for DSSC witfedént photoanode

MWCNT in precursor solution  Thicknessim  V,/V JSC/mAcm'2 FF/% PCE/%
0 7.90 0.73 15.40 50.08 5.63
16.7 0.74 16.30 51.24 6.18
0.05 wt.% 6.70 0.72 8.92 70.22 4.51
14.47 0.76 14.20 72.27 7.80
0.10 wt.% 6.04 0.72 11.10 73.07 5.84
14.64 0.75 18.53 73.68 10.24
0.15 wt.% 7.32 0.73 8.72 75.87 4.38
13.97 0.78 12.11 75.54 7.13
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Fig 6.5. The effect of MWCNT concentration in presar solution ongJand FF

The external quantum efficiency (EQE) measuremexst @arried out to further
investigate the mechanism of enhancement in dgecrmance. As seen in
Fig 6.6, the normalized EQE response at the entsgible-light wavelength
(350-700nm) is enhanced when the concentration\MQWIT in the precursor
solution was increased from 0.05% to 0.10%. Howefegther increase in the
concentration of MWCNT to 0.15%, results in redoitin EQE across the
entire visible-light wavelength. It can be undeostdrom the following. Given
the MWCNT is incorporated inside the photoanodeait rapidly capture and
transport the photogenerated electrons and comtlyrmreduce the undesirable

recombination and back-reaction. Therefore, at loM&/CNT concentration
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increasing the amount of MWCNT in the photoanod@rowes the charge
collection efficiency and reduces the recombinatighich results in improved
performance, i.e.sJ and EQE. However, at higher MWCNT concentration,
there is competition of light harvesting betweere dyolecules (N719) and
MWCNT, and as a result the dye loading capacity Hreteby the power
conversion efficiency are both redu€&dTherefore, it is necessary to optimize
the amount of MWCNT in the photoanode to balanae d@lectron transport

property and dye loading capacity.

Upon optimization of the parameters for the photaon the high conversion
efficiency of 10.24% has been attained for the panbde with TiQ nanorods
incorporating 0.1% MWCNT in the precursor solutfon electrospinning. It is
important to note that the improved efficiency floe photoanode incorporating
MWCNT is largely due to the improved FF. Based on previous studié¥!,
the FF of devices without incorporating MWCNT inetlphotoanode were
typically between 50% and 55%. While incorporatidWCNT in the
photoanode, the FF is boost to 70-75%, which i$% 3crease. Therefore,
introducing MWCNT in the photoanode can improve tferge transport
properties and suppress the recombination, botthath lead to improving the

charge collection efficiency.
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Fig 6.6. Normalized EQE spectra of thicker photatnwith different MWCNT concentration

in precursor solution

6.4 Conclusions

In summary, MWCNT, an ideal electron transport shggway, was

introduced inside the electrospun Fianorods. This configuration was
successfully applied in the photoanode to imprdwe erformance of DSSC
device. The effect on the performance of the defacelifferent concentrations
of MWCNT in the precursor solution for electrospmmpwas investigated. The
FF of the DSSC device increased with the MWCNT ambon the nanorods

from 0.05% to 0.15% (in precursor solution). The fifst increased due to
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improved electron charge transport property andgegiently it decreased due
to lower dye loading capacity of the photoanode hagher MWCNT
concentration. With 0.1% MWCNT concentration, th8FIC device exhibited
the highest efficiency of 10.24%, with the high of 18.53 mAcnt and FF of
74%. The improved efficiency is largely due to timproved FF. These
positive results confirm that the electrospun nadsrincorporating MWCNT
provide an effective means to best utilize econaihmeaterials for developing
photoanode with efficient charge transport propsrtor realizing solar energy

conversion in the future.
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Chapter 7

Conclusion and Further Work

7.1 Conclusion

In this thesis, the one-dimensional nanostructuatenal, TiQ nanofiber, is
adopted for the photoanode replacing the convealtidnO, nanoparticles,
which provide a direct path for electron transpamnd collection. There are
several advantages of nanofibers that supersedshtiéfall of nanoparticles.
The TiG, nanofiber is composed of closely packed anatasgesicrystallites
with sizes less than 10 nm, which shows large sarfa-volume ratio thereby
favors dye adsorption. A high efficiency of 7.14%ncbe obtained in DSSC

device based on Tihanofiber photoanode.

To further improve the efficiency of the DSSC basad TiO, nanofiber
photoanode, two novel scattering layers were iniced in the photoanode to
improve the light harvesting efficiency. The optlnhégh efficiency of 8.71%
and 9.28% were achieved with the polydispersed-§i@e nanoparticles and

bigger diameter Ti@nanofiber as the scattering layer, respectively.

Another approach to improve the light harvestirficieincy is to utilize the dye

cocktail. In chapter 5, a novel design of coredstpFlotoanode where a
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thin-shell of infrared dye was deposited on theecof sensitized Ti@
nanofiber has been developed. In such architecpliretons are absorbed by
the infrared dye and undergo charge transfer tesémsitizing dye, which not
only broadens the absorption spectrum but furtheppresses the
recombination process. Specifically, in our tedie tuthenium-based dye
(N719) sensitized Ti@ nanofibers were wrapped by thin-shell of copper

phthalocyanine (CuPc), a high efficiency of 9.48%svachieved.

Finally, to enhance the charge transfer and catlecefficiency, multiwall
carbon nanotube was incorporated in the,Th@norod photoanode. Embedded
in the nanorod, the multiwall carbon nanotubes etectively transport and
collect photogenerated electrons thus reducing rdembination, thereby
improving the efficiency of the device. A high ieféency of 10.24% was

achieved in our tests with a high fill factor of%%4

7.2 Further work

The most commonly used redox couple in an liquiecteblyte based DSSC
device is iodide/tri-iodide {ll3"), however, it is highly corrosive, volatile and
photoreactive, interacting with common metallic @aments and sealing
materials, which causes serious problems sucheatr@lle corrosion, electrolyte
evaporation and leakage. Consequently, these afigeersely the long-term

performance and durability of the solar cell. Omduton is to replace the
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iodine-based liquid electrolytes with solid, or gusolid, electrolyte to solve

these problems.

Considerable efforts have been made to utilizedssitite organic, or inorganic
p—type, hole transport materials (HTMs) to repllgeid electrolyte in DSSE*
81 Inorganic p-type HTMs, such as Cul, CuBr, NiOGuSCN, have been used
as HTM candidates in SSDSSC but the power conversfiticiency of these
devices were relative low (2-4%) when compared Wdhid-based electrolyte
device&°8% 2 2'7 7'-tetrakis(N,N-di-p-methoxyphenyl-amine)99spirobifluor
ene(Spiro-OMeTAD) is by far the most successfulypet organic HTM in

solid-state DSSC with the efficiency of 6.08%.

A major obstacle of solid-state DSSC is that tHelddTMs (after dissolution in
appropriate solvent) are difficult to fill the vaidn the nanoporous TiQayer.
Currently, the effective photoanode thickness @& tlevices with solid HTMs
has been limited by their penetration depth int® tiesoporous TiDlayer to
about 2um. The nano-scale pore diameter (less than 20 meh)narrow pore
structure of the photoanode made of FJim@noparticles (~20 nm), implying low
porosity and permeability, render the HTMs (in solo) with relative high
viscosity difficult to penetrate deeply into the soporous TiQ layer. Siamak
Nejati used the initiated chemical vapor deposi{i@VD) technology to deposit
HTM in photoanode, and their results showed thatitrod iCVD conditions
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could achieve complete pore-filling for electrodaghwthicknesses up to 1L2m,
which provided an effective way to overcome thedkeit. Due to the more
open structure, adopting TiOnanotube as the photoanode to facilitate the
polymer electrolyte to penetrate easily into thenfilsmael C. Florest al
achieved an efficiency of only 4.03% with their ptemode despite its thickness
of 12um'®?. A possible explanation is that air was trappedpen pores which

disrupted the conduction path of the HTM in thhick photoanode.

The limited thickness of photoanode with nanopkesicdue to the poor
pore-filling brings out another shortcoming, thevlbght harvesting efficiency.
The optical design of solid-state DSSC with thimfiphotoanode is far from
optimized, with more than 30% of the incident ligitt the strong absorption
region of the dye being lost unless a very strdogpeber is used, which is rare.
An important challenge for solid-state DSSC is ltam high light harvesting
efficiency. Incorporation of more thaone dye/absorber in the device is
considered as an effective method to increase ige harvesting efficiency
through extending the absorption spectrum baseeitbrer charge or energy
transfer®*9% Recently, Kristina Driscoll blended the HTM, spi®dMeTAD,
with the secondary near-infrared dye, which carmctthe spectral response of
solid-state excitonic solar cells leading to im@dvPCE in comparison with

using only the standard-dye devit®s
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The other drawback of solid-state DSSC is the éésttron-hole recombination
at the interface of HTM/ Ti@ The recombination rate is much higher than that
in liquid electrolyte device because the recomiamabf electron with 113" in the
liquid-electrolyte device depends on a chemicaktiea, while in solid-state
device holes recombine with electron via a muchefaslectronic process. In
several publicatioh®®® coating an insulating layer, such as,@y, SiO,,
SrTiOs, on the surface of TiOcould increase the efficiency of solid-state DSSC
by reducing the recombination. O’'Reganal inserted a thin layer of ADs in

the interface of Ti@ CuSCN in solid-state DSSC. As a result the #ittbr,

which measures the recombination rate, has beerirag®®.

In summary, the major problems that limit the perfance of solid-state DSSC
device are: (1) it is difficult for HTM to peneteatompletely into the pores in
the mesoporous TiOphotoanode; (2) poor light harvesting efficiendytlae
strong dye absorption region; and (3) fast recoatimn rate at the interface
between TiQ and HTM. If these hurdles can be addressed, titt-state DSSC

can bring the energy sector a promising future.

Based on our past experienté 8 using electrospun TiOnanofiber to
prepare a photoanode for solid-state DSSC is pesstomparing with the
TiO, nanoparticles (~20nm diameter) layer, the nanof(e€0nm diameter)
mat exhibits higher pore volume and lower solidkuag density that lead to

high permeability. The viscous HTM solution careetively penetrate into the
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mat, more so as compared to the mat made of cipsesmall nanopatrticles.
This can be seen from Fig. 3.8 a that the diametepores in the Ti@

nanofiber mat ranges from hundreds of nanometessuteral micrometers.
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