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ABSTRACT OF THE DISSERTATION

Design and Fabrication of Efficient Electrodes
for Dye Sensitized Solar Cells

by

Jirapon Khamwannah
Doctor of Philosophy in Materials Science and Engineering
University of California, San Diego, 2015

Professor Jan Talbot, Chair

Dye sensitized solar cells (DSSCs) represent a cheap and clean technology
to harnesses solar energy efficiently. To further decrease the production cost while
improving the device performance is a bottleneck for large scale application and
commercialization of DSSCs. The thesis focuses on the development of economi-
cally competitive photoelectrodes with the motivation to further enhance energy
conversion efficiency of DSSCs. Practical and scalable device fabrication is also
proposed and studied in details.

In this research, several novel structures of TiOy photo-anode beside the
TiO, nanoparticls thin film have been prepared. A composite of TiOy nanoparti-

cles/8 nm TiOy nanotubes was successfully fabricated as a stand-alone, paper-like

XVvii



structure for a photoanode of dye-sensitized solar cells by using a simple pressing
method. The best power conversion efficiency of 5.38% was obtained on micropa-
per with a combination of TiO5 nanospherical particles and a 1D nanostructure.

Incorporation of double-walled carbon nanotubes (DWCNTSs) into a TiOs
photo-anode layer has been studied. A significant improvement in the performance
in the DSSC was obtained from the DWCNTs-TiO, photoanode. Comparing to
the standard TiO2 anode, the carbon nanotube-containing TiO, anode with 0.2
wt.% DWCNTSs has boosted up the photocurrent density (Js.) by 43%.

In order to mitigate the severe performance deterioration in larger size
DSSC solar cells, the use of anodized TiO, nanotubes was introduced on Ti foil.
Instead of FTO glass, the photoanode was made of Ti foil. Elimination of the
highly resistive FTO glass in the anode structure, as well as the enhanced charge
collection via the nanotube-coated Ti substrate, resulting in improving mechanical

and electrical connections, electron conduction and possibly improving the light

trapping.
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Chapter 1

Introduction

1.1 A brief history of photovoltaics

In 1839, 19-year-old French physicist Edmond Becquerel observed a phe-
nomenon of light-energy conversion. He noticed that two electrodes in an elec-
trolyte could produce small amount of electric current when exposed to light
[2].This was later called the “Photovoltatic (PV) effect”. In 1873, the photo-
conductivity of selenium was measured by Willoughby Smith. In his experiment
he found that the conductivity of the selenium increased from 15 to 100 percent,
increasing with the intensity of light [3]. The first selenium solar cell construction
was then built in 1877 with the light-to-electricity efficiency of 1-2%. However, the
selenium deteriorated very quickly when exposed to strong light and with its very
low efficiency, it was not a promising material for large-scale solar devices.

In 1904, the theory explanation of the “photovoltaic effect” was first ex-
plained by Albert Einstein. He published a simple description of “light quanta”
(later called “photons”) which is the basis for all photovoltaic devices and in com-
mon semiconductors [4]. In 1921, he won the Nobel Prize for this theoretical
explanation.This theory was proven in practice by Robert Millikan’s experiment
in 1916. Since then, a variety of concepts and devices had been developed to har-
vest sunlight to produce electricity. A breakthrough in photovoltaic devices started
when a Polish scientist Jan Czochralski discovered a method for monocrystalline

silicon production, which enabled monocrystalline solar cell production in 1918 [5].



The Czochralski process was adapted for producing highly purity crystalline sil-
icon by Bell Laboratories. The the first crystalline silicon photovoltaic cell was
constructed and the efficiency of 4% for light-to-energy conversion was reached.

One of the major milestones in the development of the photovoltaic solar
cell was when the researchers at Bell Laboratories created the near-surface p-n
junction of solar cell by treating an n-type silicon wafer with boron trichloride
which greatly increased the charge separation of the devices, which then increased
the conversion efficiency to 6% by Chapin in the 1950s [6]. This was 50-times the
efficiency of the selenium solar cell produced in the 1930s. Other types of thin-film
heterojuction solar cells such as GaAs,InP ,CdS and CdTe were also studied for
higher efficiency. However, with the high production cost (several $100 per watt),
the photovoltaic solar cell at that time was only usable for space applications.

In 1970s, when the worldwide oil crisis became a serious concern, many
countries looked for the alternative renewable energy sources, including photo-
voltaic solar cells. It was during this period that the second generation photovoltaic
solar cells, such as polycrystalline and amorphous silicon, thin-film deposits of sil-
icon, CdTe, CulnSe,, (CIS) and Cu(In,Ga)Sey (CIGS), as well as multijunction
cell technology were emerged. These devices were not only designed for achieving
higher efficiency but also to cut down the production cost compared to the tradi-
tional single crystalline silicon devices.The first thin-film solar cell with over 10%
efficiency was produced in 1980 based on CuyS/CdS. Many photovoltaic companies
also established in this period, such as Solar Power Corporation (1970), Solarex
Corporation (1973), Solec International (1975) and Solar Technology International
(1975).

In 1989, the first commercial thin-film photovoltaic module was produced
by ARCO Solar. The photovoltaic market kept growing rapidly. The worldwide
production of photovoltaics reached 100MW per year in 1997.In the mean times,
the third generation photovoltaic solar cells were realized. These devices included
dye-sensitized solar cells, polymer solar cells and nano-crystalline solar cells. The
third generation photovoltaic solar cells are different from the first and second

generations, which rely on a p-n junction to separate charges. On the other hand,



they form a “bulky” junction for charges to separate. Moreover, they could be
made from low-cost materials with ease of device fabrication. These are expected
to be a promising technologies among others in the photovoltaic solar cells areas [7],

[8].Figure 1.1 shows the evolution in photovoltaics efficiency since 1975 to present.
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Figure 1.1: Evolution of photovoltaics conversion efficiency overtime (from [9]).

Presently, the photovoltaic market still depends mostly on the conventional
first generation of solar cell which is a p-n junction using monocrystalline sili-
con (85% in the market) [10]. The current researches shows that the efficiency
of this solar cell can gain up to 30% [11] with a much lower cost. These gains
have been achieved partly through research development and demonstration and
partly through the market stimulation. In late 2010, the best-in-class installed
photovoltaic costs for utility-system were recorded at about $3.80 per watt [12]
and the prices were predicted to continue decreasing due to the continuous price
and performance improvements. Efforts were then moved toward ways to cut the
costs further and make the price comparable to traditional energy sources. Some
established semiconductor-based technologies are gallium arsenide tin film solar
cells (GaAs, n ~24%), copper-indium-gallium-diselenide (CIGS, n ~20%), cad-
mium-telluride (CdTe, n ~17%) and amorphous/nanocrystalline silicon (n =10%)

solar cells [13]. These devices, which are the second generation of thin film tech-



nologies, are believed to have an important role in increasing the PV installation
capacity by 2015. However, they share the same performance and cost limitations
as in the first generation devices. Therefore, to bring the cost down even further
and more rapidly, breakthrough technologies and processes are required to decrease
the cost of the photovoltaic modules. The long-term goal for photovoltaic market

is to produce 34% of the total world electricity production by 2050 [14].

1.2 Dye sensitized solar cell

The dye sensitized solar cells (DSSCs) was developed in 1991 by O’Regan
and Gratzel [15].This type of solar cell attains a relatively high efficiency (~11% at
full sunlight) and is made of cheap components that are non-toxic and abundant.
This is considered to be very promising photovoltaic technology since it offers
many exclusive features such as semi-transparency, multi-color range possibilities,
flexibility and lightweight applications, and also good performance under low light
conditions and different solar incident angles [16] [17] [18]. Figure 1.2 illustrates
the exmaples of DSSC uses in real life. The unique characteristics of DSSC open
the possibility for building integration in photovoltaic windows and facades as well

as applications in small, flexible and low-power consumer devices.

Figure 1.2: DSSC uses in real life (Top) G24:solar charging for mobile devices
(from [1]) (Bottom) Solaronix’ multicolored transparent photovoltaic facade at the
SwissTech Convention Center, EPFL, Switzerland (from [19]).



1.2.1 Structure of a dye sensitized solar cell

The key parts of the standard dye sensitized solar cell (DSSC) are illus-
trated in Figure 1.3. The cell is composed of mainly five components: a transparent
conducting substrate, a nanostructured /nanoporous wide-band gap semiconductor
thin film, a photosensitizer /sensitizing dye adsorbed on the nanostructured-layer,
a redox electrolyte and a counter electrode. The components of DSSC will be de-

scribed in more detail.

Dye-Sensitized Solar Cell

E°(D /D)
TiO, Dye Electrolyte Pt/FTO/Glass

Sealant

Dye-coated

Working  Counter TCO TiO,
electrode electrode Glass  Sealant Electrolyte

Figure 1.3: Schematic diagram of conventional DSSC structure.

1.) Transparent conducting substrate

The transparent conducting substrate or TCO glass is commonly used as
the DSSC substrate because of their relatively low cost, abundance, and high op-
tical transparency in the visible and infrared region of the solar spectrum. The
TCO glass is made of bare glass doped with a metal oxide thin film to make it
electrically conductive. The most common type of TCO coating are florine-doped

tin oxide-FTO (SnOy:F, FTO) and indium tin oxide-ITO (InyO3:Sn, ITO). In gen-



eral, fluorine-doped tin oxide (FTO) glass is used in DSSCs instead of indium tin
oxide (ITO) coated glass because of its better thermal stability at high temper-
atures. This conducting film sheet resistance of the TCO substrate is typically
10-20€2 per square area. However, to select the suitable sheet resistance of the
TCO substrate, the one factor that is needed to be taken into account is the trans-
mittance of the substrate: a higher conductance (lower resistance) results in a
lower transmittance. Moreover, the TCO substrates transmittance level is further
reduced after a deposition of nanostructured material. Figure 1.4 shows a typical
transmittance measurement of conductive glass electrode before and after being
coated with nanostructured TiOy layer. Besides its role as a current collector, the
TCO substrates are used as a support for the nanostructured wide-bandgap as a
photoanode, a Pt counter electrode and as well as a sealing layer for the DSSC

cell.
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Figure 1.4: Transmittance of a conductive glass electrode before and after being
coated with nanostructured TiO, layer (from [20]).



2.) A wide-band gap nanostructured semiconductors thin film as a

photoelectrode

The photoelectrode (or photoanode) in a DSSC is made from a thin layer
of sensitized wide-band gap nanostructured semiconductor (typically TiOs, ZnO,
SnO, and ShyOs) deposited onto the TCO substrate. In order to achieve high
light-harvesting efficiency (LHE), the nanostructured semiconductor layer must
provide a large surface area (high roughness) to permit the adsorption of a large
amount of sensitizer molecules [21] [15].

Among the several choices of wide-band gap semiconductors for DSSC, ti-
tanium dioxide(TiO3) is the most efficient materials and attracted great attention
because it is cheap, plentiful, non-toxic and has good chemical stability [22]. The
preparation of TiOs nanoparticles/film is quite simple and requires no vacuum.
Titanium dioxide, also known as titania, can be applied to many fields other than
photovoltaics. It can be used as pigments, a cosmetic ingredient (sunscreen), envi-
ronmental purification, electronic devices, gas sensors and photocatalyst [23] [24].
TiO. exists in three crystalline structure depending on the annealing tempera-
ture : anatase, rutile and brookite [25] [26] [27]. Rutile is stable while anatase
and brookite are metastable. However, only rutile and anatase polymorphs are
considered important for photocatalytic activity since brookite is very difficult
to synthesis [28]. Figure 1.5(a) depicts a three-dimensional representation of the
arrangement of TiOg octahedra in anatase and rutile showing 4 edge sharing con-
nectivity in anatase and 2 edge sharing connectivity in rutile. Anatase to rutile
transformation usually occurs in the temperature range of 400-700° C. The XRD
pattern of TiO, anatase and rutile is shown in Figure 1.5 (b). The band gap of
anatase is 3.2 eV and for rultile 3.0 eV, therefore making TiO, active to UV light.
Mixed-phase photocatalysts with rutile-anatase compositions have been reported
to exhibit enhanced photo-activity compared to the pure phases [29]. However,
pure anatase exhibits a higher photocatalytic activity than pure rutile [30].

Conventional photoelectrode thin films usually contain TiO; mesoporous
structure, produced by the sintering of a TiO, thin film at a temperature >400°C.
The TiO, thin film is a TiO, paste consisting of 10-25 nm spherical particles



in an acidic solution and binder.After sintering, the binder evaporates and the
TiO, nanoparticles are connected forming TiO, network. A scanning electron

microscope image of the TiOy nanoparticles after sintering is shown in Figure 1.6.
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Figure 1.5: (a) Three-dimensional representation of the arrangement of anatase
and rutile. (b) XRD pattern of TiO, anatase and rutile phases (from [31]).
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Figure 1.6: Scanning electron microscope (SEM) images of TiOy nanoparticles.

The synthetic route for TiOy nanoparticles is simple and chemically stable
and has low materials cost. However, the weakness of this TiO, nanoparticle thin
film is a small diffusion coefficient (D,,) and a slow electron transport that greatly
limits the choice of redox couple in the electrolyte and thus, limits the photovoltage

and constrains the choice of dye [32].

S .
;i S

Figure 1.7: llustration of charge transport pathways in (a) 3D randomly packed
TiOy nanoparticles and (b) aligned one-dimensional TiO, Nanotubes .

As illustrated in Figure 1.7, it is also possible to apply 1-D nanostructures
such as nanotubes [33] [34], nanowires [35] and nanorods [36]or the combination

of both TiOy nanoparticles and a 1-D nanostructure which can increase cell per-
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formance due to the higher surface area for dye adsorption and faster electron

transportation [37] [38].

3.) Photosensitizer/Dye

Dye molecules are used to sensitized the wide-bandgap nanostructured pho-
toelectrode. Upon illumination, an electron from the ground stated (S°) of a dye
molecule gets boosted to the excited state (S*) and then injected into the conduc-
tion band of the nanostructured TiOs. Based on the principle of a DSSC, the dye
molecules should meet the some essential requirements in order to promote a high
light-to-energy conversion efficiency. The dye molecules must bind strongly to the
surface of TiOs nanostructure to ensure efficient electron injection into the TiOq
conducting band and to prevent gradual leaching from the electrolyte [39]. The
excited state of the dye must be slightly higher than the conduction band of TiO,
but enough to have a driving force in energy for efficient charge injection into the
TiO,, and the ground state must be sufficiently low in energy for efficient regen-
eration of the oxidized dye by the redox electrolyte. The dye should absorb light
in the visible or near-IR region, preferably covering a broad range of wavelengths.
The process of electron transfer from the dye to the TiO, must be fast enough to
compete with unwanted recombination to the ground state of the dye [39] [40].

Numerous metal complexes and organic dyes have been synthesized and
utilized as sensitizers. However, the outstanding solar light absorber and charge-
transfer sensitizer is the cis-Di(thiocyanato)bis(2,2’-bipyridyl)-4,4’-dicarboxylate)
ruthenium(II), coded as N3, N-719 and black dyes (structure are shown in Figure
1.8. This type of dye has achieved conversion efficiency above 10% [21] [41].
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Figure 1.8: Examples of some Ru-polypyridyl dyes used in DSSCs that give cell
efficiencies of over 10 %. TBA = tetra-n-butylammonium (from [42]).

4.) Redox electrolyte

In DSSC, the electrolyte is needed for dye regeneration and to complete the
electron transportation between the photo electrode and the counter-electrode.
The electrolyte is a liquid consisting of a redox couple (I~ /I;) and some additives
dissolved in an organic solvent, typically acetonitrile (ACN). The choice of solvent
used in the electrolyte is impactful. There are several studies on various kinds of
solvents for the electrolyte, such as alcohols, propylene carbonate, y-butyrolactone,
tetrahydrofuran, N, N-dimethylformamide [43] [44] [45], as well as different types of
nitrile solvent [46]. However, acetronitrile has proved to be the most successful and
efficient one so far. Acetronitrile has low viscosity and good solubility to dissolve
the electrolyte components, including iodine salt and additives. The conversion
efficiency recorded for an ACN-based DSSC is up to 12%. [47] [48].

A redox couple also plays a crucial role in determining the DSSC perfor-

mance. The task of the redox couple is to promote the reduction of the oxidized



12

(ST) dye as fast as possible to avoid recombination. Thus, the ideal redox couple
should meet the following requirements: (1) the redox couple potential should be
less negative than the oxidized energy level of the dye molecule meanwhile main-
taining a sufficient driving force for dye regenerations; (2) slow electron recombi-
nation kinetics at the interface; (3) absence to the visible wavelength to prevent
absorption of the incident light; (4) fast electron transfer kinetics at the counter
electrode; (5) good diffusion properties for efficient mass-transport; (6) completely
solubility in the solvent to ensure a high concentration of charge carriers in the
electrolyte; and (7) chemically inert toward other components of the cell [49].
lodide/triiodide (/= /15 ) in a solvent is commonly used as an electrolyte in
a DSSC since it has been proven to be one of the most versatile redox couple and
also has good long-term stability [50]. However, the nature of this chemical is very
corrosive and thus limits the choices for other components in the cell. Therefore,
research has moved toward to find the alternative iodine-free redox couples. In
2011, a DSSC made of a cobalt-based electrolyte, in combination with a porphyrin
dye, has achieved a conversion efficiency up to 12% [48]. An outstanding long-term
stability over 1000 h under light soaking conditions has recently been confirmed

by Gao et al. [51].

5.) Counter electrode

The Counter electrodes (CEs) is one of the most crucial parts in a DSSC.
The role of the counter electrode is to reduce the redox species, which are the
mediators for regenerating the sensitizer (dye) after electron injection. Usually,
(I7/1I3) is used as a redox couple.The regeneration of the dye produces triiodine
(Equationl.4)and it will be reduced to iodide ion at counter electrode(Equationl.6).

Generally, a DSSC counter electrode is prepared from a small amount of
platinum(Pt) catalyst deposited onto a TCO glass. Pt is the materials of choice due
to its high catalytic activity and stability toward the iodide electrolyte [52] [53] [54].
This element unfortunately is very expensive and limited in supply. A great deal of
effort has been devoted to identify alternative CE materials to replace Pt. Several

alternative CEs are, for example, carbon materials, conducting polymers, and
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transition metals [55].

1.2.2 DSSC’s operational principle

The operation of dye sensitized solar cell is illustrated in Figure 1.9 and is

described as follows,
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Figure 1.9: A schematic presentation of the operating principles of the DSSC.

1.) Upon light irradiation, a photon is absorbed by a sensitizer.This leads

to the excitation of the sensitizer to the excited state (S*).
S+ hv=_5" (1.1)
Light absorption by a dye molecule

2.) The excited electrons are injected into the conduction band (CB) in the

TiOs. The excited sensitizer is oxidized to ST.
S* — St 4 e, (Ti0,) (1.2)

Charge injection)
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3.) In the meantime, electrons diffuse through the nano-crystalline TiO,
layer to the back contact of the conducting substrate and flow through the external

circuit to the counter electrode.
e (Ti0s) — e~ (CE) (1.3)
Charge transportation

4.) The original state of the sensitizer (S) is subsequently restored by the
electron from the electrolyte through the reduction of iodide. However, there are
two major (unwanted) recombination reactions that lower the conversion efficiency
of the DSSC: The excited electron in TiO, can directly recombine with the oxidized

sensitizer or with the oxidized redox couple in the electrolyte.
28T +317 = 2S5+ I3 (1.4)
Dye regeneration
St +e (TiOy) — S (1.5)
Recombination

5.) The iodide is in turn regenerated at the counter electrode by reducing
tri-iodide
Iy +2e /31 (1.6)

lodine regeneration

Upon illumination, the sensitizer is photoexcited in a femtosecond and the
electron injection from the excited state dye (S*) into the TiOy conduction band
(CB) is a very fast process on the sub-picosecond scale. The reduction rate of
oxidized dye by the redox electrolyte occurs in about the nanoseconds timescale.
Recombination of photoinjected CB electrons with the oxidized dye molecules or
with the oxidized form of the electrolyte redox couple (I5ions) takes place in
microseconds [22]. To achieve good quantum yield, the charge injection rate should
be in the picosecond range or below. In conclusion, fast recovery of the sensitizer
is important for attaining long term stability to maintain a long-lasting charge

separation which is crucial for the performance of the DSSC [56].
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1.2.3 Basic parameters to evaluate the performance of DSSCs

The performance of DSSCs is evaluated by the following four parameters:

1.) Open circuit photovoltage (V,.) : If the output current is zero,
the cell is at open circuited and the voltage of the cell is called the open circuit
voltage. The open-circuit voltage is related to the energy difference between the
quasi-Fermi level of electrons in the semiconductor and the chemical potential of
the redox mediator in the electrolyte.

2.) Short circuit photocurrent (I,.): If the output voltage is zero, the
cell is said to be short circuited. The short circuit current is equal to the absolute
number of photons converted to hole-electron pairs. The I,. is dependent upon
the area of the solar cell, the number of photons which is directly related to the
light intensity, the optical properties of the solar cell and the collection probability
of the surface passivation and carrier lifetime. In general, it is presented in the
form of the short circuit current density (Js.) which is defined the short circuit
photocurrent (Is.) divided by the active cell area.The short-circuit photocurrent
(Is.) is essentially related to the amount of sunlight harvested in the visible part
of the solar spectrum by the sensitizer.

3.) Fill factor (FF): The fill factor is an important part of the efficiency
of the cell. High V,. and I, are essential in achieving high efficiencies, but paired
with a low fill factor, the overall efficiency of the cell will remain low. The ratio of
peak output power P, = Viazs ez t0 Voo Ise is called the fill factor (FF) of a
solar cell.

Irnaz X Vinas Pras

FF = = 1.
ISC X ‘/;)C sc X ‘/;)C ( 7)

where I,,,, and V,,., are the current and voltage at the maximum power
on the I-V curve of the cell, as shown in Figure 1.10).

4.) Conversion efficiency (7): The energy conversion efficiency of the
solar cell is defined as the maximum power produced by the cell (P, ) divided by
the power of the incident light on the representative area of the cell (Pygn:)-
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The efficiency of the solar cell depends on the temperature of the cell and
even more on the quality of the illumination, i.e. the total light intensity and the
spectral distribution of the intensity. For this reason, a standard measurement
condition has been developed to generalize the testing of solar cells at any labo-
ratory. The standard condition that is used to test a terrestrial solar cell is light
intensity of 1000 W/m? at AM 1.5 when the temperature of the cell is at 25 °C.
The power output of the solar cell at these conditions is the nominal power of the

cell, or module, and is reported in peak watts (W,).

Imax
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Figure 1.10: Characteristic I-V curve of a DSSC.

1.2.4 Characterization techniques for DSSCs

The basic techniques to characterize of DSSCs are described as follows.

1.) Current-voltage (I-V) measurement : The current-voltage mea-
surement of a DSSC is the most important and conventional technique for evaluat-
ing the photovoltaic performance. It is performed on a Keithley 2400 source meter
under simulated sunlight. A standard illumination of air-mass 1.5 global (AM1.5)
with the irradiance of 100 mW /cm? is generally used. A typical I-V curve is shown

in Figure 1.10. From the I-V measurement, four parameters mentioned above (V,,
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Jse, FF and n) can be determined.

2.) Incident photon-to-electron conversion efficiency,(IPCE) mea-
surement: The sensitivity of a DSSC varies with the wavelength of the incident
light. Incident photon-to-electron conversion efficiency (IPCE) measures the ratio
of the number of electrons generated by the solar cell to the number of incident

photons on the active surface under monochromatic light irradiation:

IPOEN — numbero fcollectedelectrons — h-c- Jg (1.9)

numbero fincidentphoton ~— Py, - \-e

where I ()) is the photocurrent (uA cm™2) given by the cell under monochro-
matic illumination at wavelength A (nm), P, is the input optical power (W m~2)
at wavelength A, e is the elementary charge, h is the Plank’s constant, v is fre-
quency of light, c¢ is the speed of light in vacuum. If not specified differently, the
IPCE is measured under short circuit conditions and displayed graphically versus
the corresponding wavelength in a photovoltaic action spectrum. IPCE measure-
ment is also useful for indirect determination of the short circuit photocurrent of
a DSSC.

3.) Electrochemical impedance spectroscopy,(EIS) : Electrochemical
impedance spectroscopy measurement is used for characterizing the process of
electron transport and ion diffusion at difference interfaces of a DSSC. Impedance is
measured both under illumination and under dark conditions. Under illumination
the cell is illuminated with a range of intensities and impedance is measured at
open-circuit condition. In the dark a bias potential is applied. From EIS, several
parameters can be obtained, such as charge-transfer resistance at the CE, electron
recombination resistance at the TiOq/dye/electrolyte interface as well as diffusion

resistance in the electrolyte

1.3 Recent progress in dye sensitized solar cell

research

After almost two decades of the breakthrough discovery of DSSCs, numer-

ous efforts have been on the improvment of DSSCs performance. Studies have
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reported several different methods to improve the efficiency of DSSCs, such as the
use of 1-D or 3-D nanostructures of TiOs, novel organic and natural sensitizers,
alternative flexible substrates, a quasi solid state electrolyte, or an inexpensive
catalyst for the counter electrode. However, the effect of improving a single part
on a whole system must be considered. For example, it has to be realized that the
performance of the photoanode can only be improved when done in parallel with a
suitable redox couples and counter electrodes. When seeking for the improvement
of the DSSCs, one should understand about the crucial phenomena in the cell.
Sometimes, rethinking the overall DSSC architecture may be the way to achieve
improvement. The following section will highlight the selected recent advances and

alternative architectures of DSSCs.

1.) Alternative nanostructured photoelectrodes

To date, the most common and efficient DSSCs are made of thin films
of TiOy nanoparticles. This thin film nanostructured is very important in many
aspects. First of all, the large surface area of TiOy nanoparticles is for dye ad-
sorption. Since photons are only absorbed on dye-TiO, interface, this means an
extremely large surface area is required to increase the contact between the sen-
sitizer molecules and TiO, layer. Secondly, after dye excitation and the electron
injection through the TiO, layer, the excited dye has to be quickly reduced to the
ground state by the electrolyte. The electrolyte then must be able to penetrate
through the TiOy network in order to meet the dye molecule inside the TiO4 layer.
Therefore, a large enough pore size is also required in the TiOy network. Fur-
thermore, the TiOy layer must provide a direct path for the flow of electrons to
transport to the external load. Finally, the TiO, layer must maintain a high level
of transparency for maximum light harvesting. Thus, designing the photoanode to
serve all of these requirements is very challenging [57].

In recent years, alternative anode nanostructures for DSSC have been in-
tensively studied. 1-D nanostructures such as nanorods, nanotubes, nanowires or
nanofibers of TiOg, ZnO and SnOshave received considerable attention [58], [59]

[60] [61]. As compared to the conventional mesoporous TiOs, a 1-D nanostructures
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are believed to provide a direct pathway for charge transportation [60] [61]. The
high crystallinity along with fewer grain boundaries characteristic in 1-D nanos-
tructures can accelerate the electron transport and reduce the chance of interfacial
electron recombination.

In 2005, the first well-aligned ZnO nanowires were employed by Law et
al. [62].The arrays of ZnO nanowires were synthesized by a seed-growth process on
FTO glass. They produced the ZnO arrays with a hight of 20-15 ym and diameter
of 130-200 nm as shown in Figure 1.11. The electron diffusivity was calculated
as D,, = 0.05-0.5 cm? s7! for single dry nanowires. This value is several hundred
times larger than the typical electron diffusion coefficients in 5x107° cm? s~ [63].
However, the roughness factor (defined as the ratio of actual surface area to the
projected surface area) of the ZnO array is about 5 times smaller (~1000). The
inadequate surface area of ZnO significantly limits the dye adsorption capacity,

giving an overall power conversion efficiency that is relatively low (~1.5%) [62].
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Figure 1.11: The nanowire dye-sensitized cell, based on a ZnO wire array: (a)
Schematic diagram of the cell. Light is incident through the bottom electrode.
(b) Typical scanning electron microscopy cross-section of a cleaved nanowire array
on FTO. The wires are in direct contact with the substrate, with no intervening
particle layer. Scale bar, 5 ym (from [62]).

To overcome the roughness factor limitation , an array of TiOs nanotubes
on FTO glass was prepared by using electrochemical anodization [64]. The arrays
were found to consist of closely packed NTs, several micrometers in length, with
typical wall thicknesses and intertube spacings of 810 nm and pore diameters

of about 30 nm.The thin film of TiOsnanotubes has roughness factor over 1000.
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Nonetheless, the best efficiency of TiO5 naotubes-based DSSC was only approached
3% [64].

Figure 1.12: Vertically aligned nanowires: (a) without and (b) with NP attached
to its surface and the correspondent DSC performance values and diffusion coeffi-
cients (from [65]).

As shown in Figure 1.12A hybrid nanotstructure combining vertically aligned
ZnO nanowires (NW) with attached TiOy nanoparticles (NP) took advantage of
both structures. Gan et al. [65] showed that current density increased from 1.60
to 3.54 mA cm~2 with this structure. The hybrid cell gave a diffusion coefficient
D, = 6.92x 107* cm? s7!. The value falls between those of the bare ZnO film (2.8
x 1072 ecm? s7!) and the TiOy NP electrode (=5 x107° ¢cm? s7!). This confirmed
that the hybrid electrode combines the advantages of both structures: improved
electron transport of the aligned ZnO nanowires and increased surface area of the
TiO, nanoparticles. However, the surface area of the hybrid structure was still
low compared to a similar thickness of the TiO, nanoparticles due small coverage
of the nanowires with nanoparticles as shown in Figure 1.12(b). The performance
of the hybrid structures is still far from the efficiency of TiO, nanoparticles-based
cell [65].

Another interesting approach to manipulate the nanostructure of the pho-
toanode is called 3-D template-based backbone. In this approach, tunably sized
polystyrene spheres (PS) is used as a template to coat a thin layer of TiO. The re-
sulting PS template is removed with heat treatment to obtain a crystalline TiO, in-
verse opal structure (see Figure 1.13). A block-copolymer can be incorporated into

the structure to control the structural dimensions, pore size, porosity and charge-
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transport properties of the photo-anode layer. Figure 1.13 depicts the synthesis
method and scanning electron microscope images of TiO, inverse opal structure
proposed by Kue et al. [66], the TiOy nanostructured was assembled in a DSSC
configuration, yielding a J,. of 8.2 mA ecm~2, a V,. of 720 mV, a FF of 0.62 and
an efficiency of 7 of 3.7%. Guldin et al. also reached a power conversion efficiency

(n) of 4.0% by using a block-copolymer-assembled solid state DSSC [67].
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Figure 1.13: (a) Schematic representation of the synthesis method of a highly
ordered multi-scale nanostructure of TiOy proposed by Kuo et al. ; (b) film com-
posed of the polystyrene opals revealing their close packing; SEM micrographs
of the TiOy inverse opal (c) before and (d) after TiCly treatment; (e) TEM im-
ages of the TiO, nanoparticle decorated inverse opal revealing the coating of the
macroporous transport channels (from [66]).

2.) Flexible DSSCs

A key issue in the commercialization of DSSCs is reducing the production
cost further while keeping adequate efficiency and lifetime. The total expense
of volume DSSCs production principally depends on the materials cost and the
fabrication methods. Surprisingly, the conducting glass substrate (FTO/ITO) is
the most costly part in a DSSCs which is in excess of 60% of the aggregate expense
of all parts in DSSCs [68].The DSSCs fabrication can be switched from traditional
glass substrates to a cheap and flexible substrate, such as plastic,metal, paper or
textiles that can be fabricated in different combinations [69] [70] [71] [72].Flexible
solar cells are lightweight, thin and bendable. Therefore, they have opened new
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and emerging applications in the mobile and wearable electronic industries.
DSSCs fabricated with plastic substrates, such as polyethylene terephtha-
late (PET) or polyethylene naphthalate (PEN), however shows poor solar conver-
sion efficiencies compared to traditional glass based DSSCs [73] [74]. The main
problem of a plastic substrate is that it has low heat resistance (£150°C) and
therefore can not stand the high temperature sintering process of TiOg (450-550
°C). Without the sintering process, chemical bonding between TiOs nanoparticles
is limited. Many different approaches has been conducted to modify the TiOq
paste preparation conditions and different methods to apply TiOs onto the plastic
substrate at lower temperature, such as chemical sintering, vacuum sealing and
pressing and hydrothermal treatment [75] [76] [77] [78] [79]. Yamaguchi et al.
applied a “lift off” process of a sintered TiOs layer that was transferred to a plas-
tic substrate. By using an optimized mechanical pressing process, an efficiency
of 7.6% was achieved [75]. Figure 1.14 shows the schematic diagrams of flexible

DSSCs based on conductive plastic, metal foil and metal mesh.
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Figure 1.14: Schematic diagrams of flexible DSSCs (a) based on PET/ITO sub-
strates, (b) based on the metal foil and (c) flexible double mesh based DSSCs. (e,
f) Photographs showing that the device has very good flexibility (from [80]).

Another concept for flexible DSSCs is the use of thin metal sheets as pho-
toelectrode substrates. The metal-based photoelectrode offers the advantage of
high temperature sintering processes, which is a key requirement for high quality
TiOy nanoparticle film. In 2006, Grétzel et al. [81] reported highly efficient (7.2%)
flexible DSSCs with a Ti-metal substrate attaining 100 mW /cm? .Park et al. [82]
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also reported an efficiency of 8.6% using SiO, and I'TO-coated stainless-substrates.
However, the stability is a critical issue of the stainless steel as the cell performance
dropped just couple hours after illumination [71]. Unlike the metal sheet, using
metal mesh as a substrate is also another option for flexible DSSCs since it is giving

much better bending performance and also allowing some light to penetrate [83].

3.) Quantum dot sensitized solar cell (QDSSC)

Improvement of the photosensitization is a key factor in enhancing the
performance of DSSCs. The ideal sensitizer should be highly absorbing across the
entire solar light spectrum, bind strongly to the TiO, surface, and efficiently inject
photoexcited electrons into the TiO, conduction band. Many efforts have been
devoted to explored the sensitizers that meet all of these requirements but it could
be realized by co-adsorption of a different dyes for absorption at different solar
spectra [80] [84]. Quantum dot (QD, semiconductor nanocrystal) sensitized solar
cell is an emerging solar cell technology. The principle of QDSSC is shown in Figure
1.15.Basically it is similar to DSSC but instead of using dyes as light absorbers, the
inorganic semiconductors are used [85].The QDs are the semiconductor materials
and are small enough to observe the effect of the quantum confinement (particle
radius <the Bohr radius).The QD band gaps can be tunable, so this has opened
an alternative path for harvesting light energy from visible to infrared (IR) regions
of the solar spectrum [86].The most commonly used QDs are a) large band gap
(E;>1.5 eV) cadmium-chalcogenide such as CdS, CdSe and CdTe; b) low band
gap (E, <1.5 eV) lead-chacogenide including PbS ,PbSe and ¢) antimony sulfide
Sb2S3 ( E, = 6.5 eV) [87].
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Figure 1.15: The fundamental principles of QD sensitized solar cells. Light
photoexcites electron-hole pairs at the QD. Photoexcited electron is injected into
the CB of the wide bandgap semiconductor, while hole is regenerated from the
redox level of the liquid electrolyte. Electron is transported to the electron contact.
Redox sytem is regenerated at the counter electrode and electrons diffuse to the
working electrode (from [88]).

Among the QDs materials mentioned above, lead-chalcogenide QD-based
solar cells have attracted increasing interest in sensitizers. The studies in recent
years show the highest efficiency of 7.4% [89]. However, ShyS3 may also be another
attractive candidate due to its nontoxic composition, abundance and the high
efficiency of its corresponding solar cells (6.3%) [90]. The challenge for the QDSC
is the low open circuit voltage and fill factor due to the charge loss at TiOy/QD
and TiO, and electrolyte interfaces [87].

4.) Perovskite-based sensitized solar cells

Organometal halide perovskites as a visible light absorber for solar cells
have attracted considerable attention during the past few years. The halide per-
ovskite CH3NH3PbX3 (X = Cl, Br, or I) has shown excellent light-harvesting
characteristics with a narrow band-gap (E, = 1.5 eV) with an optical absorption
edge of 820 nm [87]. In 2009, Kojima et al. was the first team to report the
perovskite-sentized solar cell [91]. Their cell was constructed by combining the
CH3NH3PbX; and deposited TiOq electrode (CH3NH3PbX3-TiO;) as the photo
electrode (anode) and a Pt-coated FTO glass as the counter electrode (cathode)

and used lithium halide and halogen as a redox couple in a liquid electrolyte.The
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performance showed an efficiency of 3.81%.The improvement was further made
by Im et al. in 2011 which showed an efficiency of 6.5% [92]. This research has
progressed with improved performance [93] [94] [95]. Recently, in early 2014, the
efficiency of perovskyte CH3NH3PbX3-based solar cells was further boosted up to
16.7% [96]. The efficiency of 20% is expected to be achieved in the near term [97].

1.4 Research Goals

The propose of this research was to develop well-designed and cost ef-
fective DSSC components to further enhance the energy conversion efficiency of
DSSCs.The major emphasis was on the modification of the photoelectrode mate-
rials with approach to be as simple and with as low cost fabrication as possible.
The efforts have also been devoted to the optimization of the device fabrication
procedures to enhance the device performance along with the understanding of
the relationship between the developed materials and the corresponding device

performance.

1.5 Dissertation overview

Chapter 1 has provides a brief introduction to the principle of dye sensi-
tized solar cell, recent progress in DSSCs and the purpose of this research. Chap-
ter 2 will demonstrate a novel approach of using a composite structure of TiO,
nanoparticles and high-aspect-ratio, 8nm diameter TiOs nanotubes, as a photo-
electrode. Chapter 3 will describe the preparation and characterization of the
double-wall carbon nanotubes (CNT) incorporated with TiOy nanoparticles and
will explain the effect of the incorporated CNT on the TiO5 photo-anodes. Chap-
ter 4 will illustrate the fabrication of a fluorine-doped tin oxide (FTO)-free pho-
toanode and compare the performance of the scaled-up DSSC devices. Chapter
5 will summarize the research presented and describe the potential direction for

further DSSC improvement.



Chapter 2

Enhancement of dye sensitized
solar cell efficiency by composite
TiO9 nanoparticle/8nm TiO-
nanotube paper-like

photoelectrode

2.1 Introduction

Dye-sensitized solar cells (DSSC) have been intensively studied as promis-
ing, third generation solar cells since the first report in 1991 by O’regan and
Grétzel [15]. Due to their simple and inexpensive manufacturing procedures yet
relatively high conversion efficiencies, DSSCs have gained much attention from
many researchers nowadays [98] [99] [100] [32] [101] [102]. Nonetheless, the highest
DSSC efficiency achieved so far is 11-12% [56] [48]. Various materials and pro-
cess approaches have been applied to further enhance the DSSC power conversion
efficiency [103] [104] [105] [106] [107] [108].

The TiOs layer is the key for the electron transport in DSSC. During the

DSSC operation, electrons are generated by photo-excited dye molecules, which
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are then injected into the conduction band of the Ti oxide. The electrons then
get transported by diffusion through TiO, layer and are collected at the conduc-
tive electrode. While most electrons are efficiently collected, some might recombine
with holes nearby or in the electrolyte and/or excited dyes, thus leading to reduced
energy conversion efficiency. Therefore, improving charge collection efficiency of
TiO4 layer is one of the main areas worthy of further investigation. In general,
porous TiO, nanoparticles are applied as an electron transport medium [109]. How-
ever the electrons diffuse through such porous nanoparticle assembly via slow mech-
anism, even much slower than in bulk crystal [110] [111] [112]. It has been assumed
that electrons are trapped in grain boundaries or interfaces between nanoparticles,
oxygen defects and TiO, amorphous layer [113] [114]. In order to improve electron
transport by reducing the interfaces, one-dimensional TiOy nanomaterials having
higher aspect ratio such as nanotubes, nanowires and nanorods should be prefer-
able as easier electron transportation pathway [115].

In this paper, a novel approach of using composite structure of TiOy nano-
particles and high-aspect-ratio, 8nm diameter TiO, nanotubes is presented. A
convenient micropaper configuration is adopted in this work. The simple and low
cost of TiO4 paper-like structure was obtained by compressive compaction of com-
ponent mixed particles, yielding stand-alone TiO, micropaper which then can be
transferred and attached onto the conductive glass, or alternatively and preferably
utilized as an anode layer without even using a conductive glass substrate. Here
the 8nm nanotubes TiO, are well mixed with the commercially available TiO,
nanoparticles to form a thin nanocomposite structure as a photoelectrode of dye
sensitized solar cell. This 1D nanostructure is expected to facilitate the electron
transportation as well as to enhance mechanical interlink amount the particles
within the TiO, nanoparticle layer, thus essentially eliminating the microcracking
commonly observed in a dried layer from solvent containing mixture. The DSSC
energy conversion efficiency is enhanced probably due to rapid electron movement

along the 8nm TiO, nanotubes.
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2.2 Experimental Procedure

TiOy paper-like structures were prepared by using high pressure pressing
machine, in which the mixed TiO, nano-powders and nanotubes were pressed

within a die into a micrometer thick disk (referred to a TiO, micropaper hereafter).

2.2.1 Synthesis of 8nm Titanium oxide nanotubes

Anatase TiO5 nanotubes were prepared using a hydrothermal method [116]
[117]. Two grams of P25 powder (Anatase TiO 25 nm diameter nanoparticles,
procured from Sigma-Aldrich) was added to 20 ml of 10 M NaOH aqueous solution,
which was vigorously stirred for 20 min followed by ultrasonication for 20 min. The
solution was then transferred into PTFE (Polytetrafluoroethylene, Teflon)) liner
and placed in a stainless steel hydrothermal vessel. The hydrothermal reaction
was carried out at 130°C for 24 hours, after which the vessel was allowed to cool to
room temperature. Light white colored precipitates were obtained after washing
with 0.1 M HNOj solution and distilled water. The solids were separated from the
washing solution by centrifuging. This process was repeated several times until the
washing solution had pH 7. The precipitates were then dried in an oven at 70°C
for 24 hours. The morphology and size of the 8 nm diameter TiOy nanotubes are

depicted in Figure 2.1(a).
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Figure 2.1: (a) SEM micrograph of 8 nm diameter TiO, nanotubes, (b) Fab-
rication schematic of TiO, paper-like structure (TiOs micropaper) by pressing
machine.
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2.2.2 Preparation of various types of TiO; micropaper

Three types of TiO, micropaper have been prepared for comparative studies

on their DSSC performances.

Pure TiO,; nanoparticle micropaper

TiO4 nanoparticle paste (purchased from Solaronix) was used without mod-
ifications. The paste was dried at room temperature to remove the solvent and
ground into fine powder, which was then placed in a cylindrical cavity pressing
die (1 cm diameter) and pressed using ~450 MPa pressure (Figure 2.1(b)). Af-
ter releasing the sample from the die, approximately 30 pum thick paper-like disk
was obtained, which was mechanical robust to be handled for assembly into DSSC
cells. The thickness of the paper-like disk was indirectly controlled by adjusting
the weight of the feed powder into the pressing die. For scale-up fabrications, a
spacer array can also be used during pressing for geometrical control of the disk

thickness.

TiOsnanoparticle and nanotube mixed micropaper

Dried TiO, nanoparticle paste particles were mixed with 8 nm TiO, nan-
otubes at a weight ratio of 2:1. The mixed paste was then dried and ground into
fine powder. The pressing process as described above was used to obtain 30um

thick, paper-liked TiO5 samples.

TiO, nanotube micropaper

8 nm TiOs nanotube powder synthesized by hydrothermal process was
washed and dried, then pressed to obtain 30 um paper-like TiOy. The TiOs mi-
cropapers were annealed at 450°C for 2 hour in air to burn away the polymer
binder and solvent, and then treated with 0.04 M TiCly aqueous solutions at 70°C

for 30 min in order to make strong contact between the particles and nanotubes.
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Figure 2.2: TiO, micropaper after pressing. The paper can be handled with
tweezers and cut to size using a razor blade. (a) TiO, nanoparticles micropaper, (b)
Mixed TiO; nanoparticles and 8 nm TiOs nanotubes, and (c¢) 8nm TiO5 nanotube
micropaper.

2.2.3 Preparation of TiO, micropaper photoelectrodes

The FTO (fluorine-doped tin oxide) conducting glass (Hartford; TEC 7,
thickness 2.2 mm; resistivity 7 Q em™!) was first scrubbed and ultrasonicated in
detergent for 15 min, and subsequently ultrasonicated in ethanol for another 15
min and dried by flowing Ny. The cleaned FTO glass was treated with 0.04 M
TiCly aqueous solution at 70°C for 30 min in order to make good mechanical and
electrical contact between the applied TiOs oxide layer and the FTO conducting
layer. The prepared TiOy micropaper was cut into 0.2 cm x 0.2 cm square pieces
(active area 0.04 cm?) and transferred onto the TiCly - treated FTO glass. A drop
of homemade diluted Ti glue (polyethylene glycol+titanium isoproproxide+EtOH
) was used to attach the TiOs micropaper to FTO glass [107]. The use of Ti
glue followed by 500°C annealing (see below) produces TiO, interfacial bond layer,
resulting in a well adhered disk on the FTO glass surface.

The photoanode was then gradually heated from room temperature to
500°C in air. (with a stepwise heating of 325°C for 5 min, 375°C for 5 min, 450°C
for 15 min, 500°C for 15 min, with a 10min ramp between each). After being
cooled down to ~80°C , the anode was slowly immersed in 0.3 mM solution of
N719 dye (solaronix) in dry ethanol and kept at room temperature for at least 12

hours to complete the sensitizer uptake onto the samples surface. The anode then
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was washed with ethanol to remove excess dye material, followed by drying with

N, before DSSC device fabrication.

2.2.4 Fabrication of dye-sensitized solar cells

The prepared photoanodes and counter electrodes were put together into a
sandwich DSSC cell configuration and sealed with hot-melt sealing gasket (60um
thick Meltonix 1170-60, from Solaronix). The aperture of the sealing film frame
was 2 mm larger than the active area. The internal space was filled with a drop
of electrolyte and the cell was placed in a small vacuum chamber to remove inside
air and let the electrolyte goes in. The electrolyte was composed of 0.6 M 1-butyl-
3-methylimidazolium iodide (BMII), 0.03M I,, 0.1M guanidinium thiocyanate, 0.5
M 4-tert-butylpyridine in acetonitrile and valeronitrile (85:15, v/v) [118].

An ultrahigh resolution scanning electron microscope (UHR SEM,FEI XL30)
was employed to examine the surface morphology of TiOy micropapers. Phase tran-
sition and crystallization of annealed TiOy micropapers were confirmed by X-ray
diffraction analysis data (Rigagu Gelgerflex model D /Max-11B) using a maximum
potential of 50 kV and current of 32 mA. The photocurrent density vs voltage
(J-V) characteristics was measured using AM 1.5 G illumination with 450 Watt
Xenon lamp equipped with an AM 1.5 global filter (Newport 81094). It should
be noted that the DSSC performance was performed without masking [119]. Such
DSSC measurements without masking introduce a slight reduction in the efficiency
values as compared to the masked samples. All J-V measurements were carried

out for comparative evaluation of DSSC behavior under identical conditions.

2.3 Results and Discussion

2.3.1 Morphology of TiO; micropapers

Figure 2.2 shows TiOs micropapers after pressing. The flat, round disks
with thickness of ~30-40 um were obtained. The colors of the non-annealed mi-

cropapers were slightly different from each other. Figure 2.2(c), pure 8nm TiO,
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nanotube micropaper, shows white opaque appearance while semi-transparent yel-
lowish color is observed from the pure TiOs nanoparticle micropaper (Figure
2.2(a)) and mixed TiOy nanoparticle nanotube micropaper (Figure 2.2(b)). The
yellowish color probably comes from the polymer and binder present in the com-
mercial paste. However, all organic additives were removed after annealing at

450°C for 2 hours. The X-ray diffraction (XRD) spectra of TiOy micropaper
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Figure 2.3: X-ray diffraction patterns for annealed TiOy micropapers compared
with the standard anatase diffraction pattern (bottom curve).

Figure 2.3 indicates the predominant presence of anatase crystalline phase
for all three TiO, micropapers. It has been reported that anatase is the preferred
structure in DSSCs because it has a larger bandgap and higher conduction band
edge energy compared to rutile structure, which means a higher Voc in DSSCs for
the same conduction band electron concentration [120]. Figure 2.4(a-c) illustrates
SEM microstructures of pure TiO, nanoparticle micropaper, 8nm TiO, nanotube
micropaper, and mixed TiO, nanoparticle plus nanotube micropaper, respectively.
The corresponding schematic microstructures are shown in Figure 2.4(d-f). For
the same micropaper thickness, it was observed that the most brittle micropaper

was the one made from pure TiOs nanoparticles.
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Figure 2.4: SEM micrographs and schematic illustrations showing the nanostruc-
ture configuration of (a) and (d) TiO, nanoparticles micropaper, (b) and (e) Mixed
TiO4 nanoparticle and 8 nm TiOy nanotube micropaper and (c) and (f) 8nm TiO,
nanotube micropaper.

The SEM images in figure 2.4(a) and Figure 2.5(a) confirm that the loosely
bonded structure between the TiO, sphered particles results in mechanical weak-
ness in the micropaper. In the case of pure 8 nm TiO5 nanotubes micropapers, the
high aspect ratio nanotubes (~1-3 pum long) are probably tangled among them-
selves and provide mechanical locking, thus preventing microcracks to occur during
annealing and cooling. The lack of many microcracks should help to minimize a
loss of DSSC currents. It is also expected that long 1D structure provide faster
electron path thus increasing the current density for the DSSC performance. How-
ever, there appears to be some loss of optical transparency in the micropaper made
of 8 nm TiO5 nanotubes micropaper, Figure 2.4(b), presumably due to the nature
of the hydrothermally synthesized TiO5 nanotubes not being as transparent as the
spherical nanoparticles, possibly due to some altered stoichiometry, defect density,
etc. Future improvement of the optical transparency of 8 nm TiOy nanotubes will
be beneficial for higher DSSC performance.

Mixed TiOs nanoparticle and nanotube micropaper was prepared to opti-
mize the benefit of the spherical TiOy nanoparticles and that of the 1D configured
TiOy nanotube structure, shown in Figure 2.1(a). Figure 2.4(c) displays TiOs
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nanotube network in TiOy nanoparticles matrix, in which the presence of high-
aspect-ratio TiOy nanotubes is expected to mechanically strengthen the overall
structure while maintaining a reasonable level of optical transparency.

Figure 2.5(a) reveals the appearance of many microcracks on the surface
of TiOy nanoparticle micropaper sample. These cracks most likely interrupt the
continuous electron conduction and thus reduce the DSSC current density.Figure
2.5(b) represents an SEM micrograph for the mixed TiOy nanoparticle and 8nm
TiO5 nanotube micropapers. The micrograph shows very few microcracks on the
surface of the sample, as compared to the TiO, nanoparticle based micropaper
of Figure 2.5(a). By pressing of the composite containing high-aspect-ratio nan-
otubes, the powder was packed densely with interlocking nanotube networks which

minimized the occurrence of undesirable microcracks.

Figure 2.5: SEM images showing a dramatic difference in microcracking in pho-
toanode samples.(a) TiOy nanoparticle micropaper after annealing, revealing many
microcracks on the sample surface, (b) Mixed TiO, nanoparticle/nanotube mi-
cropaper after annealing, showing very few microcracks. The 8 nm TiOs nanotube
only micropaper also exhibits few microcracks.
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2.3.2 DSSC performance of TiO, Micropaper photoelec-

trodes
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Figure 2.6: Current density vs voltage relationship (J-V curves) of the DSSCs
with different types of TiOs micropapers.

Figure 2.6 shows the photocurrent density-voltage (J-V) characteristics of

example DSSC devices based on TiOs micropaper photoelectrode. The compara-

tive DSSC performance parameters for the three types of TiOy micropapers with

Voe, Jse, conversion efficiency and fill factor data (average data for two or three

samples for each type) are presented in Figure 2.7 and Table 2.1.

Table 2.1: V,., J,., conversion efficiency and fill factor data for the three types

of DSSC micropaper.

Micropaper Voe(V)  Jee(mA/em?)  Fill factor  Efficiency(%)
8 nm TiO, nanotubes  0.80 5.05 0.68 2.74
TiO5 nanoparticles 0.77 5.98 0.72 3.35
Mixed TiOq 0.76 10.76 0.66 5.38
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Figure 2.7: Comparative DSSC performance parameters for the three types of
TiOy micropapers.

The mixed TiO, nanoparticle and nanotube micropaper achieved about
twice higher photocurrent density (Js.) value than that of both pure TiOy nanopar-
ticle micropaper and pure TiO, 8 nm nanotube micropaper. This resulted in high
DSSC overall efficiency of average 5.38% while the pure TiO; nanoparticle mi-
cropaper and pure TiO, 8 nm nanotubes produced 3.35% and 2.74% efficiency, re-
spectively. (The average efficiency was obtained from 2-3 samples per each type of
micropaper). This significantly improved photocurrent density in the nanoparticle-
nanotube mixed structure could be related to the high-aspect-ratio, 1D nanostruc-
ture of TiOy 8nm nanotubes which might help to interlink the TiO5 nanoparticles
matrix, thus providing faster pathways for electrons to transport with decreasing
ohmic loss through 1D nanostructure [121] [122]. However, to support such a hy-
pothesis, more thorough analysis such as the IPCE (incident photon to current
efficiency) test should be conducted.

Another possibility is that a larger surface area within the anode samples

could increase the number of sites for dye molecules to attach and thus enhance
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the amount of dye adsorption [15]. A simple estimation of the surface areas for
the average 17.5 nm diameter TiOy nanoparticles (the Solaronix paste used here
contains 15-20 nm diameter particles) vs that for the 8 nm diameter x 2 pum long
TiO, nanotubes (having identical volume as the spherical nanoparticles) yields a
moderate surface area increase of 46% in the case of 8 nm nanotubes. However,
only one-third of the spherical particle volume was replaced with nanotubes, and
hence the resultant surface area increase is estimated to be on the order of 15%,
a rather small change in surface area. Another important factor is the degree
of microcracking in the TiO, anode layer as the extent of electrical connection
could be reduced by such cracks. Since we observe a pronounced difference in the
formation of microcracks (Figure 2.5 (a) vs (b)), the minimization of microcracks in
the nanoparticle-nanotube mixed micropaper samples is believed to be the major
factor for the improved DSSC performance.

From geometrical point of view, a higher degree of nanotube alignment
along the electron transport direction (toward the current leads) would be more
desirable since the electrical transport from the TiOy active material would ben-
efit from the shorter distance to the current leads. Such an alignment could be
attempted by mechanical alignment, for example by directional shear of the pre-
cursor paste containing the 8 nm nanotubes on removable substrate prior to drying
and compaction. Further research is required to explore such possibilities.

In view of the significant and striking reduction in microcracking tendency
in TiO, nanoparticles by the addition of high-aspect-ratio nanotubes (and the
resultant increase in photocurrent density), it appears that this may have a more
dominant effect on the DSSC performance than some of the other parameters.
Additional detailed research can be performed to sort out the effect of various
materials and process parameters on DSSC performance.

Another aspect to consider is the use of FTO glass. While the FTO glass
type transparent conductive oxide layer is often used for the currently studied
DSSC devices as a means of electron transport, it would be highly desirable to
eventually eliminate the FTO glass for the purpose of reduced cost and ease of

assembly. The free-standing nature of the TiOy micropapers reported here might
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offer an intriguing possibility of direct electrical connection to the anode micropa-
per without the use of FTO glass, simply using inexpensive regular glass substrates.
Further studies are required to explore such possibilities. While the mechanical
flexibility is of less concern in the present case of rigid DSSC cells, the paper-
like TiO9 anode layer contains high-aspect-ratio, small-diameter TiOs nanotubes,
which should result in an improved mechanical strength and mechanical flexibility

that might be useful for future consideration of flexible DSSC assembly.

2.4 Conclusions

DSSC cells based on free-standing, paper-like TiO5 structure have been
demonstrated for the first time. Three types of TiOs micropaper photoanode were
made and their microstructure and DSSC performances were compared. The mea-
sured photocurrent-voltage characteristics clearly indicate that the mixed of TiO,
nanoparticle and 8 nm TiO5 nanotube micropaper exhibits significantly improved
photocurrent density (Js.) as compared to the pure TiOs nanoparticle micropaper
device, providing a much increased conversion efficiency. This enhanced efficiency
is mainly attributed to the better interconnectivity among the TiOy nanoparticles
due to the presence of high-aspect ratio 8 nm TiO, nanotubes, which provides eas-
ier pathways of electron transport, and also dramatically decreases the occurrence
of microcracking in the micropaper anode layer. The free-standing nature of the
micropaper TiO, structure offers an interesting possibility of future simpler anode

assemblies without using the FTO glass.

2.5 Note

This chapter, in full, is a reprint of the material as it appears in Nano
Energy, Volume 1, 2012. Jirapon Khamwannah, Yanyan Zhang, Sun Young Noh,
Hyunsu Kim, Christine Frandsen, Seong Deok Kong and Sungho Jin.The disser-

tation author was the primary investigator and author of this paper



Chapter 3

Nanocomposites of TiOy and
double-walled carbon nanotubes
for improved dye-sensitized solar

cells

3.1 Introduction

In the past decade, dye-sensitized solar cells (DSSC) have been extensively
studied as a promising third-generation solar cell. With a relatively simple and
low-cost fabrication process, yet with reasonably high conversion efficiency, DSSCs
have gained much attention from many researchers in recent years [15] [98] [123]
[124] [32] [101] [102] Nonetheless, the highest DSSC efficiency achieved thus far
is only ~11% [56]. As a result, many efforts to improve the DSSC performance
are being studied throughout the world. However, no significant progress has been
made in relation to further technical advancements and practical applications.
The majority of research efforts have been devoted to the modification of the
mesoporous semiconductor oxide film-TiOy [104] [107] [125] [108] [106]. Since the
TiO2 layer has been the most effective base material for DSSC due to its wide

band gap and superior chemical stability:.
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During the DSSC operation, electrons are injected into the conduction band
of TiO5 upon photoexcitation of dye molecules. The electrons are then transported
by diffusion through the TiOs layer and collected at the conductive electrode. As
recombination of the electrons with species in electrolyte is a possible factor to
limit the charge extraction from DSSCs [64], improved charge collection efficiency
of the TiO, layer is a crucial aspect deserving further investigations and advances.
Previous studies have reported the incorporation of carbon nanotubes (CNTs) into
the TiO, film in order to achieve higher conversion efficiency. Many studies have
focused on utilizing single-walled carbon nanotubes-SWCNTs for DSSC applica-
tions [126] [127] [128] [129] [130]. Recently a virus template approach was em-
ployed for more efficient SWCNTs distribution and attachments [131]. Their work
revealed a high efficiency of 10.6% . Multi-walled carbon nanotubes-MWCNT's
have also been studied as an integrated part of the TiO, mesoporous layer in order
to improve the DSSC performance [132] [133].

Among the carbon nanotube family, double-walled carbon nanotubes -
DWCNTs have attracted widespread attention due to the predominantly metallic
behavior as compared to the case of SWNTs for which the nanotubes are often a
mixture of semiconductor nanotubes and metallic nanotubes. Such metallic behav-
ior of DWCNTs is highly desirable for electrical conduction related applications of
carbon nanotubes [134] [135] [136]. Therefore, DWCNTs can be a good candidate
material for incorporation into the TiOs layer of the DSSC anodes for improved
electrical properties such as electron collection efficiency. So far, there have been no
reports using DWCNTs in the active TiO, film anodes to our knowledge; although
there are a few publications showing improved performance of DSSC devices with
the DWCNT incorporated in the cathode counter electrodes [136] [137].

In this study, we have prepared TiOs/DWCNTs nanocomposites for use in
the photo anodes of dye sensitized solar cells. This one dimensionally elongated
nanostructure of DWCNTSs, typically a few nanometer in diameter and often less
than ~20-50 nm in diameter even in the agglomerated configuration, having the
lengths in the micrometer regime, exhibits extremely high aspect ratio of hundreds

to thousands. The DWCNTs in the nanocomposite are thus expected to get some-



41

what tangled with physical and electrical contacts among themselves unavoidable
(and also with TiOy nanoparticles), although the degree of contacts would depend
heavily on the amount of the carbon nanotubes. Furthermore, the problem of
microcracking and local separations of the TiO, anode material layer often ob-
served after drying of the doctor blade coated anode layer paste (containing TiOs
nanoparticles, binder polymer and solvent) could be alleviated with the addition
of long stringers such as DWCNTs. While the physical contacts of the DWCNTs
are random and the direct effect of conductivity enhancement on DSSC properties
is unclear, the mechanical locking of the TiOy anode layer due to the addition of
high aspect ratio DWCNT fillers is expected to substantially reduce micro-cracking
problem (which may be described as a “dry mud cracking”). We have actually ob-
served a dramatic reduction of microcracks and associated improvements in DSSC
characteristics as reported in this work. We have also investigated the effect of
preparation methods of the TiOy/DWCNTSs nanocomposite paste, including the

sequence of mixing and subsequent annealing treatments.

3.2 Experimental Procedures

3.2.1 Synthesis of TiO, nanoparticles (NPs) and paste prepa-

ration

The details of the general sol-gel synthesis of TiO, nanoparticles (NPs)
and paste preparation have been well established by previous researchers, for ex-
ample, as described by Jeong, et al. [138]. In brief, TiOy NPs were made by
hydrolysis of mixed solution of titanium (IV) isopropoxide (TIP) in isopropanol
and aqueous solution tetrabutylammonium hydroxide (TBAOH), followed by hy-
drothermal reaction to obtain the crystalline nanometer-sized particles. A standard
TiO5 nanoparticles paste has been prepared by combining 3.1 g of crystalline TiOq
nanoparticles (NP) suspended in 9 g of ethanol in a vial. In another vial, 1.4 g of
a-terpineol (96%, Alfa-Aesar), a viscosity enhancing alcohol, was added to 1.0 g of
10 wt% HPC-Ethanol solution. The HPC (hydroxyl propyl cellulose) is the binder
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material utilized in the TiO, nano particles paste, which is dissolved in ethanol.
The diluted NP suspension was transferred to the HPC- a-terpineol solution in
drop-wise fashion. The mixture was stirred with a magnetic bar until a viscous

paste formed. This paste is marked as Paste D in this report.

3.2.2 Preparation of CNT incorporated with

TiO, nanoparticles

0.1 g of the surfactant solution (Nanosperse AQ procured from NanoLab,
Inc ) was mixed with 100 ml of deionized water, and then 0.1 g of DWCNTSs
powder (procured from NanoLab, Inc (with an average nanotube diameter ~4 nm,
average length ~3 pm (1-5 pm range), and a purity >95%) was added into the
surfactant-containing DI water to make a DWCNTSs suspension. The suspension
was stirred and ultrasonicated for several hours prior to using it in order to ensure
the solution was uniform and the nanotubes well dispersed.

For preparation of the anode samples, different sequences of how DWCNT's
were incorporated with TiO, NPs paste were investigated and named as Paste
A, B, and C (Figure 3.2(a)). The well dispersed DWCNT suspension (containing
surfactant and DI water) was mixed with the TiOy nanoparticles (NPs) suspension
in ethanol first, then the composite suspension was added to the mixed solution
of (HPC polymer binder + a-terpineol) and stirred for several hours until the
paste is formed. This paste was labeled as Paste A. The final concentration of the
DWCNTs in TiO, was adjusted to be 0.2 wt% (~0.4 vol %). This is a similar
carbon nanotubes composition as studied by X. Dang et al [131].

Paste B was obtained by mixing the well dispersed DWCNTs suspension
with the standard TiO, paste (described as Paste D earlier).The final concentration
of the DWCNTs in TiOy was adjusted to be 0.2 wt % (~0.4 vol %). Paste C
was made by adding as-received, non-dispersed DWCNTs powder into the TiO,
nanoparticles (Paste D) followed by manual mechanical stirring for several hours
for uniformity. The final concentration of the DWCNTSs in TiOs in the Paste C
was also 0.2 wt % (~0.4 vol %).
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Incorporation of 0.2 %w DWCNTs
into TiO, nanoparticles by direct

blending method (Ultrasonication+
mechanical stirring)

|

-
Apply the mixed paste onto FTO
glass using doctorblading method

\.

-

Annealing 500°C in Air for 30 min

\

|

Soak in ethanol solution of ruthenium
complex dye (N-719) for 24 hr
Assemble DSSC cell with 25 um
spacing (surlyn)

Figure 3.1: The processing sequence for the fabrication of the TiOy/DWCNT
nanocomposite photoanode.
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Figure 3.2: (a) Photographs of the TiO, pastes with different mix sequences. (A)
adding TiO, nanoparticles to the well dispersed DWCNTSs suspension + adding
the binder and solvent, (B) adding well dispersed DWCNTs suspension to the
already prepared TiO, paste containing TiO, nanoparticles + binder + solvent,
(C) adding as-received dry DWCNTs powder into prepared TiO, paste, and (D)
as-prepared TiOq paste. (b) Dependence of power conversion efficiency under AM
1.5 solar illumination on various paste mixing sequences of A to D.

3.2.3 Preparation of TiO;/DWCNTSs photoelectrodes

The standard FTO glass (15 ©/square, Hartford Glass) was first scrubbed
and ultrasonicated in detergent for 15 min, and subsequently ultrasonicated in
ethanol for another 15 min, and dried by Ny gas. The cleaned glass was treated with
0.04 M TiCly aqueous solution at 70°C for 30 min in order to make good mechanical

and electrical contacts between the applied active oxide layer and conducting layer.
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The prepared TiOs/DWCNTSs paste (Paste A, B and C) was applied to
the TiCly-treated conducting glass by the doctor-blade method with an active
area of 0.16 cm?. A single layer of adhesive tape was used as the doctor blading
spacer to control the thickness of the coated layer. Two-step coated layers led to
a thickness of 15 pym after annealing as determined by SEM analysis. To improve
the uniformity of the surface, each applied layer was dried at ambient temperature
for 3 min, and then placed on a hotplate at 120°C for 5 min. The TiOy NPs paste
without DWCNTs (Paste D) was also applied on the FTO glass by the identical
procedures.

The prepared anodes were annealed with three different conditions. The
first two conditions were for annealing at either 375°C or 450°C for 1 hour then
transferred to quartz tube furnace for further annealing at 500 °C for 30 min in
argon gas to protect DWCNTs from burning. The third condition was to grad-
ually heat from room temperature to 500 °C for 1 hour under air atmosphere in
order to burn away the polymer and binder contained in the paste, as well as to
transform the as-fabricated titanate to anatase TiOy phase. After annealing, TiCl4
treatment was repeated (0.04 M TiCly aq. for 30 min at 70°C, rinse with water and
ethanol, dry with Ny) and firing at 500 °C for 30 min to improve interconnections
between TiO, nanoparticles. Finally, the anodes were immersed overnight in a
0.3 mM solution of [Ru(4-carboxylic acid-4 -carboxylate-2-2” bipyridyl)2(NCS)2]-
[tetrabutylammonium|2 (N719 dye, solaronix) in dry ethanol. The anode was
washed with ethanol to remove excess dye material, followed by drying with N2
before DSSC device fabrication. The cathode counter-electrodes were fabricated
by placing a small drop of 5 mM HyPtClg (from Sigma) in isopropanol onto cleaned
FTO glass, followed by firing at 385°C for 15 min.

3.2.4 Fabrication of dye-sensitized solar cells

The prepared photoanodes and counter-electrodes were put together into
sandwich cell type and sealed with hot-melt gasket of 25 yum Surlyn. The aper-
ture of the Surlyn frame was 2 mm larger than TiO,/DWCNTs area. The internal

space was filled with a drop of electrolyte and the cell was placed in a small vacuum
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chamber to remove inside air and let the electrolyte goes in. The electrolyte was
composed of 0.6 M 1-butyl-3-methylimidazolium iodide (BMII), 0.03 M I, 0.1 M
guanidinium thiocyanate, 0.5 M 4-tert-butylpyridine in acetonitrile and valeroni-
trile (85:15, v/v) [118]. The surface concentration of N719 dye in photoanode was
determined by keeping the dyed-coated photoanode in 0.1 mol dm—2 NaOH solu-
tion in a mixed solvent (water/ethanol=1:1,v,v) [139]. for 24 hours to complete
the desorption. The UV-Vis spectrum from the solution was used to determine
the amount of dyes absorbed at the photoanode surface.

The morphology of TiOs and TiOy/DWCNT after annealing were deter-
mined with an ultrahigh resolution scanning electron microscope (UHR SEM,FEI
XL30), and the photocurrent density-voltage (J-V) curves were measured under
AM 1.5 G illumination with 450 W Xenon lamp equipped with an AM 1.5 global
filter (Newport 81094).

3.3 Results and Discussion

The experimental results and analysis include the study of the effect of paste
incorporation sequence, the morphology of consolidated TiOy /DWCNTSs anode,
DSSC performance of TiOy/DWCNTSs nanocomposite photo-electrode, and the

effect of process conditions such as the annealing conditions.

3.3.1 The effect of paste incorporation sequence

Since there has been no report showing the effect of the sequence of mixing
CNTs with TiOy , we have investigated the effect of process parameters and have
shown here that the different results can be obtained when the sequence of adding
DWCNTSs into the TiO, paste is altered. Figure 3.2(a) displays the characteris-
tics of various TiOy /DWCNTSs pastes, which were made by changing the order
of adding DWCN'Ts into TiO, nanoparticles or pastes as described in the Experi-
mental section. The dark grey color observed from Paste A and the black color of
Paste C may result from the nonuniform and perhaps agglomerated configurations

of DWCNTs in the paste. However, it was surprising to see that the Paste B (con-
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taining nanotubes in surfactant) exhibited a rather light color, which may indicate
the well-separated and uniform distribution of the nanotubes in the paste, since
nano-dimensioned structures much less than the wavelength of the light should in
principle have much reduced light absorption.

Figure 3.2(b) presents the plot of DSSC power conversion efficiency values
obtained for the samples with different processing and materials parameters in
Figure 3.2(a), under AM 1.5 G illumination. The sample size of the active area
was maintained identical for all the samples throughout this research, ~0.4 c¢m
x 0.4 cm. The power conversion efficiency value of the paste A was 4.11%. It
is noted that the highest DSSC power conversion efficiency of 5.3% was obtained
from the paste B. This efficiency is higher than that for the standard TiOy NPs
paste (Paste D), which was ~3.9%. The lowest efficiency of 3.69% was obtained
from paste C in which non-dispersed DWCNTs were simply added and manually
mixed into the TiO, paste, with a likelihood of nanotubes agglomeration and light

blocking as is evident from the more black color of the Paste C.

3.3.2 The morphology of consolidated
TiO; /DWCNTSs anode

Figure 3.3 shows the microscopic images of the annealed TiO, (Figure
3.3(a)) and TiOs/DWCNTSs (Figure 3.3(b)) films characterized by SEM. The an-
nealed TiO, has a grain size (particle size) of approximately 20 nm as shown in
Figure 3.3(a). Shown in Figure 3.3(b) is the DWCNTs dispersed well in TiO,
nanoparticles matrix. Note that this particular sample for this image consisted of
an intentionally higher concentration (10 wt%) of DWCNTs in TiO, paste for the
purpose of obtaining a clearer image of DWCNTs distributed in TiO,. To inves-
tigate the effect of DWCNTs on DSSC performance, the actual DSSC cells were
constructed using a much lower concentration of 0.2 wt % (~0.4 vol%). (DWC-
NTs, in this case it was not always easy to locate the nanotubes during SEM

microscopy. )
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Figure 3.3: SEM images showing the surface morphology of (a) annealed TiO,
film in the photoanode and (b) TiOy/DWCNTs films with intentionally increased
nanotube concentration for microscopic examination.

3.3.3 DSSC performance of TiO;,/DWCNTSs nanocompos-

ite photoelectrode

The comparative photocurrent-voltage (J-V) characteristic of the TiOy vs
DWCNT-containing DSSC devices are shown in Figure 3.4(a). Compared to the
devices with only TiO, NPs paste, the device with the DWCNTSs incorporated
into TiOy NP paste exhibited a much higher photocurrent density (Js.) of ~13.7
mA /cm?, with a substantial increase J,. value by ~43%, as compared to that
for the pure TiOy device (~9.6 mA/cm?). The open-circuit voltages from both
types of devices were similar (~0.8 V) and the fill factors were also similar at
~0.6. Therefore, the only major difference was the photocurrent density (Js.).
As can be seen in the J-V characteristic curves (Figure3.4), it is obvious that the
incorporation of a small amount of DWCNTs facilitated charge transport in some
way in the composite TiO5/DWCNTsS film resulting in significantly higher electron

collection efficiency.
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Figure 3.4: (a) J-V curves of TiOy device vs. TiOy/DWCNTSs device under
AM 1.5 solar illumination. (b) UV-vis absorption spectra of N719-coated, TiOx
nanoparticle (blue line) and 0.2 wt% DWCNT added (red line).

However, a comparative N719 dye analysis indicates that there is no notice-
able difference in the amount of adsorbed dye molecules in the TiOy NP sample
vs the TiOy NP with 0.2 wt% CNT sample, as shown in the UV-vis absorption
spectra data in Figure 3.4(b), for example, at the wavelength of 515 nm having a
molar extinction coefficient of 1.41x10* dm? mol~! em ™!, which is commonly used

for dye adsorption comparison [29]. The adsorbed amount of dye at the anode
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surface of TiOy NP and TiO; NP with 0.2 wt% DWCNT added is estimated to
be 2.26x10~" and 2.27x1077 mol cm ™2, respectively. It means that the increased
Jse value in the DWCNT-containing sample does not result from an increased dye
amount adsorbed on the photoanode surface.This may be understandable since
the amount of DWCNT is small (only 0.2 wt%, equivalent to or ~0.4 vol%), and
hence the increase in the total surface area is also estimated to be relatively small.

There could be two possible interpretations for the effect of DWCNTs on
enhanced J,;.. One is the noticeably reduced microcracking in the DWCNTs-
containing TiO, devices compared to the nanotube-free TiOs devices, as is ap-
parent in SEM micrographs shown in Figure 3.5. The very-high-aspect-ratio nan-
otubes combined with the well-known high strength of the nanotubes could serve
as the mechanically strengthening elements in the nanocomposite (in a sense anal-
ogous to the rebar-reinforced concrete) which minimizes the microcracking during
drying and sintering of the TiO, nanoparticles.

Another possible interpretation for the enhanced DSSC performance by the
nanotube addition is that the electrically conductive DWCNTs providing a path
for easier electron transport, and reduced charge recombination. The charge car-
rier recombination could be minimized if the electrons transported from the TiO,
conduction band were able to quickly transport to the DWCNTs conduction band,
and then get collected by the collecting electrode [131] [138]. This can be related to
the improved interconnectivity between the TiOy and DWCNTSs due to the over-
all enhanced electrical conductivity. However, since the amount of the nanotubes
used here was rather small (~0.2 wt% or ~0.4 vol%), the reduced microcracking
by nanotubes addition is considered to be a more important factor than the con-
ductivity path enhancement by nanotubes. Additional electrical/electrochemical
analysis such as AC impedance measurements would be useful for understanding

of the exact cause of the J,. improvement by the nanotube addition.
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Figure 3.5: SEM images of (a) annealed TiOy and (b) TiO; - 0.2 wt% DWCNTSs
films, showing the drastic difference in the microcracking tendency of frequent
cracks in the pure TiO, layer vs few microcracks in the nanotube-containing TiO,
layer.

3.3.4 The effect of annealing conditions

It is seen that the DSSC performance is dependent on the annealing tem-
perature for the TiO, layer. In order to understand the effect of the annealing
temperature, the J-V curve characteristics, power conversion efficiencies and fill
factors were also measured as a function of annealing temperature in Figure 3.6.
All of the devices in Figure 3.6 were prepared by using paste B because this paste
indicated the best performance compared to different pastes. The data in Fig-
ure 3.6(a) shows the J-V characteristic of the devices annealed at three different
temperatures with the DSSC performance evaluated under AM 1.5 G illumination.

When annealed at 375° C for 1 hour in air followed by additional annealing
in argon atmosphere for 30 min, the efficiency obtained was the lowest at 4.8%.
On elevated temperature annealing, the efficiencies increased to 5.5% and 6.4% for
the annealing temperatures of 450° C and 500° C respectively. In other words, the
efficiency increased with increasing temperature. The reason behind this might
be because the polymer binder materials in the coated paste film could not be
completely decomposed at the lower temperatures below 450° C. Figure 3.6(b)
also reveals that the fill factor of the cell improves monotonically with annealing
temperature, over the range of 350- 500° C investigated in the present work.

Comparing with the standard TiO, anode annealed at identical 500°C, the
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carbon nanotube-containing TiOs anode exhibited much higher photocurrent den-
sity (Jse) increased by 43% as shown in Figure 3.4. The DSSC power conversion
efficiency was also improved from ~3.9% in the case of carbon nanotube-free TiO4
anode to as high as 6.4% with the addition of DWCNTs. The observed enhance-
ment in the solar cell performance in the presence of the double wall carbon nan-
otubes is attributed primarily to the noticeable reduction in microcracking and

associated robust electrical conduction.
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Figure 3.6: (a) Device performance; J-V curves of the DWCNTs-containing TiOs
DSSC at various anode annealing conditions. (b) Dependence of power conversion
efficiency of DSSC and fill factor on the different annealing temperature.
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3.4 Conclusions

In summary, the incorporation of a small amount of double wall carbon nan-
otubes (DWCNTSs) into the TiO, film in the dye sensitized solar cell photoanode re-
sulted in a significant improvement in the solar cell performance. With the 0.2 wt%
nanotubes addition, the photocurrent density was increased by ~43%. Different
types of pastes made by changing the mixing sequences of DWCNTs and TiO, NPs
indicated the importance of the mixing order. Based on the photocurrent-voltage
characteristic, our best TiOy/DWCNTs devices exhibited a conversion efficiency of
6.4% under global AM 1.5 G solar illumination, with a significant improvement in
conversion efficiency, and 43% increase in the current density (Js.) relative to the
cell without CN'T's. The improved efficiency is attributed primarily to the dramatic
decrease of microcracks in the nanotube-containing TiO, film, although some con-
tributions by the enhanced electrical conduction through the nanotubes cannot be
ruled out. It is also shown that the annealing condition plays an important role in

improving the performance of the DSSC devices.

3.5 Note

This chapter, in full, is a reprint of the material as it appears in J. Renewable
Sustainable Energy, vol.4, 2012. Jirapon Khamwannah, Sun Young Noh, Christine
Frandsen, Yanyan Zhang, Hyunsu Kim, Seong Deok Kong, and Sungho Jin. The

dissertation author was the primary investigator and author of this paper.



Chapter 4

Scale-up and FTO free

Dye-sensitized solar cells

4.1 Introduction

Dye sensitized solar cells (DSSCs) have attracted considerable attention in
recent years due to their low cost, high energy conversion efficiency, and relatively
simple fabrication processes. Since the first report by O’Regan and Gratzel in
1991 [15], a number of investigations have been carried out to improve the per-
formance of DSSCs [140] [141] [142] [64]. Over 11% energy conversion efficiency
has been achieved in laboratory scale samples [141] [142]. Fluorine-doped tin ox-
ide (FTO) glass has been widely used for the DSSC assembly as the transparent
conducting oxide (TCO) because of its high visible light transmittance and good
electrical conductivity. However, a noticeable size-dependent efficiency decrease is
encountered when the solar cells are scaled up to larger areas for practical applica-
tions. As is well known, FTO glass exhibits a high sheet resistance, which causes
ohmic loss and further leads to a significantly reduced efficiency [143]. In addition,
FTO glass is also expensive, adding a substantial cost to the DSSC device [144].
Because of this size related problem, FTO glass based DSSCs are typically con-
structed with a stop-gap approach of fabricating about one centimeter wide parallel

stripes and solder-bond stitching them together to produce larger area cells, for

o4
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example, with 10-30 cm dimensions. A single cell design without this stitching
of narrower cells would be highly desirable for design simplicity and lower cost.
Compared with FTO glass, highly conductive metal based electrodes could be a
promising alternative to reduce the resistive loss, device weight and production
cost of large size DSSCs. Fan et al., [145] utilized a stainless steel mesh as the cell
photoanode to replace the FTO glass; however cells with very low energy conver-
sion efficiencies of ~1.49% were yielded. Onoda et al., investigated DSSCs with
different substrates and they found that a nano-crystalline TiO, coated titanium
substrate has a higher efficiency than stainless steel and FTO [146].

Metallic Ti has the advantages of low resistivity, low production cost and
high temperature stability compared with FTO glass [81] [147] [148] [149]. The
three-dimensional network film of interconnected TiO, nanoparticles has a porous
structure and quite a large surface area. While some TiO, nanoparticles (TNP)
paste tends to show poor adhesion on metal substrates, it has been reported that
highly ordered TiO, nanotube arrays with a large internal surface area can be
grown on Ti foils by an anodization process, and good energy conversion efficiencies
have been reported [150] [151] [152] [153] [154]. Rustomji et al., utilized a woven
Ti mesh with surface TiO, nanotubes as the anode basis to obtain ~5% efficiency
[124].

Here, we have employed a commercially available stainless steel mesh screen
and modified the dimensions to be more suitable for DSSC anode structures. And
we also combine low resistance Ti foil, vertically aligned TiO, nanotubes and
porous film of nano-crystalline TiO5 particles to reduce the resistive loss and en-
hance the energy conversion efficiency in larger size single piece DSSCs. The height
of anodized, ordered TiO, nanotubes (TNTs) was controlled to be around 5 pm
by controlled anodization of Ti foil, which was followed by coating with a thin
layer of TNPs, about 7 pum thick. The Ti foil substrate gave good electrical con-
duction after DSSC assembly and the TN'Ts’ nanostructure greatly enhanced the
light scattering and the adhesion of the coated TNP paste. The coated TNP layer
on top of the nanotubes had a large surface area which could absorb the desired

amount of dye molecules. With scaled-up cell sizes from 0.25 to 9 cm?, it is shown
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that the size-dependent efficiency loss is substantially reduced in such a metal- and

nanotube-containing composite structure in contrast to the traditional FTO glass

based DSSC anode design.

4.2 Experimental procedure

4.2.1 Preparation of TiO, Composite of Embedded Stain-
less Steel Mesh for FTO-Free Photoanode

The commercially available Type 304 stainless steel mesh screen (3DLRG,
SS Mesh, ~40 um thick from Grainger) was too thick for use in the DSSC anode
structure. Therefore we chemically etched the stainless steel mesh screen to op-
timally reduce the overall thickness, and also to reduce the grid wire diameter to
increase the light transmission. Aqua Regia solution (HNO3:HCI at 1:3 volume
ratio) was used for 5 min to reduce the thickness to the desired level. The screen
was then pressed to make it geometrically flat for easier assembly into DSSC cells.
The final thickness of the stainless steel mesh was ~30 um. Prior to the cell as-
sembly, the mesh was cleaned in detergent solution, acetone and ethanol, using
ultra-sonication for 10 min. Since the DSSC anodes using the bare stainless steel
mesh screen gave a relatively poor performance with low DSSC efficiency, we added
a dense 200 nm thick Ti metallic layer on the stainless steel mesh surface (both
sides of the mesh screen). The Ti coating is naturally converted to a TiO, layer
during subsequent processing for improved compatibility with the matrix TiO,
nanoparticles material. The photoanode was fabricated by screen printing of TiO,
paste (Solaronix, Swizerland), followed by annealing in air at 500°C/15 min, and
soaked in a 0.3 mM solution of [Ru(4-carboxylic acid-4’-carboxylate-2-2 bipyridyl)2
(NCS)2 ]-[tetrabutylammonium]|2 (N719 dye, from Solaronix) in ethanol for 24 h.
A Pt- coated FTO glass substrate was employed as the counter electrode. The

DSSC cell was constructed as shown in Figure 4.1.
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Figure 4.1: Schematic diagram of free-standing stainless steel mesh-based DSSCs
(FTO-free anode).

4.2.2 Preparation of low resistance TiO, nanotubes on Ti-

foil photoelectrodes

Synthesis of TiO, nanotubes (TNTs)

Highly ordered TiOy nanotube arrays were prepared by an anodization pro-
cess in a two-electrode electrochemical bath. Ti foil (99.5% purity, 0.25 mm thick,
Alfa Aesar) with square dimensions was used as a working electrode. Platinum foil
was used as the counter-electrode. The voltage was applied by a DC power supply
(Agilent, E3612A). A thin TiO, nanotube array layer was produced by anodizing
the Ti foil in a solution of ethylene glycol (99.8%, JT Baker) containing 0.25%
ammonium fluoride (NH4F, 96%, Alfa Aesar) and 2% H,O at 60 V for 30 min.

Preparation of photoanodes

The TNP paste was synthesized by a sol-gel method which was described
by previous researchers [155]. The TNP paste was coated onto the surfaces of

different sized anodized TNT substrates using a doctor blading method and dried
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at 130 °C for 10 min. Subsequently, all the samples were annealed in a furnace
by gradual heating from room temperature to 500 °C (325 °C/5 min, 375 °C/5
min, 450 °C/15 min and 475 °C/15 min, with a 10 min ramping time between
these steps). For comparison, TNP paste coating on bare Ti foil anodes was also
carried out using similar processes. The samples were then treated in 0.04 M TiCly
aqueous solution at 70°C for 30 min in order to make good mechanical and electrical
contacts between the active Ti oxide nano-particle layer and the conducting layer,

followed by thermal treatment at 500 °C for 30 min.

Fabrication of dye sensitized solar cells

The prepared working-electrode (photo-anode) samples were soaked in N719
dye solution as in process described earlier. The cathode (counter-electrodes) were
fabricated by placing a small drop of 5 mM HyPtClg (from Sigma Aldrich) in iso-
propanol onto cleaned FTO glass, followed by firing at 400°C for 15 min. The
prepared photo-anodes and counter-electrodes were put together into a sandwich
cell type structure and sealed with hot-melt gasket of Surlyn. The cell’s internal
space was filled with electrolyte and the cell was placed in a vacuum chamber to
remove the air from inside the cell space and allow the electrolyte to enter. The
electrolyte was composed of 0.6 M 1-butyl-3-methylimidazolium iodide (BMII),
0.03 M I, 0.1 M guanidinium thiocyanate, 0.5 M 4-tert-butylpyridine in acetoni-
trile and valeronitrile (85:15, v/v). Four identical DSSC samples were made and

tested for each condition.

Characterization

The morphologies of the TNTs and TNPs were determined using an ul-
trahigh resolution scanning electron microscope (UHR SEM, FEI XL30). The
photocurrent density-voltage (J-V) curves were measured using a solar simulator
under AM 1.5 G illumination with a 450 W xenon lamp equipped with an AM 1.5
global filter (Newport 81094) and coupled with a Keithley 2420 source meter. The

illumination intensity (100 mW cm™2) was calibrated by a standard Si cell.
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4.3 Result and discussion

4.3.1 DSSC’s performance of stainless steel mesh

embedded photo-anodes for FTO free DSSCs

The J-V characteristics of the DSSCs made up of photoanode structure

2 are shown in Figure

containing stainless steel mesh with an active area 1 cm
4.2. The photoconversion efficiency was very low (1.46%) for the anode with
bare stainless steel mesh screen. Current density versus voltage relationship (J-
V curves) of the DSSCs with different types of TiOs micropapers. However, the
efficiency improved noticeably to 3.07% when 200 nm thick Ti was sputter coated
on the surface of the stainless steel mesh screen.

The enhanced suppression of back electron transfer from the embedded
stainless steel metal electrode to the electrolyte in the presence of the TiOs-coated
stainless steel mesh (since the metallic Ti coating will naturally oxidize to become
TiOs during subsequent processing) could be one of the possible explanations of
why the DSSCs cell performance was improved significantly with Ti coated stain-
less steel mesh than the bare stainless steel mesh. An alternative blocking layer

coating such as Ti-sol solution could also be performed to improve the cell perfor-

mance for the stainless steel mesh embedded photoanode structures.
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Figure 4.2: Current density versus voltage relationship (J =V curves) of the
anodes containing embedded stainless steel mesh, with versus without 200 nm
thick Ti sputter coating.

4.3.2 The morphology of the anodized TNTs and the TNP

paste

Figures 4.3(a) and (b) show the morphology of the TiOy nanotubes grown
by anodization and utilized as a substrate for coating with a TiOs nanoparticles
paste layer to fabricate the DSSC solar cell. The vertically aligned TiO5 nanotubes
with ~150 nm diameter and ~5 pm length were produced by anodization treatment
at 60 V for 30 min in a solution of ethylene glycol containing ammonium fluoride
(NH4F). After anodizing, the paste containing 25 nm size TiOy nanoparticles was
coated on top of the TiOs nanotube layer, as shown in Figures 4.3(c) and (d).
The total thickness of the nanotube and nanoparticles particles photoanode was
around 12 ym (TNT layer 5 ym and TNP layer 7 pum). The crystal phase of the
TiO, nanoparticles and TiOy nanotubes has been reported in our previous work
[156] [157] to be predominantly the anatase phase after an 400-500°C annealing
process. Anatase phase TiOs is still the main phase utilized in most DSSCs related
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research and applications.

TiO2 NP
paste layer

TiO2 Nanotube
layer —— 500nm

Figure 4.3: SEM images of anodized TiOy nanotubes and coated and baked TiO,
nanoparticles paste. The TNTs were grown on a Ti foil at 60 V for 30 min. (a)
45°tilted view of the TNTs, (b) top view of the TNTs, (c) 45°tilted cross section
of the coated and 500 °C baked paste, and (d) top view of the coated and baked
paste.
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Figure 4.4: Comparative photocurrent density—voltage (J—V) characteristics of
the (TNP-on-Ti foil) anode versus the (TNP-on-TNT on Ti foil) anode. The anode
size is 0.5 x 0.5 cm? for both types of DSSC cell.

4.3.3 DSSCs performance of a TNP paste-on-Ti versus
TNP paste-on-TNT anode

Figure 4.4 shows the typical, exemplary photocurrent density—voltage (J-V)
characteristics of DSSC cells with TNPs coated on bare Ti foil substrate versus
those on an anodized TiOs nanotube (TNT) layer. The inset shows the DSSC
photovoltaic numerical performance data. In contrast to the J-V data for the
TNP coated Ti foil (the lower curve in Figure 4.4), which indicates a relatively poor
performance with a low short-circuit current density of J,. = 5.20 mA cm~2. The
TNP coated TNT structure (the upper curve) exhibits a significantly enhanced
photoanode current density of J,, = 9.36 mA cm™2 (Four DSSC samples were
made and tested for both types of sample, yielding generally comparable data).
For example, the TNP coated Ti foil anode cells exhibited J,. values ranging from

4.59 to 5.20 mA cm~2, while the TNP coated TNT structure produced J,. values



63

ranging from 6.56 to 9.90 mA cm~2). The results indicate that the DSSC device
with anodized TNTs exhibits almost two times higher J,.. As is well known, the
porous TNP film absorbs many N719 dye molecules on the large surface area of the
15-20 nm diameter TiOs nanoparticles within the TNP layer. There might be some
extra dye molecules attached onto the surface of the TiOs nanotubes underneath
as well; however the surface area of the ~150 nm diameter nanotubes is expected
to be much smaller than that of the TiO, nanoparticles in the samples investigated
in this study.

The photoelectrons generated from the dye molecules are transferred to the
TiO5 nanoparticles for eventual collection by the conductive substrate to produce
electric current and generate power. The improved DSSC performance by the
addition of the TiOy nanotube layer between the traditional TiOy nanoparticles
layer and the Ti foil (Figure 4.4) is tentatively attributed to one or more of the
following factors.

(i) A more robust mechanical locking of the active TNP layer material (see
the schematics of Figure 4.5) and less tendency for local micro-cracking or local
delamination of the TNP layer from the Ti foil as the TNPs and metallic Ti have
different elastic moduli and thermal expansion behavior.

(ii) TNTs, having fewer interfacial boundaries due to their vertically aligned
array and continuous electrical conduction paths to the Ti metal conductor under-
neath, most likely allow more efficient electron transfer from the TiOy nanopar-
ticles layer, thus reducing the chance of charge recombination, which also means
that the electrons may have longer lifetimes to contribute to the higher photocur-
rent [158] [64].

(i) Increased sunlight absorption and reduced reflection due to the topo-
graphically rough, vertically aligned nanotube structure which may help to trap
the sunlight better.
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.TiO, NTs

Ti foil

Figure 4.5: Schematic illustration of the mechanical and electrical connections of
the TiO4 anode layer to the Ti foil. (a) A TiOy nanoparticles (TNP) layer without
a TiOy nanotube layer, and (b) with a TiOy nanotube (TNT) layer.

In order to consider the possible surface area effect that influences the
amount of dye absorption and DSSC efficiency, we calculated the total surface
area of the 5 pm tall nanotubes utilized and compared with that for the 7 pum
thick TiOy nanoparticles layer. For the nanotubes, assuming an average OD (r,,
outer diameter) of 150 nm and ID (r;, inner diameter) of 130 nm, and a 20 nm gap
between adjacent nanotubes, the total inner surface area + outer surface area per

2 area of the 5 um tall TNT array structure is calculated to be ~0.015 m?.

1 cm
For the 7 pm thick nanoparticles layer, assuming a uniform 20 nm diameter and
face-centered-cubic close packing, the total surface area is calculated to be 0.156
m?, which is one order of magnitude larger than that for the 5 yum tall nanotubes.
Therefore, even assuming that all the inner and outer surface of the nanotubes are
coated with adsorbed dye and utilized, the contribution of the dye reaction from
the nanotube portion is much smaller than that from the nanoparticles portion.
By substituting a part of the nanoparticles layer material with the nanotube

material layer (i.e., instead of 12 pum thick TiOy nanoparticles, we used 5 pm thick

nanotubes + 7 pm thick nanoparticles), we actually sacrificed about 40% of the
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surface area. Nevertheless, we observed a significant improvement in the DSSC
performance. We attributed this phenomenon to the enhanced light scattering
by the presence of the TNT structure underneath the TNP structure, which is in
agreement with Zhu et al’s published results [23].

For the TNT-only DSSC cells without the TNP layer, we typically see
~2-3% lower efficiency than for the TNP-only DSSC cells with a comparable
material thickness (data not shown). As discussed above, the TNT layer that we
utilize has an order of magnitude smaller surface area than the TNP layer and
the dye absorption is thus expected to be much smaller than for the TNP cells,
with the DSSC efficiency also expected to be somewhat limited. Further research
is required to have a more thorough understanding of the mechanisms for the
observed DSSC performance enhancement, and the possible contribution of each
of the factors listed above.

Comparative schematic illustrations of the possible electron transfer and
light paths for three types of anode structure—based on FTO, Ti metal, or an-
odized Ti substrates—are shown in Figure 4.6. In traditional FTO solar cells, light
passes through the anode FTO glass, then some of the light is absorbed by the
dye molecules. The transmitted sunlight is not utilized since it passes through the
cell, as illustrated in Figure 4.6(a). In the Ti foil based solar cell, the photoanode
substrate is replaced with a metallic titanium sheet, so some of the sunlight can be
reflected by the Ti substrate and then be used again. For the anodized TNT based
solar cell, the light can be scattered by the three-dimensional topography of the
highly ordered TiO5 nanotubes. This leads to an increase of the optical path length
in the TiO, film, thus allowing more light to be recycled by the dye molecules for
additional photocurrent generation. As reported previously [64], anodized TNTs
show more light harvesting due to the enhanced light scattering off the oriented
nanotube structure. This scattered light can be used again in the photo-anodes,
which helps to improve the conversion efficiency. Furthermore, compared to the
TiO5 nanoparticles-based anode structure, the vertically aligned and continuous
nanotubes have fewer interfaces for easier electron transport with a reduced chance

of charge recombination, which could further enhance the conversion efficiency of
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TNT based DSSCs.

(a) (b) (c)
:pcg?ent _— Anodizgd TiO,
| Ti foil nanotubes
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Figure 4.6: Schematic of the electron transfer paths and the utilization of incident
light in the different substrate based DSSC anodes: (a) FTO glass, (b) Ti foil, and
(c) anodized Ti (on Ti foil). More sunlight capture with reduced light transmission
or reflection can be achieved by structure (c).

4.3.4 DSSC performance of different sized TNP paste-on-
TNT cells

The photovoltaic characteristics of DSSCs with TNP paste coated on TNT's
(Figure 4.6(c)) with four different active cell areas are shown in Figure 4.7 and
Table 4.1. Four identical samples were prepared and tested for each cell size, with
the results indicating comparable DSSC performance from sample to sample. The
average data are shown in the Table 4.1. The typical example J-V curves shown in
Figure 4.7 indicate that the TiOy nanoparticles coated, anodized TNT cells have
efficiency values of 4.82%, 4.50% and 4.35% for cell sizes of 0.25 cm?, 1 cm? and 4
cm?, respectively. When the cell size is further increased to 9 cm?, the efficiency is
slightly lower (2.92%) than for the other three sizes. However, the fill factor (0.45)
is improved by ~80% compared to identical sized traditional FTO glass based

photoanode solar cells as shown in Figure 4.8 and Table 4.2 due to the reduced

series resistance of the Ti-containing photoanode.
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Table 4.1: The photovoltaic performance of DSSCs with TNP paste coated on
TNTs with four different active cell areas.

Active area (cm?) Voo (V) Je(mA/cm?) Efficiency(%)

0.25 0.79 9.36 4.82
1 0.75 9.69 4.50
4 0.73 9.68 4.35
9 0.67 9.72 2.92

e (), 25

10

Current Density (m4/cm] )

0.0 0.2 0.4 0.6 0.8
Voltage (V)
Figure 4.7: Photocurrent—voltage (J-V) characteristics of TiO, particles coated

on different sized anodized TNT substrates. The cell sizes (in cm? active area) are
marked in the inset.
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Table 4.2: Photovoltaic characteristics of different size traditional FTO glass solar
cells.

Active area (cm?) Voo (V) Je(mA/cm?) Efficiency(%)

0.25 0.81 17.90 7.92
1 0.82 14.70 6.56
4 0.80 13.20 2.96
9 0.77 5.99 1.18

20
18. o dar
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Current Density (mA/cni’)

4 -
%
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Figure 4.8: Photocurrent-voltage (J-V) characteristics of different size traditional
FTO glass-solar cells with the cell size of 0.25, 1, 4, and 9 cm? area.

The noticeably higher fill factor results in almost 50% enhancement of the
energy conversion efficiency over that of the same size traditional FTO glass solar
cell. In contrast to FTO glass based TNP solar cells, the efficiency of the TNP
anodized TNT-Ti foil solar cell does not exhibit a significant drop when the size
of the solar cell is increased. For comparison, the photovoltaic characteristics of
traditional DSSCs based on FTO glasses are presented in Figure 4.8 and Table 4.2.

The samples in Figure 4.8 and Table 4.2 were fabricated in an essentially identical
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manner to the cells with TNP paste on a Ti foil anode in this study, except that
FTO glass was used in the anode without any Ti foil involved. The dependence
of the DSSC photovoltaic performance of FTO and TNT based cells on the active

area is shown in Figure 4.9.

9.00
ETiO2 NPs/FTO

7.00
6.00
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4.00
3.00
2.00
1.00 -

Efficiency (%)

0.00 - T T
0.25 1 4 9

Active Area (cm?)

Figure 4.9: Photocurrent-voltage (J-V) characteristics of different size traditional
FTO glass-solar cells with the cell size of 0.25, 1, 4, and 9 cm? area.

When the anode area is small, for example, 0.25 cm?, the FTO based solar
cell shows a much higher J,. of 16.42 mA cm~2 than that for the TiOy nanotube/Ti
foil based cell, exhibiting a J,. value of 10.1 mA cm~2. A similar behavior is seen
for the 1 cm? size cells. However, when the size is increased the trend reverses

at a cell area of 4 cm?

, at which point the nanotube-containing metal anode cell
(TNP-on-TNT) already exhibits efficiency above that for the TNP on FTO cell.
When the cell size is further increased to 9 cm?, the J,. of the FTO based cells
dramatically decreases to 6 mA cm™2 (see Figure 4.8 and Table 4.2), while the
nanotube-containing cell still maintains a higher efficiency than the FTO based
cell. The fill factor of the FTO based cell also shows a noticeable decrease from
0.54 to 0.26. Furthermore, the power conversion efficiency of the FTO based cell

drops remarkably from more than 7% to below 1.5% when the anode size is made

larger. Therefore, it is shown that in order to prepare the desired, larger sized
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DSSCs (a full sized cell, not a stitched line array cell), use of the TiOy nanotubes
and removal of the FTO glass are very beneficial.

The sheet resistance of the FTO glass substrate is 12.4 €2/sq at room tem-
perature, which is increased to 15.4 after sintering at 450 °C for 30 min, while the
Ti substrate maintains a low resistance of 1.0 x 1073 Q/sq which is four orders of
magnitude smaller than that of the FTO glass [159]. The electrical resistance of
the substrate plays a very important role in the factors determining the DSSC cell
performance, especially when the cell size is scaled up.

Therefore, the efficiency of TNP coated, anodized Ti cells exhibits a much
higher performance stability with respect to increased active area size than FTO
based cells. It should be noted that while the anode FTO glass was eliminated
in this work, the cathode structure still utilized FTO glass. Our ongoing research
effort to also eliminate the cathode FTO glass and replace it with a metallic struc-
ture is likely to further reduce the size dependence of solar cell performance in

larger DSSC cells, which will be reported in future publications.

4.4 Conclusions

In order to mitigate the severe performance deterioration in larger size dye
sensitized solar cells, we have investigated the use of anodized TiOs nanotubes
(TNTs) on Ti foil in combination with the standard TiO, nanoparticles coat-
ing. The presence of nanotubes in the DSSC anode as well as the removal of the
FTO glass from the anode structure enabled a significant improvement in the size-
dependent deterioration of the DSSC with a much milder decrease of the efficiency
as a function of the cell dimensions up to 9 cm?, greatly surpassing the performance
of standard TiOy nanoparticles based solar cells. The observed improvement is
partly attributed to the elimination of the highly resistive FTO glass in the anode
structure, as well as the enhanced charge collection via the nanotubes coated Ti
substrate, resulting from improved mechanical and electrical connections, electron

conduction and possibly improved light trapping.
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4.5 Note

This chapter, in full, is a reprint of the material as it appears in Nanotech-
nology, vol.24, 2012. Yanyan Zhang, Jirapon Khamwannah, Hyunsu Kim, Sun
Young Noh, Haibin Yang, Sungho Jin. The dissertation author was the primary
investigator and co-author of this paper.

This chapter, in part, is a reprint of the material as it appears in Journal
of Nanoscience and Nanotechnology, vol.13, 2013. Jirapon Khamwannah, Hyunsu
Kim, Yanyan Zhang, Tae Kyoung Kim and Sungho Jin. The dissertation author

was the primary investigator and author of this paper.



Chapter 5

Conclusion and future outlook

5.1 Conclusion

The goal of this research was to develop a well-designed and economically
competitive dye sensitized solar cell (DSSC) electrodes to further enhance the
energy conversion efficiency of DSSCs. The major findings are as follows;

As discussed in Chapter 2, a composite of TiOy nanoparticles/8 nm TiO,
nanotubes was successfully fabricated as a stand-alone, paper-like structure for
photoanode of dye-sensitized solar cells by using a simple mechanical pressing
method. Three types of TiO, micropaper photoanode were made and their mi-
crostructure and DSSC performances were compared. The measured photocurrent-
voltage characteristics clearly indicated that the mixed of TiOs, nanoparticle and 8
nm TiOy nanotube micropaper exhibited significantly improved photocurrent den-
sity (Js.) as compared to the pure TiOy nanoparticle micropaper device, providing
a much increased conversion efficiency. The best power conversion efficiency of
5.38% was for the solar cell under illumination of simulated AM 1.5 solar light.
The combination of TiO, nanosphere-particles and 1D nanostructure leads to the
effective electron transport and also provides the mechanical robustness for the
overall structure while maintaining the transparency level. Additionally, the free-
standing nature of the micropaper TiO, structure offers an interesting possibility
of future simpler FTO-free anode could reduce the DSSC fabrication cost.

In Chapter 3, it was demonstrated that incorporation of double-walled car-

72
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bon nanotubes (DWCNTSs) into a TiO, photoanode layer resulted in significant
improvement in the overall energy conversion in DSSC. Compared to the standard
TiO5 anode, the carbon nanotube-containing TiO5 anode with 0.2 wt.% DWCNTs
boosted up the photocurrent density (J,.) by 43%. The DSSC power conversion
efficiency was also improved from ~3.9% in the case of carbon nanotube-free TiO,
anode to as high as 6.4% with the addition of DWCNTSs upon optimized anode
annealing. The observed enhancement in the solar cell performance in the pres-
ence of the carbon nanotubes is attributed primarily to the noticeable reduction
in microcracking and associated robust electrical conduction. Some contribution
of the electrical conducting nature of the filler material (DWCNTSs) to the im-
proved DSSC properties may be possible; however, it is viewed as a minor effect,
considering the small amount of nanotubes used.

In Chapter 4, the use of anodized TiO5 nanotubes on Ti foil in combination
with the standard TiO5 nanoparticle paste coated anode structure has been inves-
tigated. Since, the typical DSSCs using TCO glass substrate exhibited a severe
reduction of power conversion efficiency when the cell size was increased. A DSSC
device based on a titanium foil photo-anode was developed. This type of anode
structure enabled a significant mitigation of the size-dependent deterioration of the
DSSC performance, with a much weaker decrease of the efficiency as a function of

2. The observed improvement is partly attributed

the cell dimension up to 9 cm
to the elimination of fluorine-doped tin oxide glass in the anode structure, as well
as the enhanced charge collection via the nanotube-coated Ti substrate, resulting
from enhanced mechanical and electrical connections and possibly improved light
trapping. The introduction of TiO, nanotubes on the Ti foil substrate led to a

substantial improvement of the J,. current density.
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5.2 Future work

5.2.1 A large-area and light-weight non-FTO

dye-sensitized solar cell

For practical applications, the development of large-area and light-weight
DSSCs are needed. The main structure of the DSSCs is the conductive substrate,
but the conductive glass as a substrate is limited because of its rigidity, and plastic
substrates are not applicable with the high temperature sintering process. Metal
foils, on the other hand, can have good flexibility, low sheet resistance, high tem-
perature endurance, and are inexpensive. Thus, they may be utilized as substrates
in light-weight DSSCs. Although there are several candidates, such as stainless
steel, silver, copper, etc., titanium is the most promising choice. Titanium as a
substrate has high conductivity compared with a FTO (fluorine-doped tin oxide)
substrate and has superior corrosion resistance to iodine electrolyte which is used
in DSSCs [149] [159] [160].

In Chapter 4, the electrochemical anodized TiOy-based DSSC was demon-
strated, in which the titania nanotubes array was grown on titanium foil (Ti foil)
and it was exploited as a photoanode [161]. The experimental results showed the
anodized TiOs-based anode structure enabled a significant mitigation of the size-
dependent deterioration of the DSSC performance. Further study can be done by
eliminating the fluorine-doped tin oxide (FTO) substrate and replacing it with a
metal foil for both anode and counter electrode. The DSSC cell could be scaled
up to 100 cm? by utilizing the all metal substrates structure.

The FTO glasses could be replaced with Ti-foil as the photoanode and Ti-
mesh as the counter electrode. Due to the opaque nature of the Ti substrate, the
cell can be illuminated through a transparent counter electrode. Figure 5.1 shows

a schematic diagram of back-illuminated non-FTO DSSCs.
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Figure 5.1: The schematic diagram of suggested back-illuminated large-area
FTO-free DSSCs.

Preliminary study of a new design and fabrication of DSSC counter
electrode for non-FTO DSSC

The counter electrode for the backside-illumination approach can be pre-
pared from a platinized Ti mesh which has adequate transmittance for light to pass
through. The optimum of the visible transmission of the Ti mesh should be in the
range of 80-90% (comparable to FTO glass [162]). In this preliminary study, the
tunable light transmission of patterned Ti was obtained via the method of low cost
and high throughput printer-based fabrication of metal mesh followed by chemical
etching of pattern-masked metal foils (see Figure 5.2 ). The pattern and size can
be easily adjusted using a computer program. A large area of the patterned Ti
foil can be obtained by this method as depicted in Figure 5.3. Careful design of
the mesh opening size is important: the bigger the opening, the less conductive
area of Ti substrate. Moreover when the opening is too large, the electrolyte diffu-
sion path is longer, resulting in slower iodine regeneration which can occur at the

counter electrode.
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Figure 5.2: Low cost and high throughput printer-based fabrication for Ti mesh.

Figure 5.3: Large area (100 cm?) Ti mesh obtained from printer-based fabrication.

A hexagonal pattern of Ti foil was obtained by printer-based fabrication
and was used as a substrate for counter electrode. As shown in Figure 5.4, the
SEM image shows a hexagonal pattern. The dimension of the hexagonal wire
width is 185 pum and the opening size is about 445 pm. This pattern is calculated
to have 50% light transmittance.
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Wire width ~185 um
Opening ~445 um

Figure 5.4: Hexagonal patterned Ti from printer-based fabrication.

In this experiment, platinum, which is the most efficient catalyst, was
coated onto the patterned Ti foil by a sputtering process (Denton Discovery sput-
ter/UCSD Nano3 system). The thickness of the nanoparticles Pt thin film layer
was controlled to be 30 nm, 60 nm and 90 nm as the thicker layer will result in
a continuous film. A DSSC photoanode was made from TiO, nanoparticles on
FTO glass as previously explained in Chapter 4. A cell construction was similar
to the traditional DSSC construction except at the counter electrode, in which
the normal glass slide (not FTO) was used as a transparent supporting substrate.
A standard FTO glass DSSCs were also built to compare the performance of the
proposed structure. Figure 5.5 illustrates a structure of the patterned Ti mesh

counter electrode DSSC.

Pades

Patterned Ti

Figure 5.5: Schematic diagram Pt-sputtered on patterned Ti counter electrode

DSSC.

The photovoltaic characteristics of DSSCs of the Pt-sputtered on a pat-
terned Ti counter electrode DSSCs and traditional FTO DSSCs are shown in
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Figure 5.6 and Table 5.1. Front-illumination via the photoanode and backside-
illumination via the counter-electrode testing were performed. In the case of front
illumination, the obtained performance from hexagonal pattern is good, which
shows similar cell performance such as J,., V., ff and efficiency, indicating the
excellent catalytic activity of sputtered Pt, no matter what the thickness is. Ac-
cording to the backside illumination results, since the light loss through etched
Ti patterned is much more than PT/FTO/Glass (transmittance of 71% at 550
nm), which is about 88% (transmittance of float glass) x 50% (transmittance of
etched Ti foil) x 85% (transmittance of additional electrolyte between float glass
and etched Ti foil), corresponding to 37.4% transmittance finally. Since the elec-
trochemical activity of sputtered Pt is comparable with Pt /FTO/Glass, it is better
to try the higher transmittance (>85%) of patterned Ti foil for further enhanced
the cell performance of the backside-illumination FTO free DSSCs.

Table 5.1: The photovoltaic performance of standard FTO-DSSC vs Pt-sputtered
on hexagonal patterned Ti DSSCs.

DSSC sample  Active area (cm?)  Vo(V)  Je(mA/cm?)  Efficiency(%)

Standard-front 0.748 12.94 0.576 5.57
Standard-back 0.734 8.38 0.671 4.13
30nm-front 0.753 12.96 0.517 5.04
30nm-back 0.720 4.96 0.701 2.37
60nm-front 0.750 12.82 0.572 5.51
60nm-back 0.710 4.34 0.684 2.11
90nm-front 0.756 12.75 0.577 5.57

90nm-back 0.727 4.78 0.710 247
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Figure 5.6: Photocurrent—voltage (J-V) characteristics of standard FTO-DSSC
vs various thicknesses of Pt-sputtered on hexagonal patterned Ti DSSCs.

As Pt sputtering process requires high-cost equipment and it is also not
practical for the scaled-up, larger production DSSCs, a counter electrode can be
prepared by electrodepositing Pt on a patterned Ti using a current—time (chronoam-
perometry) technique from a HoPtClg (2 mM ) aqueous solution containing HCI
(0.50 M ) [163].

An electrodeposition three-electrode cell was set up with Ti mesh as a
working electrode, a Pt wire counter electrode and an Ag/AgCl reference electrode
is shown in Figure 5.7. One example of Pt nanowire on a patterned Ti foil is shown

in Figure 5.8.
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Figure 5.8: Electrodeposition of Pt nano size on hexagonal patterned Ti foil.
Total applied current 60 mA /cm? |, total applied charge density 540 mC/cm?, the
pulse ‘on’ 10 ms and the pulse ‘off” 190 ms.

This study should be continued to evaluate these concepts more fully. The
size, morphology, and loading of platinum nanoparticles should be studied in more
detail, as well as the processing parameter, such as pH of the HyPtClg solution,
current density, applied charge density and deposition time. A cyclic voltammetry
measurement is required to evaluate the electrocatalytic activity of the Pt on a Ti

surface in I3 /I~ redox reaction.
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