INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and

dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

in the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with small overiaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6 x 9" black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

Bell & Howell Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA
800-521-0600

®

UMI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



NOTE TO USERS

This reproduction is the best copy available.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DISSERTATION

Dye Sensitization of TiO, Crystals and Nanocrystalline Films

with a Ruthenium Based Dye

Submitted by

Akiko Fillinger

Department of Chemistry

In partial fulfillment of the requirements
for the Degree of Doctor of Philosophy

Colorado State University

Fort Collins. Colorado

Fall 2000

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UM! Number: 3002075

®

UMI

UM!I Microform 3002075
Copyright 2001 by Bell & Howell Information and Learning Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

Bell & Howeil Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



COLORADO STATE UNIVERSITY
October. 26. 2000

We hereby recommend that the dissertation prepared under
our supervision by Akike Fillinger entitled Dye Sensitization of
TiO, Cryvstals and Nanocrystalline Films with a Ruthenium Based Dye
be accepted as fulfilling in part the requirements for the degree of

Doctor of Philosophy.

W

o, l G

&
C&Um %‘«(@D\ >
A

-
7

(Nt

Department Head

i

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract of Dissertation

Dye Sensitization of TiO, Crystals and Nanocrystalline Films

with a Ruthenium Based Dye

The dye/semiconductor interface of a recently developed highly
efficient (overall conversion efficiency > 13 %) dye sensitized nanocrystalline
TiO, solar cell was investigated.  First. the adsorption and desorption rates of
the dye (eis-ditthiocvanatoibis(2.2"-bipvridvi-4 4'-dicarboxylate)rutheniumih:N3).
and the relationship  between the dye coverage and the photon-to-current
conversion efficiencies were examined tor nanocrystalline  TiO, films. A two-
step dve adsorption mechanism  was postulated where initial binding of N3 js
through one carboxyl group. with subsequent binding of two or more carboxyl
groups.  The photon-to-current conversion efficiencies were tound to increase
abruptly at a coverage of about 0.3 monolayers. To explain the non-linear
increases  in the conversion efficiencies. a hole-hopping mechanism  was
proposed. At greater than 30 % coverage. hole transfer between adjacent N3
molecules becomes possible and tacilitates the regeneration of the oxidized N3

by the redox species (I) in the matrix of the nanoporous structure.

i
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Natural anatase crystals were also investigated as substrates for dye
sensitization by N3 to circumvent the complexity of the nanoporous structure
of the nanocrystalline TiO, films. A crystal face dependence of the sensitization
vield was observed and explained with the variation in the distances between
the Ti binding sites by different crystal faces. The dye sensitized photocurrents
with the natural anatase crystals had millisecond rise times. The rise time

decreased  with greater light intensity and greater dye coverage. suggesting that

trapping  and detrapping of injected electrons at traps in the crystals is
involved in the electron transport in the natural anatase crystals. The
absorbed  photon  to current  efficiency ot the nanocrystalline  films  was
calculated to be approximately three to seven times greater than that of the
single crystals, indicating more recombination in the single crystals.

Finallv. the surtace morphologies of natural and synthetic TiO, crystals
were investigated  with scanning  celectron  microscopy  and  atomic  force
microscopy.  Several surface treatments were attempted to obtain tlat terraced

surfaces suitable for imaging the adsorbed N3,
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CHAPTER ONE

Background

The development of renewable energy has become very important
because of the environmental deterioration caused by the consumption of fossil
fuel and the concern for the exhaustion of fossil tuels in the near future. One
of those alternative energy sources is solar energy. Electrochemical
photovoltaic  cells convert solar energy to electric energy based on the
photovoltaic  etfect.  Dye-sensitized nanocrystalline TiO, solar cells. which |
have chosen for my research subject. are the latest promising clectrochemical
photovoltaic cells.  In this chapter. a brief history and overview of the
photoelectrochemical  cells will be presented in Section 1. Then. the dye-
sensitizced nanocrystalline  TiQ, solar cell will be introduced in Section 2.
Finallv. unknown aspects of this new type of solar cell will be discussed in

Section 3 in order to clarity the goal of my research project.

1.1. Brief History and Overview of Photoelectrochemical Cells

The photovoltaic effect is a fairly old discovery. In 1839 a French
physicist. Edmond Becquerel. observed a voltage and a current when

illuminating a silver electrode immersed in a chloride electrolvte.l  The
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appearance of a voltage across the illuminated semiconductor/electrolyte
interface (or p-n junction) is called the photovoltaic effect. However. it was not
until {935 that the origin of the photovoltaic phenomenon was understood
with the work on germanium semiconductor electrodes done by Brattain and
Garret.2 During the next decade. the theory of semiconductor
photoelectrochemistry  was more fully developed at Bell Laboratories in the U.
S. by Dewald.} ¥ Boddy.5+ 6 and Turner:’: 8 in Germany by Gerischer?: 10

and Memming:!!* !2 and in Russia by Myamlin and Pleskov.13

I.1.1. Mechanism of Operation of Hectrochemicai Photovoltaic Solar Cells

A schematic representation  of electrochemical photovoltaic  cell s
illustrated in Figure 1.1. The electrochemical photovoltaic cell consists of a
semiconductor  electrode.  a counter electrode. and  an  electroiyte  solution.
Electrons in the valence band of the semiconductor are excited to the
conduction band by absorbing photons of energy greater than the bandgap
energy (E,) of the semiconductor.  Since the electrons (e) excited to the
conduction band leave holes (h*) in the valence band. electron-hole pairs are
created in the semiconductor. In the case of n-tvpe semiconductor (Figure 1.1,
the electric field formed at the semiconductor/electrolyte interface drives
electrons into the bulk of the semiconductor. to the back contact and then to
the outer circuit.  The holes are driven to the semiconductor/electrolyte
interface under the electrical field. and oxidize the reduced species of the redox
couple (R). At the counter electrode. the electrons reduce the oxidized species

of the redox couple. resulting in no net charge in the semiconductor or
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Figure 1.1. Schematic representation of an electrochemical photovoltaic cell
with an n-type semiconductor electrode. R is the reduced species of the redox
couple, and O is the oxidized species of the redox couple.
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solution. This is the mechanism of light-to-electricity conversion by an

electrochemical photovoltaic cell.

1.1.2. Different Forms of Photoelectrochemical Cells

Electrochemical photovoltaic cells are one form of photoelectrochemical
cells.  All photoelectrochemical  cells consist of a semiconductor  electrode. a
counter electrode (usually metab. and a redox electrolyte solution. and
function based on the photovoltaic effect. The other forms of
photoelectrochemical  cells are photosynthetic  cells and  photocatalytic  cells.
Schematic representations  of the different types ot photoelectrochemical  cells
are presented in Figure 1.2.14  [n photovoltaic cells (Figure 1.2.a & b the
reaction that occurs at the counter electrode is the reverse of the reaction at
the semiconductor electrode.  The cell converts light to electricity ideally
without any change in the solution composition or the electrode materials.

In photoelectrosynthetic  cells (Figure 1.2, ¢ & d) the reaction at the
counter clectrode is different from that at the semiconductor.  The net cell
reaction is driven by light in the non-spontaneous direction (AG > 0) so that
solar cnergy is stored as chemical energy.  An example of this type of
photoelectrochemical  cells is n-SrTiO/ H.O/Pt cell used for water splitting
(Reaction 1).1%

2H.O —» 2H, + 0O, (AG = 475 kimolh (Reaction 1)

Photocatalvtic cells (Figure 1.2 e & f) are similar to photosynthetic cells.

vet the reaction is driven in the spontaneous direction (AG < 0). In this type of
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cell. light energy is used to overcome the activation energy of a very slow
reaction. An example of this type of photoelectrochemical cell is n-
TiO./CH:OH/Pt cell for the decomposition of methanol (Reaction 2).16

30, + 2CH.OH—» 4H.,0 + 2CO, (AG = -1401 kJmolh (Reaction 2)
Photocatalytic cells are not useful for energy conversion but may be useful tor

photodegradation  of pollutants.

1.1.3. Development of Practical Photoelectrochemical Cells

In 1972, the news of a possible practical application of photo-
clectrochemical cells energized the electrochemical community.,  Fujishima and
Honda reported the decomposition  of water to hvdrogen and oxygen with an
illuminated  TiO, electrode. 17 This photoelectrochemical  cell is @
photoelectrosynthetic  cell (Figure 1.2.¢). which converts solar energy to
chemical energy. An intrinsic disadvantage of large bandgap semiconductors,
including TiO, (E, = 3.2 eV). is their limited light utilization.  As shown in
Figure 1.3, the solar spectrum has less than 5 % ot its energy in the UV region
(> ~3.1 eV). Therefore. the maximum conversion etficiency of solar energy to
electricity or stored energy with the large bandgap electrodes is less than § @.

To overcome this limitation. small bandgap semiconductors. for instance
gallium arsenide (Eg = 1.4 eVi18 and cadmium selenide ¢ Eg = 1.7 eV).19 were
intensely studied.  These small bandgap semiconductors have ideal bandgap
vilues for the maximum utilization of the solar spectrum (Figure 1.3).
However. these semiconductors tend to be unstable in an electrolyte solution

under illumination. Because the minority carriers are usually highly reactive.
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Figure 1.3. The solar spectrum and the bandgap of the semiconductors.
The gray areas indicate the absorption by the molecules.
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these semiconductors themselves undergo oxidation or reduction reaction with
the minority carriers. This process is known as photocorrosion. Reaction 3

describes the photocorrosion  of n-type GaAs in a neutral solution under

illumination.

hv
GaAs + G6H,O + 6h* —» Ga(OH), + As(OH). + 6H° (Reactionl)

Because the standard potential  (Ey) for this reaction at pH 7 (-0.45 V vs. SCE)
falls within the energy gap between the band edges (E,=-0.23 V and E = -1.65

V vs. SCE at pH 7). the electrode is unstable with respect to the corrosion

18

reaction. Photocorrosion is one of the reasons why photoelectrochemical

cells have not found practical applications for energy conversion.2® 21 yer,
photocorrosion can be significantly reduced with redox reactions of suitable
redox potential and reaction rate to compete etfectively with the corrosion
reaction.  In several systems. a high degree of Kinetic stability that overcomes
the thermodynamic instability has been achieved.22-28

In addition to improving the stability. lowering of the production  costs
of the semiconductor is critical for the practical development of
photoelectrochemical «cells. The growth of bulk crystal semiconductors. such as
with the Bridgeman and Czochralski methods. is slow and/or costly.26- 27 One
solution to the high production cost of bulk crystal semiconductors is the use
of polverystalline semiconductors.  The production  of polycrystalline materials
usually requires less energy. less time. and less material. Those economical
production techniques include chemical vapor deposilinn.28 spray pyrolysis.

pressure sintering.2? chemical bath plating. and electroplating.30 The
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efficiency of polycrystalline semiconductor electrodes is usually lower than
single crystals because the probability of the recombination of electron-hole
pairs is greater due to the presence of grain boundaries and other defects. Yet.
some studies have revealed that polycrystalline semiconductor electrodes can

L

achieve a relatively high percentage (60 to 85 e)Me 32 of the efficiency of the

single crystal counterpart.

I.1.4. Dye Sensitization of Large Bandgap Semiconductors

Extension of the utilization of the solar spectrum for photovoltaic cells
made  with wide bandgap semiconductors has been demonstrated by dyve-
sensitizing the semiconductors. A schematic representation  of a dye-sensitized
photovoltaic cell is shown in Figure 1.4, The dye molecules are chemically or
physically adsorbed onto the semiconductor surface.  Upon absorption  of the
light. the electronically  excited dye molecules inject electrons  into  the
conduction  band of the semiconductor. The combination of dye and
semiconductor needs to be chosen so that the energy level of the excited state
of the dve is higher than the bottom of the conduction band (AV >0.1 eV 33
A unique feature of the dyve-sensitized system is that the tunctions of tight
absorption and charge collection are divided between the semiconductor and
the dye. In other words. the semiconductor works solely as a charge
transporter  and collector. not as a light absorber.  The advantage of the
separation  of the light absorption and the charge collection is that there Is less
possibility of photocorrosion of the semiconductor since minority carriers are

not produced in the semiconductors.
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The enhancement of light absorption by dye-sensitization was. however,
limited by the ftact that only a monolayer of dye adjacent to the semiconductor
surface can inject electrons efficiently into the semiconductor.34  Single crystal
semiconductors  do not have large surface areas and so cannot adsorb large
quantities of dve. Theretfore. dye-sensitized solar cells were of only scientific
interest until a  breakthrough was achieved by the use of nanocrystalline

semiconductor  tilms.

1.1.5. Evaluation of Efficiency
There are several “efficiencies™ used to evaluate photovoltaic cells.  The
most trequently  used efficiencies are the incident photon to current efficiency
(IPCEy and the overall efficiency tor light to electricity conversion (). The
IPCE is deftined as the following.
Number of collected electrons

IPCE() = (Equation 1)
Number of incident photons

The IPCE is obtained spectroscopically by measuring the photocurrent collected
by illumination with monochromatic light and calculating [PCE with the
following equation.

Photocurrent (A) x photon energy (V)

IPCE(h) = (Equation 2
Light intensity (W)

The overall efficiency of light to electricity conversion (nof a
photovoltaic cell is evaluated with the tollowing equation.

n = Puu( / Pin (Equution 3)
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where P, is the maximum output power of the cell. and P,  is the power of the
incident light. The determination of the P, is illustrated in Figure 1.5. Since
the power delivered by the cell is the product of the photocurrent and the
photovoltage. the maximum power that the cell can deliver (P,,) is represented
with the maximum rectangle  area (Figure 1. 5, the gray square: L x V. L P,

is described as the following using the concept called the fill factor,

Puu( = l\.‘. X Vn\:

/LD x (V7 Ve x|

s

=1t x [, x V..

The fill tactor (ff) is defined as the product of the ratio of the photocurrent for

the maximum P, to the short-circuit current I/ and the ratio of the

photovoltage for the maximum P, to the open-circuit voltage (V,../V ). The
fill factor is an important element ftor the evaluation of the actual performance
of the solar cell. In a photocurrent-voltage curve. the closer the curve is to
rectangular  shape. the greater the fill tactor. consequently  the higher the
etficiency.

P, is the incident solar energy and is defined as

P, =lctlux (A x V(a))dr (Equation 4

where the flux (A) is the photon ftlux at a given wavelength. and V (RA) is the

energy of the photon of that wavelength.
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Figure 1.5. Relationship between the output power, the short-circuit current,
the open-circuit voltage, and the fill factor.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2. Dye-Sensitized Nanocrystalline TiO, Solar Cells

In 1991. O'Regan and Griitzel's3S letter to Narure reinvigorated the
community of photoelectrochemists. The paper reported a potentially
commercially viable energy conversion efficiency for a dye-sensitized
nanocrystatline  TiO, film. Because of the high surface area ot the
nanocrystalline  films and the very good absorption spectrum of the dye. this
solar cell can utilize almost half of the solar energy tlux and shows an
exceptionally  high  efficiency for the conversion of incident photons to
electrical current.  The overall light-to-electron energy conversion  efficiency
was 7.9 % under one sun illumination and 12 % in diffuse c.l;lylight.35
Furthermore. the potentially low production cost and the stability ot the

3

svstem?® make practical applications of this device quite possible.

1.2.1. OQperation and Energetics of the Dye-Sensitized Nanocrystalline

TiO, Solar Cell

A schematic representation  of the dve-sensitized nanocrystalline  TiO,
solar cell is shown in Figure [.6. This system consists of a nanocrystalline  TiO,
film electrode on transparent conductive glass with the ruthenium-based dye
chemically adsorbed to the TiO,. a platinum coated conductive glass counter
electrode. and 1/ I, - redox couple in acetonitrile.  The reducing species (1) of
the redox couple regenerates the dye molecules that are oxidized by injecting
an electron into the TiQ,. and becomes [ (Reaction 4). that is reduced at the
counter clectrode (Reaction 5).

I +28 —p L+ 2§ (Reaction 4)

14
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V vs SCE

Figure 1.6. Schematic of sensitized nanocrystalline TiO, solar cell. Large circles:
TiO, nanocrystallites; small black circles: dye molecules. Dashed line: quasi Fermi
level of the TiO, film under illumination; line above the dashed line: conduction

band of TiO, film. S: dye (sensitizer) at the ground state; S*: oxidized dye; S*:
electronically excited dye.
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I + 20 —¢p 30 (Reaction 5)
where S is the oxidized form of the dye. and Sis the dye in the neutral form in
the ground state. [In this way. the circuit is completed. and the electricity can
be produced as fong as light energy is provided.

The long wavelength absorption threshold for the dyve adsorbed on TiO,
is about 800 nm. corresponding to a potential of 1.6 eV. Since the oxidation
potential of the dye (S*/S) is 0.8 V vs SCE. the reduction potential (S/S7) is
calculated to be -0.8 V vs SCE. The potential of the conduction band edge s
-0.7 vs SCE. Since the driving force necessary for the rapid vectorial electron
transfer is about 0.1 eV33 photons  of up to 800 nm wavelength can
theoretically  be utilized with this svstem.  The cell voltage obtained under
illumination corresponds  to the difference (AV) between the quasi-Fermi level
of the nanocrystalline TiOs film under illumination and the redox potential of
the electrolyte (/). corresponding  to a potential of 0.9 V. The photocurrent-
voltage curve of the cell measured under AM 1.5 illumination is shown in
Figure 1.7. AM stands tor air mass and is a measure of the atmospheric path
length of the sunlight. where AM | illumination is defined as the intensity of
the solar illumination at the sea level at the equator during the equinoxes.
Accordingly. AM 1.5 illumination is the intensity of the solar illumination at the
sea level at latitude 48.2° N and 48.2° § during the equinoxes.  Under this

illumination the open circuit voltage was (.72 V.the photocurrent was 8.3 mA

c¢m ".and the fill factor was 0.73. yielding 10% overall efticiency of the cell 33
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Figure 1.7. Photocurrent-voltage characteristics of the dye sensitized
nanocrystalline TiO7 solar cell.37
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In order to achieve an optimal efficiency. the energetics of the three
components (dye. semiconductor. redox couple) in Figure 1.6 need to be
varied.  Substantial efforts have been made to synthesize new dyes for better
spectral overlap with the solar spectrum and to find an alternative to the [/,
redox couple.  As shown in Figure 1.6, approximately (.4 V is lost in the
reduction of the photoexcited dye by the iodide ion since at least 0.1 to 0.2 V
of overpotential is needed. Yet. so tar no other redox couple has been found to

be as efticient as the ['/1 tor this device.

1.2.2. Nanocrystalline  TiO, semiconductor electrodes
The distinguishing  morphological  properties ot the nanocrystalline

semiconductor  electrodes  are  their  high  surface-to-volume  ratio and

porosity 33 The mesoporous  morphology ot such a  nanocrystalline
semiconductor  film is shown in Figure 1.837  The scanning electron

micrograph reveals that the TiOQ, film consists of three-dimensionally
interconnected  particles with an average diameter of approximately IS nm.
The thickness of the films is approximately 10 pm. The surface area was
measured  with N, adsorption and calculated using the Brunauer-Emmett-Teller
(BET) isotherm.38  The mesoporous film consisting of nanometer-sized TiO,
particles has a 1000-tfold greater surtace area than its geometric aread8  The
pore size distribution was calculated as 18.5 to 19 nm by applving the Barret-
Johner-Halenda (BJH) treatment to the isotherm.38 39 The porosity is defined

as the ftollowing equation.

18
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150 nm

Figure 1.8. Scanning electron micrograph of nanocrystalline TiO film.38
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porosity = Ve ! (Voo + Vo)
where V. is the volume of the voids. and Vi, is the volume of the TiO,
particles.  The porosity was calculated to be 0.64 for the neat film and 0.42
after dye adsorption. assuming the height of the dve is .4 nm. Y. 38

The pore size of the nanocrystalline ftilm also plavs a critical role.  The
pore must be large enough so that the dye can reach the TiO, surface and the
redox couple can ditfuse through the pore without depleting the reducing
species of the redox couple around the photooxidized dye.  Yet. the pore size
needs to be small to enhance the total surface area of the TiO, titm.  This high
surface area is one of the most significant advantages of the nanocrystalline
film.  Only the first monolaver of adsorbed dye efficiently injects electrons into
the semiconductor. and the light harvesting efficiency of a monolayer dye is
very small capproximately  (L05 to 0.1 % of the incident lighty, Theretore, the
enhancement  of  photon-to-electricity  efficiency  of  the carlier  tlat
semiconductor  electrodes by dye-sensitization  was severely limited bhecause of
the small surface areas of the electrodes.

One method of preparing nanocrystalline TiO. films is by spreading
colloidal TiOQ, solution on a conductive transparent glass substrate and then
sintering in air tor 30 min at 450 “Cin order to form electrical contact between
the TiQ. particles that allows charge transport to the substrate.3? The colluidal
TiO. dispersions are prepared by hydrolysis of titanium tetraisopropoxide.
(TitOCH(CH ). illustrated in Figure 1.9. or by dissolving commercial TiO-
(P25. Degussa AG. Germany). which is produced by tlame hydrolysis of TiCl,

and consists of aggregated particles. The thickness of the films after annealing

20
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[Hydrolysis]

OiPr OH
| |
iPrO —Ti—O0iPr + 4H,0 —» HO —Ti —OH + 4iPrOH
| |
OiPr OH

[Condensation]

OH (l)H OH OH
| |
HO —Ti—OH + HO—Ti—OH —» HO—Ti—O~Ti—OH + H,0
1 | | I
OH OH OH OH

[Further Condensation]
(I)H OH
|
HO —Ti—0O —Ti~OH —>

| ! 2Tio, + 3H20
OH OH

[Overall Reaction]

(?iPr

iPrO —Ti —OiPr + 2H, O —» TiO; + 4iPrOH
|
OiPr

Figurel.9. TiO; synthesis by hydrolysis of titanium isopropoxide.
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was approximately 10 pm. X-ray diffraction analysis of the films produced by
hvdrolysis of titanium tetraisopropoxide revealed that they consist entirely of
the anatase form of Ti0,4® while the commercial TiO, is a mixture of ca. 30 %
rutile form of TiO, and 70 % anatase.#l As described above. the production of
the semiconductor electrodes is a quite simple and low cost process. This is
one of the major advantages of this solar cell.

The absorption spectrum  of a TiO, nanocrystalline film prepared by
hydrolysis of titanium tetraisopropoxide is shown in Figure 11040 The film
was supported on conducting  glass.  The film exhibits the band edge transition
at approximately 390 nm. corresponding to the bandgap of 3.2 eV, The
absorption  below 400 nm rising slowly to the red is due to free carrier

absorption in the fluorine-doped tin oxided2

1.2.3. Efficient sensitizer

The dye molecule most widely used tor the sensitization of the
nanocrystalline  TiO, is cis=ditthiocyanato)bis(2.2 -bipyridyl-4.4"-dicarboxyvlate)
ruthenium(ll).  The molecular structure of this dye is shown in Figure 1.11.
The advantages of this dyve for efficient sensitization are: a wide range of
visible light absorption and a relatively long-lived excited state 41 The
absorption spectrum of the dye dissolved in ethanol is shown in Figure [.12.
This dve is often called “N3" in honor of the chemist. M. K. Nazeeruddin. who
synthesized this efficient dye as his third sensitizer candidate. The maximum

absorption coefficients of the N3/ethanol solution are reported to be

(3%}
~

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



0 . 6 P '
t
o ]
{
| .
| !
-4 lu
o . 2 — .'\
\“\‘ e ——— -
o | | | l
400 500 600 700

Wavelength (nm)

Figure 1.10. Absorption spectrum of a TiO7 nanocrystalline film. 40
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Figure 1.11. Molecular structure of the sensitizer of the nanocrystalline TiO;.

24
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Figure 1.12. Absorption spectrum of N3 dissolved in ethanol.
The concentration of the N3 solution is 2.4 x 10-5M.
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142 x 10PM" em™? at 534 nm. 1.40 x 10*M' cm™? at 396 nm. and 3.12 x 10*M' ¢m'!
at 313 nm.4! The absorption peaks in the visible region (at 534 nm) and near-
UV region (at 396 nm) are assigned to two t, ® x° metal to ligand charge
transfer (MLCT) transition. and the absorption peak in the UV region
(at 313 nm) is assigned to t =% n intraligand transition.#!  The carboxylate
groups are chemically bound to the surface. forming a strong electronic
coupling between the N3 and the TiO,. The molecular orbital diagram for the
N3 attached to the TiO, and the electron transter trom the N3 to the TiQ, are
illustrated in Figure .13,

In addition to the wide range of the visible light absorption. another
advantage of N3 is its much greater forward electron transfer (i.e. injection)
rate (k) compared to the backward clectron transter rate (k). The backward
transter involves the recapture of electrons injected into the TiO, conduction
band by the oxidized N3 and the oxidized half of the redox couple (). These
kinetics measurements  were conducted by using a flash photolysis method.
which is described later.  The ratio of the injection to recapture rates is greater
than 10'.  The rationale ftor the much smaller rate of back transter to the
oxidized N3 is the less favorable overlap of the molecutar orbitals involved in
the back transter with the wave function of the conduction band than those
involved in the injection transfer.33  The carboxylate groups interact directly
with the surface Ti'* ions. forming good electronic coupling of the rn* wave
function with the titanium 3d orbitals of the conduction band of the TiO,.
Theretore. the electron injection from the excited sensitizer into the

semiconductor is extremely rapid. less than a picosecond. On the other hand.

26
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the back transfer of the electrons to the oxidized ruthenium complex involves a
d orbital localized on the ruthenium metal whose electronic overlap with the
TiO, conduction band is small. Furthermore. the wave function of ruthenium
contracts upon oxidation from Ru** to Ru'*, resulting in further reduction of
clectronic coupling.

The photocurrent action spectrum (IPCE spectrum)  of the nanocrystalline
TiO- film sensitized with the N3 is shown in Figure 1.14.41 The cell was
constructed in a sandwich configuration.  The photocurrent  was obtained at
short  circuit. The TiO, film was illuminated trom the back side of the
nanocrystalline  tilm.  As seen in Figure 1.14, the IPCE of this cell is impressive
particularly in the wavelength range between 510 and 570 mm (85 to 90 PARE
A sensitizer for solar cells have to be stable tor many years. The N3 sustained
more than 5 x 107 redox cycles without noticeable loss of performance.
corresponding  to approximately 10 years of continwous operation in natural

stivlliglll.35' 36

1.2.4. Charge Transport in Nanocrystalline TiOQ, Film
An intriguing feature of the nanocrystalline TiO, ftilm is the high
etficiency of the transport and collection of photoinjected electrons through

the TiO, particles and the grain boundaries between the particles ¥ 43 For
bulk semiconductors. the space charge layer provides the driving torce for

charge transport through the semiconductor. However. due to their small size
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Figure 1.14 Photoaction spectrum of a nanocrystalline TiO; film sensitized
with N3. The nanocrystalline TiO; film was prepared from a colloidal solu-

tion of P25 (Degussa) on a transparent conductive glass. The electrolyte was
0.03 M I and 0.3 M Lil in acetonitrile. The counter electrode was platinum

coated conducting glalss.41
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there is no significant space charge layer formation in nanocrystalline
semiconducting films. The transfer of charge carriers between the
semiconductor and the electrolyte is necessary for the formation of a space
charge Jlayer. Nano-sized particles are too small to contain enough charged
species to form a space charge laver.33 Theretore. diffusion is considered to
be the driving force for charge transport through the semiconductor films. The
electron concentration  profile inside of the film has been calculated and is
shown in Figure 1.1534 The steep electron concentration gradient near the
back contact provides the driving ftorce tor electrons to flow toward the back
contact.  Therefore. the assumption that the driving torce of electron transport

is solely diffusion seems to be justified for the nanocrystatline film.
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Figure 1.15, Electron concentration  profile inside of the dye-sensitized
nanocrystalline TiOs film34  nis the electron density under illumination.  n,is
the electron in the dark.  x is the distance from the back contact. d is the
thickness of the TiO, film. t*is dimensionless time.

This figure was constructed based on a numerical solution for a
transport  equation  for electrons. which is obtained using a forward time central
space (FTCS) algorithm.  The transport equation for electrons was obtained as
the following. Carrier transport in the semiconductor film is described as the
following.+

Jn_ = da +G - R {equation 1§
n ax
where n is the electron density under illumination. J is current density in the
film. t is time. X is the distance from the back contact. and G and R are the
carrier generation rate and recombination rate. respectively.  For the dye-
sensitizced nanocrystalline TiO, film. the carrier generation rate G can be

L
¢

written as:
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G = (I’ x LHE) (equation
ax
where [ is the photon flux. LHE is light harvesting efficiency. that is a fraction
of absorbed photons to incident photons. and written as the following.

2)

LHE=1 - 10™ (equation 3}
where o is the wavelength-dependent absorption coefficient of the dye-
sensitized film. By substituting equation 3 into equation 2.

G =T exp(-ux) (equation 4)
Since the dye-sensitized nanocrystalline TiO, film is considered to be lack of a
space charge laver. the contribution of migration to the current density is
ignored.  Then. Jis written as the tollowing,

J = ¢eD on (equation 5)
X
where D is the diffusion  coefficient of electron. Assuming that the

recombination is negligible. which will be explained to be a fair assumption in
later chapter. the time-dependent transport equation for electrons is obtained
by substituting equations 4 and 5 into equation 1.
Do nx. U - dnx. ) + Toexpl-ax) = 0 (equation 6)
I’ N
The diffusion coefficient D ftor electrons in the film is assumed to be
proportional to the electron concentration. and written as the following,

D=D, ntx. t) tequation 7))
n4|
where D, is the diffusion coetficient in the dark. and n, is the electron density
in the dark. Substituting equation 7 into equation 6. the transport equation tor
electrons becomes.

Donex. ) o, t))

o No ax - anx. v+ Fu expt-oxy = 0
X ot

(transport equation for electrons)

(78]
[$9)
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1.2.5. Kinetics of the reactions in the dye-sensitized nanocrystalline
TiOQ, solar cell.

The charge separation in the dye-sensitized nanocrystalline solar cell is
controlled by the Kkinetics of the «charge transter between the dye.
semiconductor. and the redox couple.  The electron transter rates in this
system are shown in Figure 1.16. Following the light absorption by the dve
(Figure 1.16 (1. the time scale of the electron injection into the TiQ,
conduction band (Figure .16 (2)) was measured to be in the picosecond range
by flash photolysis. 35 46 [ this experiment colloidal TiO, with adsorbed dve
was  pulsed with a 450 nm dye laser. then the absorbance change was
examined. A bleaching signal at 530 nm. absorption peaks at 380 nm and 650
nm were observed and assigned to the dve ground state. the dye cation radical.
and the conduction band  electrons. respectively.  The absorbance changes
observed immediately after the laser pulse indicate that the clectron injection
from the dye into the conduction band happens during and/or within the laser
pulse. in a picosecond time scale.  Also. a much shorter time scale for the
clectron has been reported by monitoring  the transient absorption  signal at
I100 nm after excitation at 415 nm and 550 nm tor an N3-covered colloidal
TiO, clectrode in ultrahigh vacuum#7  This signal was assigned to the
intraband absorption of the injected electrons. From the less than 25 fs rise
time of this signal the electron injection rate was analyzed to be in femtosecond
range.

The subsequent recombination of the conduction band electron with the

oxidized dve (Figure 1.16 (3)) was observed to occur over several microseconds
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Figure 1.16. Rates for the electron transfer reactions in the dye-sensitized
nanocrystalline TiO; electrode.33 Step (4): 10°11 t0 10"9 A cm™2; Step (6):

102 t0 10! A cm™2.
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by monitoring the time dependence of the absorbance at the three different
wavelengths. Another recombination process is the reduction of I in the
electrolyte by conduction band electrons (Figure 1.16 (4n.  The exchange
current density of this process has been measured to be 10" w0 10" Acm-.
depending on the clectrolyte 8 This exchange current density corresponds to
the electron back transter rate of 10" to 10" <! for a nanocrystalline TiO, film
with 1 ¢m x 0.5 ¢m x 10um dimensions.  This recombination rate  of 10" to
LO' s is competitive with the injection rate of 10" to 10" 5" that was reported
by Griitzel et al. On the other hand. the recombination rate of 10/ to 10 5" is
negligible if the injection rate is in femtosecond time scale as reported by Willig
et al.

The electron transport in the nanocrvstalline TiO, film to the back
contact (Figure 1.16 (5)) is significantly slower than in single crystal Ti0, 4951
The decay of the photocurrent from UV excitation of the TiO, film with a
nanosecond  pulse laser was observed to be in the millisecond to second
range. 52 The exchange current density for reduction of triiodide at the
counter electrode (Figure 1.16 (6)) has been measured to be 107 o 10" A em= 53
This exchange current densitv is equivalent to an electron transfer rate of 10'°
to 107 s for a 1 cm® counter electrode.  Finally, the regeneration of the
oxidized dve by iodide ion (Figure 1.16 (7)) occurs in a time scale of 10* s41

As presented above. the high cfficiencies and high stability of the dve-
sensitized nanocrystalline  TiO, solar cell can be attributed to the favorable

Kinetics tor the desired pathway of the photoexcited electron.
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1.3. Unknown Aspects of the Dye-Sensitized Nanocrystalline
TiO, Solar Cells

Despite progress in improving the cfficiency’s' 41 and stability36 of
the dye-sensitized nanocrystalline TiO, solar cells. there are many unknown
aspects ol their operation.  The goal of this project is investigating some of
these unknown aspects.  The first aspect is the dye/semiconductor interface.

Recent publications  have discussed some theoretical views of the binding of the

7]

ruthenium complex sensitizers to the anatase surface. 37 54 55 yer very few
experimental  data  that  provide information on the dye/semiconductor
interface have been publishcd.s6 Our approach to this unexplored aspect is to
examine the relationship between the binding geometry. dve coverage. and the
efficiency of photon to clectricity conversion. We would like to answer the
following questions to provide information on the dye/semiconductor intertace
(Figure 1.17. Aspect(In. 1 How does dyve coverage affect the efficiency of
photon to electricity conversion?  2) How does dye coverage atfect the binding
geometry of the dye? 3) How does the binding geometry affect the efficiency?
The sccond aspect relates to the diffusion of the redox species in the
nanocrystalline film.  The limitation of the regeneration ot oxidized N3 due to
the restricted diffusion of the regenerating species () tn the matrix of the
nanoporous TiO, film has been overlooked. A study with a mathematical model
showed that the diffusion of [ was affected very little by the presence of the
solid nanocrystalline Ti0..3% However. we expect that the tortuous path for |

diffusion through the TiO, nanocrystalline film will considerably hinder the

36
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(Aspect 3)  Nanocrystalline Films
vs. Single Crystals

Figure 1.17. Goals of this project.
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diffusion.  This aspect is addressed with the results of the investigation on the
relationship between the dye coverage and the conversion efficiency.

The third aspect is the correlation of the enhanced efficiency of the dyve-
sensitized nanocrystalline  TiO, to the increased surface area compared to a
single crvstal system. In other words. is the enhancement in the etficiency
proportional to the increase in the surtace area? If so. is the enhanced
efficiency simply an attribute of the increased surface areas? Is there any
special effect due to the nanometer size structure”?

In the next chapter (Chapter 2). the experiments using nanocrystalline
TiO, films are reported. and aspects of the dve/semiconductor interface and
the regeneration  of oxidized dye are discussed. In Chapter 3. the cxperiments
utilizing natural anatase single crystals are presented. and a comparison ot
nanocrystalline  tilms and single crystals is presented.  In the last chapter
(Chapter <), the data taken with surface imaging techniques are shown in an

attempt to provide direct information on the dye/semiconductor interface.
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Preface to Chapter Two

[n this chapter. the dve adsorption behavior and the relationship
between photon to current efficiency and the dye coverage are investigated
in nanocrystalline  films to examine these relationships in the actual solar
cell. T am presenting my first publication as chapter 2 of my dissertation.
This paper was published in the Journal of the Electrochemical Society, vol.

146, p 4559-4564 (1999).
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CHAPTER TWO

The Adsorption Behavior of a Ruthenium Based Sensitizing
Dye to Nanocrystalline TiO2 : Coverage Effects on the

External and Internal Sensitization Quantum Yields

ABSTRACT

The  adsorption  of the ruthenium based  dye  molecules.  cis-
ditthiocyvanato)bhis(2.2'-bipyridyl-4.4'-dicarboxylate)rutheniumcih (NH. to
nanocrystalline  TiO2 (70 % anatase and 30 % rutile) was studied.  Adsorption
and  desorption  Kinetics  were  measured.  then  adsorption  isotherm  and
"desorption isotherm” were obtained. A two-step dye adsorption mechanism
is postulated  where initial  binding is with one carboxyl group. with
subsequent  binding of two carboxyl groups. Dye (N3) coverage effects on
the photon  to current  conversion  efficiencies  were  investigated by
measuring the photocurrent action spectra and the optical absorbance of
nanocrystalline  TiO2 fitms sensitized with  various N3 coverages. The
incident  photon to current efficiency (IPCE) and the absorbed photon to
current  efficiency (APCE) showed abrupt increases at a coverage just above
30%. In order to explain the nonlinear increases in the [PCE and the APCE.
the onset of a hole hopping mechanism was proposed where at greater than
30% coverage hole transter between adjacent N3 molecules becomes possible.

This  percolation  of holes through the N3 network  facilitates the

regeneration  of oxidized N3 mofecules by redox species (1) in the matrix of
nanoporous structure resulting in the sudden increases in the IPCE and the

APCE. Other mechanisms for this effect including a role of N3 clusters in

two-electron oxidation of " are also discussed.
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2.1. Introduction

Dve sensitized nanocrystalline anatase solar cells have generated much
recent interest due to advances in both their efficiency! 2 and stability.3
Despite progress in the efficiency and stability of these solar cells there are
many fundamental aspects of their operation that are still unknown.  The
detailed structure  of the dye/semiconductor interface is a central problem
for which there is little information. Recent publications have discussed
some theoretical  aspects of the binding of the favored ruthenium complex
sensitizers  to the anatase surface.4®  Another fundamental process. for
which there is limited information. is the regeneration reaction between the
photooxidized dyve and the iodide ion that is commonly used to regenerate the
adsorbed  dye.

Herein we report studies of the adsorption and desorption  kinetics of N3
to nanocrystalline  anatase films. At long adsorption times the isotherm for
the adsorption of N3 to the film is then determined and compared with a
"desorption isotherm™.  Insights into the structure of the dye/semiconductor
interface  are  obtained and are discussed in terms  of models for the
adsorption process.  Knowing the optimal N3 dye coverage for efficient solar
conversion is tmportant  because the relatively expensive N3 dye may be a
large contributor to the total cost of sensitized nanocrystalline  TiO2 solar
cefls.  The optimal dye coverage can be found by probing the quantum yield
of the TiO> films sensitized at various N3 coverages.  Diffuse reflectance
spectroscopy  is then used to measure the absorbance of the film in the
visible  region of the spectrum. The absorbance  coupled with the
measurements  of the quantum yields. as a function of dye coverage and

wavelength in a photoelectrochemical  device. allows us to calculate the
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quantum yields per absorbed photon (APCE) at all wavelengths and at various
dye coverages. The dependence of APCE on wavelength and dye coverage is
obtained and discussed as it relates to the regeneration process of oxidized

dve molecules.

2.2. Experimental

Nanocrystalline  TiO2 films were prepared by spreading a colloidal TiO
solution on conductive transparent indium tin oxide (ITO) coated glass. The
TiO3 colloidal solution was prepared as described in the literature as Method
B.2 Ti0) powder (P25, Degussa: 3 g) was ground in a mortar with water (I ml)
containing acetylacetone (0.1 ml).  After the Ti0Q2 particles were dispersed by
the applied shear forces, the viscous solution was diluted with water 4 mi).
Then, a surfactant (Triton  X-100. Aldrich: 0.05 mb was added.  The 1TO-coated
glass was covered with two parallel adhesive tapes | om apart to control the
thickness  and the area of the TiO2 film (1.8 ¢cm X 1.0 ¢co). The colloidal
sofution was applied between the tapes on the [TO-coated glass by rolling «a
glass rod on the surface.  After air dryving. the TiOa film was fired at 500 "C for
I hour. The average film thickness was measured to be 13 pm trom a
scanning electron  micrograph.

Adsorption  of dye molecules,  cis-ditthiocyanato)bis(2.2"-bipyridyl-4.4'-
dicarboxylate)ruthenium(ih (N3:  purchased from Solaronix SA.
Switzerland). on a TiO» film was carried out by soaking TiO2 films in
N3/ethanol  solutions (10 ml each).  Three concentrations of N3/ethanol
solutions  were prepared (0.16 mM, 0.013 mM and 2.7 uM). To monitor the

uptake of the N3 by the TiO2 films. the absorbance of the N3/ethanol

solutions wias  measured (Hewlett Packard. 8452A  Diode Array
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Spectrophotometer)  as a function of time. The amount of adsorbed N3 was
calculated from the difference between the initial absorbance and the ones
at subsequent time using the absorption coefficient of N3 in ethanol 142 x
10+ M-1 em-! at 534 nm?2. Desorption experiments  were done by placing the
N2-coated TiO2 films into ethanol. The TiO2 films were dried by wicking with
a piece  of tissue (Kimwipes®, Kimberly-Clark) prior to the desorption
experiments.  This treatment minimized the amount of N3 trapped within the
matrix of the TiOa film. but not bound to TiO2 surface. As in the adsorption
experiment. the absorbance of the N3 was monitored over time.

The configuration of the sensitized TiO2 film solar cell was similar to the
one described in reference 2. The counter electrode was platinum  plate. The
sensitized TiO> film and the platinum plate were sandwiched with a clip with
a spacer (Teflon” film, 50um thick) in-between.  The redox couple (0.3 M Lil
and  0.03 M Iy in acetonitritery  was injected  to the space  between  the
clectrodes  with a syringe.

The action spectra of the TiO2 films sensitized at various N3 coverages
were taken using a Newport 75\ tungsten  halogen  lamp. Jarrel-Ash  0.25-m
monochromater  and  PAR 174 Polarographic Analyzer linked 0 a
computerized  control  and data acquisition  system. The absorbance of
nanocrystalline  TiO2 films  with various N3 coverages was measured  with
diffuse reflectance  spectroscopy  (Hitachi U-3501 spectrophotometer)  due to

the high scattering of TiO2 nanoparticles.
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2.3. Results and Discussion
2.3.1. N3 Adsorption and Desorption

To investigate the kinetics  of the adsorption of N3 onto
nanocrystalline  TiQ) surfaces. the quantity of adsorbed N3 was monitored as a
function of time (Figure 2.1) by following the disappearance of N3 from the
solution as was described  in the experimental  section. A fast rate of
adsorption was measured in the first 4 hours for all initial N3 concentrations.
The initial fast adsorption rate from a 0.16 mM N3 sofution was followed by a
much slower adsorption rate.  This trend was also observed but less apparent
at lower  concentrations. Stirring  the N3 solutions did not affect the
adsorption  rates.  which  suggests  that  dittusional  limitations  were  not
important in the adsorption  of N3 onto nanocrystalline  TiO2 tor these N3
concentrations.  Equilibration was reached after about 60 hours for ail the N3
concentrations  since no  further adsorption was observed after this time.  The
Figure 2.2 shows the desorption  of N3 into pure ethanol  solutions  as a
function of time for samples where the initial adsorption was from various
N3 concentrations. A fast desorption rate of N3 was also observed in the first
10 hours for all samples.  Equilibration was reached after about 350 hours for
all the samples since no further desorption was observed after this time. The
ratio of the quantity of the desorbed N3 to the initially adsorbed N3 was
calculated  for all samples. and these values are shown in  Table 2.1
Interestingly. the ratio of the desorbed N3 to the initially adsorbed N3
became greater as the quantity of the adsorbed N3 increased. Assuming that
equilibrium  conditions are achieved in the adsorption and desorption
experiments. the isotherms for adsorption and desorption of N3 were

obtained (Figure 2.3).
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Figure 2.1. Adsorption of N3 to nanocrystalline TiO7 as a function of time.

Initial N3 concentrations are black circles: 0.16 mM; white circles: 0.013 mM;
crosses: 2.7 uM. The initial adsorption from 0.013 mM and 2.7 yuM N3 solu-
tions are shown in (b).

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(a) 005 ——

C T T T T 'frffi
S 004 [ i
E r 6 %’ %
o C ¢ -
K 0.03 - ® .
E 1 979 E ]
® - o ]
Z 02 L o2 X 1
' |
x
S 001 e X i
& t" 1
E ]
0@ ol by
0O S50 100 150 200 250 300 3
Time (hr)

(b) , '
-_— E v I
3 0.006 - ) [
E : T L Cox
o - ! <
2 z ik ‘ ;
€ o0.00s: .
™ .t T < - :,
2 T
§ 0.002 - :

3 1

; ! i I j

0 2 4 6 8 10
Time (hr)

Figure 2.2. Desorption of N3 from nanocrystalline TiO; as a function of time.

Quantities of adsorbed N3 prior to the desorption are black circles: 0.16 ymol;
white circles: 0.12 ymol; crosses: 0.09 ymol. The initial desorption from the
sample with 0.09 ymol N3 adsorbed is shown in (b).
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Table 2.1.

Ratio of desorbed N3 to initially adsorbed N3.

ad30rbd Desorbed desorbad N3
N3 le) to initially
(umole) (wmo adsorbed N3
0056|0017 025
0.090 0.025 0.28
0.12 0.038 0.32
0.15 0.068 0.45
51
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Figure 2.3. N3 adsorption and desorption isotherms. Black circles:
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adsorption equation.
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Although many of the assumptions inherent in the Langmuir isotherm
are not valid. such as the equivalence of all sites and independence of the
occupation  of sites  with coverage. the experimental  data were fit to a
Langmuir  adsorption  isotherm (dashed line in Figure 2.3) as stated by

cquation [,

o=-KC_ (]

where @ is the fractional coverage. K is the adsorption constant, and Cis the
concentration of N3 in solution. The best fit was obtained with & =28 « 10+

MU and the full coverage of N3 was found to be 0.16 umol.  Assuming a

molecular area of N3 projecting on TiO2 to be 180 A2 from the wmolecular axes
of N3 (~14.2 A and ~12.6 A). a surface area of the TiO2 film was caleulated to be
30 "‘2/:—’Ti():. Other groups  have reported  a value of 40.2 n13/g'ri()3 from
krypton  adsorption measurements.? Qur smaller value for the surface area
may be the result of unoccupied adsorption sites due to what may well be
impertfect  packing  of N3 molecules. [naccessible  sites tor N3 molecules
because  of small pores may also contribute to the smaller value for the
surface  area.  Figure 2.3 also shows that the isotherm measured for the
desorption  process s different  from the isotherm  measured for the
adsorption  process, bringing the assumption of equilibrium  conditions into

question.

2.3.2 Model for N3 Binding to Nanocrystalline TiO)

The binding of N3 to a nanocrystalline TiO2 film has been studied by

other groups. The three possible coordination modes of the carboxyl group

h
]
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were discussed in these studies. Those coordinations are unidentate (ester-
like linkage).® bidentate chelating or bridging (i.e. two Ti%* sites bound to
one carboxyl group).? We are interested in how many carboxyl groups are
involved in the binding of N3 to TiO). Since there are four carboxyl groups
present in one N3 molecule. up to four attachments are in principal possible.
One. two or three-site  binding by up to three carboxyl groups on a flat
surface  scems reasonable  when considering  the geometry  of N3 molecule8,
Some of the possible binding modes of N3 to TiO3 surface are shown in Figure
2.4 Additional binding geometries  at step sites and kink  sites may also be
possible.

The adsorption  and  desorption  kinetic  measurements  provide  some
insights into the nature of N3 binding to anatase. A scheme  consistent with
the Kinctic measurements  for the binding of N3 to TiO2 surface is shown

below.

N3_-=> N3_ 2> N3

oln surf (1) surf (2)
Less strongly Strongly bound
bound

According to the scheme a N3 molecule attaches to the TiO) surface [first
with one carboxyl group (N3gyrf(1)) tollowed by the second carboxyl group
(N3surfc2yy. The forward rate in the first step is much greater than the back
rate.  The large difference in the rates is consistent with the initial fast
adsorption.  The initial fast adsorption can be explained as the rapid binding
of one carboxyvl group of a N3golp to o Ti** site on the TiO> surface in the

Nl3curfi 1) mode. The difference between the forward and back rates in the

]
F o8
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Figure 2.4. Possible binding modes of N3 to TiO7 (101) surface. The left N3 is
bound to the TiO with one carboxyl group. The right N3 is bound with two

carboxyl groups. Light blue: titanium; red: oxygen; grey: carbon; blue: nitrogen;
pink: ruthenium; yellow: sulfur; light grey: hydrogen.

n
w
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second adsorption  step is also very large, These large differences in
the rates in each step suggest stability of N3 binding to anatase. This
stability is similar to the one formed by the chelate effect. [In other words.
the probability of simultaneous dissociation of two carboxyl groups is very
low. Also. it is quite unlikely that two carboxyl groups bind simultaneously
to TiO> surface. so we favor a sequential binding of the two carboxyl groups.
The two-step binding mechanism is consistent  with the observation that the
ratio  of the amount of desorbed N3 to the amount of initially adsorbed N3
becomes greater as the coverage increases (Table 213 At a higher coverage
more N3 molecules are bound with one carboxylate because of the difficulty
of finding a sccond binding site due to blockage of surface sites by adjacent
N3 molecules.  Consequently, a greater ratio of the adsorbed N3 desorbs from
TiO)). This explanation is also dependent on a limited surface mobility of the
bound N3 molecules.

PDesorption  kineties  from anatase  filins were compared  between rapidly
and slowly adsorbed N3, The rapid adsorption was carried out by using a
concentrated N3 solution while the slow adsorption was done by using a less
concentrated N3 solution.  The anatase film with more rapidly adsorbed N3
was prepared by soaking in a 0.19 mM N3 solution in ethanol for one hour.
The film with slowly adsorbed N3 was prepared by soaking in a 0.039 mM N3
solution for 17 hours. The quantities of the adsorbed N3 were calculated to bhe
0.075 pmol  for the rapid adsorption film and 0.083 pmol ftor the slow
adsorption  film.  These amounts of N3 correspond to approximately 50%
coverage. The desorption experiments were carried out immediately after
the completion of each adsorption step. The quantities of the desorbed N3

during the initial 25 hours were found to be 0.0082 pmol from the film with

56

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



rapidiy adsorbed N3 and 0.0070 pmo!l from the film with slowly adsorbed N3.
More desorption  was observed for the rapidly adsorbed N3 even though the
quantity of the adsorbed N3 was smaller. This observation was reproduced
with another set of anatase films. The greater initial desorption rates and
desorption  ratios tor the rapidly adsorbed N3 add support to the stepwise
binding model of the carboxy! groups. The rapidly adsorbed N3 did not have

time for completing the second binding step. As a result. more N3 desorbed

via the weaker binding mode (N3gurf(1)).

3.3.Dve (overage Fffects on Incident Photon to Current Ificiency

The action  spectra of TiO) films  sensitized  at various N3 coverages
were taken to determine the optimal dye coverage and examine the effects of
N3 coverage on the incident photon to current efficiency (IPCE) (Figure
250, Generally. the PCE is expected to increase linearly  with dve coverage
because  more  adsorbed  dve molecules  will  absorb  proportionally  more
photons  thus generating a greater photocurrent.  Figure 2.5.a shows that the
[PCE increases  as a dye coverage increases. A saturation  of the [IPCE at a
value of about 0.62 is reached at wavelengths from 450 to 500 nm.  This value
(0.62) is below the best value vbserved in the most efficient solar cells.? but it
is high cnough to demonstrate  that we are studying an efficient  light to
electron  converting  system.  Additional dye adsorption  results in further
increases  only in the longer wavelength region (550 ~ 800 am).  The
dependence of the IPCE on dve coverage for wavelengths  of 550 am and 700
nm is plotted in Figure 2.5.b. The anticipated lincar dependence of IPCE on
dye coverage was not observed. Instead Figure 2.5b indicates a rapid

increase in the IPCE at 550 nm at a N3 coverage of about 0.05 umol. This
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Figure 2.5. Incident photon to current efficiency of nanocrystalline TiO;

films sensitized with N3 at a various coverage(a). Adsorbed N3 is black
circles: 0.15 ymol; white circles: 0.12 ymol; black triangles: 0.056 ymol; white
triangles: 0.017 pmol; crosses: 0.006 ymol. (b) IPCE at 550 nm (black circles)
and at 700 nm (crosses).
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abrupt increase in the [PCE at about (.05 pumol N3 coverage will be discussed

later.

2.3.4. Absorbance of N3 Adsorbed to a Naneocrystalline TiO2 Film
The absorbance of the NI on TiO) films needs to be determined in order
to calculate the absorbed photon to current  efficiency (APCE).  Radiation
reflected by a diffusive surface consists of two parts. “"regular retlection” and
“dittuse reflection”.  The absorbance converted from only regular reflection.
under the condition of no transmittance. obeys Beer's law in a certain range
of concentrations,  However. the absorbance converted from the both types
of reflection with no transmittance does not obey Beer's law. The reason for
this phenomenon  is explained  in reference 10 as follows: “the diftuse
reflection comes  about through penetration of a portion ot the incident flux
into the interior of the sample. A part of this radiation is returned to the
surface of the sample. following partial absorption and multiple scattering  at
the boundaries of the individual particles of which the sample is composed.”
Theretfore. the absorbance of N3 adsorbed to TiO) nanoparticles  is expected to
deviate from Beer's law.  The measured reflectance  was converted directly to
absorbance  (log(1/R)).  Since the purpose of the reflectance measurements
was not to determine the N3 concentration but to measure the absorbance of
the NI adsorbed to TiO) nanoparticles. the Kubelka-Munk  function.  a
common  method to convert reflectance  involving  diffusive media  to the
concentration.'0 was not used. The absorbance of N3 on the TiO2 films was
then obtained from subtracting the absorbance of the TiO2 film as described

in equation 2.
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logt l/RIN3 = logt I/RIN3/TiO2 - logtl/R)T{O? [2]

The resulting  wavelength  dependence is shown in Figure 2.6.a. The
absorbances  of N3 in ethanol and N3 anchored to a TiO2 surface were
compared at 534, 600. 650 and 700 nm(Figure 2.6.b). Figure 2.6.b shows that
the absorption coefficient determined for N3 adsorbed to TiO2 is almost twice
of that for N3 dissolved in ethanoi? at 600. 650 and 700 nm. The discrepancy
is greater at 534 nm  when the coverage is low. At low coverages the
absorbance  of adsorbed N3 is greater than that ot solution phase N3, but
approaches that of the solution as the coverage increases.  The origin of this
phenomenon  is considered  to be refated to Rayleigh  scattering within the
TiO) film.  The actual path length  for light in a TiO2 film with a low N3
coverage is much longer than in a homogencous N3 solution because the TiO2
particles  scatter  light. Rayleigh  scattering s greater  for  shorter
wavelength  light and becomes smaller as the N3 coverage increases  since

more light is initially absorbed.

2.3.5. Dye (overage FHfects on Absorbed Photon to Current ficiency

The absorbed photon to current  efficiency (APCE) of each film was
calculated from the IPCE and the measured absorbance of the film in order to
investigate  the effects of dye coverage on APCE (Figure 2.7.0. One would
expect that the APCE would be independent of the quantity of adsorbed N3
and the wavelength  of incident light because APCE evaluates the efficiency
only after the absorption of light. It is notable that the APCE as a function of
wavelength for TiO2 films with 0.15, 0.12 and 0.056 umol N3 coverages almost

overlay cach other. However.a drop-oft in the APCE was observed below a
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Figure 2.6. Absorbance spectra (log(1/R)) of N3 adsorbed to a nanocrystal-
line TiO2 film at various coverage(a). Adsorbed N3 is black circles: 0.15
umol; white circles: 0.12 ymol; black triangles: 0.056 ymol; white triangles:
0.017 pmol; crosses: 0.006 ymol. (b)Absorbance (log(1/R)) of adsorbed N3
and absorbance (A) of N3 in ethanol at certain wavelengths. Black circles: at
534 nm; white circles: at 600 nm; black triangles: at 650 nm; white triangle:
at 700 nm; black circle line: at 534 nm; white circle line: at 600 nm; black tri-
angle line: at 650 nm; white triangle line: at 700 nm. The published value

1.42 x 104 M1 cm1 was used for the absorption coefficient of N3 in ethanol

at 534 nm.2 The absorption coefficients at 600 nm, 650 nm and 700 nm
were obtained from an absorption spectrum.
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Figure 2.7. Absorbed photon to current efficiency of a nanocrystalline TiO2

film at various coverage(a). Adsorbed N3, black circles: 0.15 pymol; white
circles: 0.12 ymol; black triangles: 0.056 ymol; white triangles: 0.017 ymol;
crosses: 0.006 ymol. (b) APCE at 550 nm and (c) at 700 nm.
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coverage of 0.056 pmol of N3, The variation of the APCE with the quantity of
adsorbed N3 at two wavelengths  of incident light is shown in Figure 2.7.b.
The APCE for coverages above 0.05 pmol N3 is 0.6 ~0.8 at 550 nm and 0.25 ~
0.55 at 700 nm while the APCE for less than 0.05 pmol N3 coverage is about 0.2
~ 0.4 at 550 nm and less than 0.1 at 700 nm. These variations of the APCE with
the quantity  of adsorbed N3 and the wavelength of incident light are

contradictory to the original expectation.

2.3.6. Possible Explanations for the Dye Coverage Effects on APCE

There are a few possible reasons to explain why the APCEis smaller in
the longer wavelength  region. (1) Since we have back illumination. the
electrons  generated by longer wavelength  light have longer paths to be
collected at the back contact.  The absorption coefficient of the adsorbed NI is
greater  for shorter wavelengths  between 334 and 700 nm.  For instance.
according to Figure 2.6.b when the adsorbed N3 concentration is 0.05 M [ the
absorption coefficient of the adsorbed N3 is calculited to be 1.0 X 1o+ M-tem-!
at 324 nm and 2.7 X103 M-tem-! at 700 nm. using the 13 wm film thickness.

The relation between light intensity at some distance from incident surface

and the incident light intensity lg is shown in equation 3.

1= ‘ 131
ES

where € is absorption  coefficient. ¢ is the N3 concentration  and x is the

distance trom the film surface. The majority of electrons generated by short

wavelength light are present near the illuminated surface that is also a back

contact.  On the other hand. electrons generated by longer wavelength light

are distributed more evenly from the illuminated surface to the back side of
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the film. Consequently, a larger fraction of the electrons generated by
longer wavelength  light must travel longer paths to the back contact than

ones generated by shorter  wavelength  light.  Longer paths result in more

trapping!! and recombination  of the electrons injected to TiO2 conduction
band and subsequently lower APCEs.

(1) The electrons  generated by longer wavelength  light may have a
smaller driving force for transport to the back contact than ones gencrated
by shorter wavelength light.  The driving force for electron movement in
the film is from diffusion due to the electron concentration  gradient in the
film since there is no space charge field inside of nanocrystalline  Ti02 12
The less strongly  absorbed  long  wavelength  light  produces o smaller
electron  concentration  gradient  near  the back contact.  resulting  in a
smaller  driving  force for the collection of clectrons  generated  near the
contact. Again more  trapping  and  recombination  occur  for electrons
generated by longer wavelength light. resulting in the lower APCE.

The lower APCE at low dye coverages can be explained by several
scenarios: (1) Back electron transter  from the TiO2 conduction band to the
redox species (137) may be faster at low N3 coverages  because more TiO)
surface  is exposed to the redox species.  This assumes  that the exchange
current  tor -/ 13" reaction is higher on the TiO2 surtace rather than
through mediation by N3 complexes.

(2) N3 clusters mayv be necessary for two electron  oxidation of [T ( i.e.
Kl R > 137 + 2e” ). The oxidation of I to [3° without generating high
energy free iodine radicals requires adjacent oxidation sites and coupling of
the adsorbed one-electron transfer intermediates to form [-1 bond as occurs

on clean Pt electrodes. If iodide oxidation is mediated by adsorbed N3. then
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the coupling  reaction  needs  adjacent N3 molecules o avoid free iodine
rudicals.  Hence. the regeneration of oxidized N3 is less efficient at low N3
coverages.

(}) The electron path to back contact is longer at lower dyve coverages
since the light penetrates more deeply into the TiO2 filtm.  Longer electron
paths may result in a lower APCE as previousty described for the long
wavelength  ceffect.

(+4) The driving force for the transport of the injected electrons to the
back contact may be smaller at a low coverage.  This was also previously
described by the electron concentration  profiles in a TiO2 film for the long
wavelength  effect.

(3) The injection efficiency of electrons  from adsorbed N3 into the TiO2
copduction band may be lower at low coverages. We see no reason why this
should be true. and recent experiments by Willig et al.'3 are shown that the
injection efficiency is independent of dye coverage.

16) Another explanation ftor the abrupt increase in the APCE at around
0.05 wmol N3 coverage is that a hole hopping mechanism  c¢an occur through
N1 molecules at that coverage. The hole hopping is a successive oxidation of
N3 molecules by adjacent N3 molecules. This mechanism  ftacilitates  the
regeneration of oxidized N3 molecules. resulting in the sudden enhancement
of conversion  efficiencies  (Figure 2.7 a & b Limitation of the
regeneration  of oxidized N3 molecules due to the restricted diffusion of the
regencrating  species (I7) in the matrix of a nanoporous  TiO2 film has been
overlooked.  In a mathematical model of the nanocrystalline  solar cell. the
diffusion of I° has been assumed to be affected very little by the presence of

the solid nanocrystalline TiO2.'4 However. we expect that the tortuous path
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for [~ diffusion through the TiO2 nanocrystafline film will considerably
hinder the diffusion. The resulting iodide concentration polarization in the
nooks and crannies  within the nanoporous film should inhibit the
regeneration of dye molecules bound to the surface in these regions unless
there is some mechanism to help the regeneration. We propose that one
mechanism  can be a hole hopping through the N3 molecular network
(Figure 2.8). We propose that thus network is formed at about 0.05 umol N3
coverage. close to a percolation threshold. Assuming that full coverage of a
TiO2 film corresponds to 0.16 pmol (from the adsorption isotherm). the onset
of the hole transport mechanism  appears at about 30 % of the full coverage.
A lower than  theoretical percolation  threshold may be the result of the
condition that only local networks need to exist. that is, percolation through
the entire film is not necessary.

A phenomenon  similar  to the hole hopping was discussed in recent
publications.’>. 16 Bonhdte et al. studied a phosphonated triarylamine
adsorbed on a nanocrystalline  metal oxide film and explained their results
with  lateral  electron  transport  inside the monolayer of the triamine
molecules'.  The percolation threshold for the lateral electron transport was
reported to be about 50 % of the full coverage. Trammell and Mever studied
an osmium  complex adsorbed on a nanocrystalline  TiO2 filim and reported
clectron  transfer in the monolayer of the osmium cotnplexe<.|(’ The
percolation threshold for this system was found to be about 60 % of the full
coverage.  Yet. another group reported that some ruthenium complexes
grafted on nanocrystalline layers do not display lateral charge transport. at

least not to a comparable extent!7?.
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Figure 2.8. Hole hopping mechanism. Small black circles: N3 (small gray
circles: oxidized N3); large gray circles: nanocrystalline TiO. At a coverage

above 30%, hole hopping is possible through the adjacent N3 molecules,
resulting in the facilitation of the regeneration of oxidized N3. At coverage
below 30 %, there is no such facilitation due to the lack of the N3 network.
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The APCE dependence on dye coverage and the abrupt enhancement of
the APCE at around the 0.05 pmel dye coverage may not be a consequence of
a single mechanism but a combination of the scenarios described above.
Especially. the role of N3 clusters in two electron oxidation of 1. as was
discussed as scenario(2), is equally  reasonable  with the hole hopping
mechanism in order to rationalize the abrupt increases. For clarification of

the  mechanism. further experiments are needed.

2.4. Conclusions

The measured adsorption  and desorption  Kinetics  suggest  a two-step
adsorption mechanisim  for the binding of N3 to nanocrystattine  TiO2. The
difference  between  the adsorption  isotherm  and "desorption  isotherm™ s
consistent  with  a two-step  adsorption  mechanism. The dve coverage
dependence  of the IPCE and APCE shows an  abrupt  increase  in these
parameters at about 30 ¢ dye coverage. The abrupt increase in the IPCE and
the APCE suggests the possibility of limited regeneration of the oxidized N3 at
tow coverages.  The limited regeneration  may be due to the timited diffusion
of the reducing species in the matrix of a nanoporous  TiO2 film.  In order to
explain  the abrupt increase at 30 % coverage. the onset of a hole hopping
mechanism  at the coverage was proposed as well as the necessity  of N3
clusters for the two-electron oxidation of [°. Further work needs to be done

to clarity the c¢xact mechanism for these effects.
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Preface to Chapter Three

In the previous chapter, the dye adsorption behavior and the
relationship  between  photon to current efficiency and the dye coverage
were investigated  in nanocrystalline  films.  In this chapter. the dye/TiO,
interface is investigated by utilizing natural  single crystals to circumvent
the complexity of nanoporous structure of the TiO, film.

[ am presenting my second publication as chapter 3 of my dissertation.
This paper will be submitted for publication.  The prefiminary work on
sensitization  of natural anatase crystals  was done by our previous post
doctoral researcher. Dr. David Soltz. and our summer undergraduate research

assistant. Stephanie Hamilton. However. almost all the data presented in this

publication are solely my own experiments.
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CHAPTER THREE

Dye Sensitization of Natural Anatase Crystals
with a Ruthenium-Based Dye

ABSTRACT

Semiconducting  natural  anatase crystals  from two different  sources were
sensitized  with  a  ruthenium-based dye  (cis-dicthiocvanato)-bis(2.27-
bipyridyl-4.4"-dicarboxylate)yruthenium(il):N23). The maximum  incident
photon to sensitized photocurrent  conversion  yield was 3.2 x 10", A crystal
face dependence  of sensitization efficiency  was also observed.  Variation in
sepsitization  vields of (101) faces. by up to a factor of 4. were also observed.
The efficiency of sensitization on the (101 face was approximately one order
of magnitude more than the (001) face. Examination of the morphology of
the crystal surfaces  with atomic force microscopy and scanning electron
microscopy indicated that these differences in sensitization by the different
faces and by the crystals were not solely the result of the differences in the
microscopic surface areas.  Natural anatase crystals had millisecond rise time
for the sensitization photocurrent: The rise time decreased with greater
light intensity and greater dye coverage. suggesting that trapping and
detrapping of injected electrons at traps in the crystals is involved in the
electron  transport  in  the natural  anatase. The comparison of the
sensitization  behavior  between  anatase  single  crystals  (natural  and
synthetic) and anatase nanocrystalline  films revealed that the absorbed
photon to current efficiency of the nanocrystalline films was approximately

Y to 7 times greater than that of the single crystals.
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3.1. Introduction

Dye sensitized nanocrystalline anatase solar cells have recently made
great progress in both efficiency!- 2 and stability.3  Despite this rapid
progress. there is still relatively little known about the adsorption of the
ruthenium-based  dyes onto the anatase suorface. The most popular
sensitizing dve.  cis-di(thiocyanato)bis(2.27-bipyridyl-4 .47 -dicarboxylate)
ruthenium (1D, also known as N3, has four pendant carboxyl groups and it is
thought that it can bind to a planar anatase surface with at least two but up to
three  of these groups.*-% In principle all four carboxyl groups could be
involved in bonding at step. kink or defect sites. In a previous paper we
studied the adsorption isotherm and the Kinetics of adsorption and desorption
of N3 onto nanocrystalline anatase/rutile  films.7 A two-step dye adsorption
mechanism  was  postulated.  where  the initial  binding is through one
carboxyl group with subsequent binding by a second carboxyl group. Dyve
(N3) coverage effects on the photon to current conversion efficiencies were
also investigated by measuring the photocurrent action spectra  and the
optical absorbance of nanocrystalline  TiO2 films sensitized with various N3
coverages.  The large surface area. the heterogencous surface structure. the
effect of electron transport through the films and the porous nature of the
films made it difficult to make definitive conclusions about coverage effects
on the quantum yields and spectral response of the dye/anatase interface
itself.

Herein  we present  results on N3 adsorption on natural crystals  of

anatase. There has been considerable work on the sensitization of rutile

single crystals  with adsorbed dyes.8-1t Often very low quantum vields per
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incident or absorbed photon have been measured.!2-1% Most of the dyes
studied on rutile surfaces have not been covalently attached to the surtface.
and so the low quantum vield in this case may be due to poor electronic

overlap with the conduction band states in the rutile. There has been one

study of N3 sensitization on synthetic anatase and rutile.!3 The (101 face of
an anatase  crystal  and the (001) face of a rutile crystal had similar
sensitization efficiencies from adsorbed N3.!3  The small size and difficulty of
growing the anatase crystals prompted us to exploit the existence of natural
anatase  crystals  for  studving  dye-sensitized  photocurrents, The bulk
electrical  properties  of these crystals are likely dominated by the naturally
occurring impurities in the crystals, however the surface composition and
structure is expected to be less perturbed by even a few parts per thousand of
impuritics.  The adsorption behavior of the N3 is also expected to be similar to
that on a nanocrystalline  film since, on a molecular scale. a 40 nm square
face of a nanocrystal is indistinguishable from an anatase terrace on a bulk
single  crystal.

One distinet difference  between the nanocrystalline  and bulk crystal
is the existence of a space charge field in the bulk crystal. The
nanocrystalline  anatase particles are too small to support a depletion layer
resulting from dopants since many of the particles will not have any dopant
atoms.  Therefore. it will be interesting to compare the quantum vields

obtained for the two systems.
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3.2. Experimental

Natural anatase crystals were obtained from sources in Tyssedal,
Norway and Minas Gerais. Brazil. The crystal form and orientation were
determined with angular x-ray diffraction and Laue back reflection. The
Norwegian anatase crystals were an acute bipyramidal configuration and
had a black luster. One of the Norwegian crystals is shown in Figure 3.l.a.
All of the Norwegian crystals exhibited clearly defined (101) laces as shown
in Figure 3.1.a. The Brazilian anatase crystals were a tabular habit and were
translucent reddish brown.  One of the Brazilian crystals is shown in Figure
L 1b. Al of the Brazilian crystals  exhibited one or two (001) faces and
several (101) faces as shown in Figure 3.1.b.

The crystals were prepared  for electrodes by insulating  with silicone
sealant (RTV).  Ohmic contacts  were  obtained by rubbing  indium-gallium
cutectic alloy onto the backs of the crystals. and then  securing  them  to
copper  disks with silver epoxy (Tricon). Mott-Schottky  measurements  were
performed with a PAR 173 potentiostat/galvanostat.  Stanford Research
Svstems SR 530 lock-in  amplifier. and a computerized control  and  data
acquisition  setup.  Photocurrent-voltage curves were obtained with a PAR
174 polarographic  analyzer linked to an AD Instruments MacLab® running
Electro-Lab ¥ data collection software.  The light source for some of the
quantum vicld measurements  was an lon Laser Technology maodel 450 ASL
argon jon laser at 504 nm. The diameter of the beam was 1.0 mm. The

intensity of the beam illuminating the sample surface was varied from 1.0 W

cm to 1.9 mW cm by using neutral density filters. Acetonitrile tanalytical

grade) with 15 mM KI and 1.5 mM I, was used as an electrolyte solution for all

~J
N
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Figure 3.1. Optical micrographs of the natural anatase crystals.
(a) The Norwegian anatase. (b) The Brazilian anatase.
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the experiments. The reference electrode was a Ag/AgCl electrode in
acetonitrile  or a Ag/Ag’ in acetonitrile  with 0.1 M tetrabutylammonium
perchiorate  and 0.01 M AgNO. The counter clectrode was a cylindrical
section of platinum  gauze.

The anatase crystals were sensitized with cis-ditthiocyanato)-bis(2.2'-
bipyridyl-4.4'-dicarboxylate)ruthenium(Il)  (N3: purchased from Solaronix
SA. Switzerland) dissolved in ethanol.  The purchased N3 was purified in
order to eliminate impurities (the 1 to 2 % of dimer and trimer).!6  The
purification procedure is as follows:!6 The received N3 (0.2 g) was dispersed
in water (4 mb and tetrabutylammonium thiocyanate 0.2 gy
Tetrabutylammonium  hydroxide 30-hydrate  (0.82 g) was added to the N3
sofution  with stirring.  and then filtered.  The filtered N3 solution  was
charged on to the column with Sephadex® LH 20 (70 g) gel and cluted with
distilled water.  The main fraction was collected into a conical flask. and the
pH of the solution was adjusted to pH 4.2 with a 0.5M HNO.. After keeping the
solution in a refrigerator at 0°C for 12 hours. the separated solid (N3) was
coliected by filtration.  The solid was dried under vacuum for 12 hours. Yield
was approximately 80 %. Stock dye solutions were prepared in various
concentrations  from 0.37 mM to 38 pM in ethanol. The electrodes were
heated in the air to 100 °C overnight prior to the treatment with N3 to remove
adsorbed  water  from  the crystal  surface. We found that without this
procedure the quantity of the adsorbed N3 on the TiO,surface was smaller in
the previous experiments using nanocrystalline TiO, films.”7 After heating.
the clectrodes were cooled for one minute and then immersed in the dye
solution.  After soaking overnight. the electrodes were rinsed with ethanol

in  order to wash out non- chemisorbed N3 and N3 adsorbed to the

77

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



silicon  sealant  surface. Several experiments demonstrated that longer
soaking times in the dye solutions were not found to increase the coverage of
N3 on the anatase crystal.

Photocurrent  spectra  were measured with a Newport 75-W tungsten
halogen lamp. a Jarrel Ashe 0.25-m monochromater. a Stanford Research SR
530 lock-in amplifier, SR 540 chopper. and a PAR 174 polarographic analyvzer
linked to a computerized control and data acquisition system. The light spot

from the monochromater was focused down to 0.06 cm™, and the resulting

light intensity was 13 mW cm‘:zu 530 nm. Between sensitization experiments,
adsorbed N3 was removed from the crystal surface by scrubbing with a
cotton swab dipped in 2 M NaOH. Photocurrent transients were measured
with the argon ion laser by utilizing an AD Instruments MacLab® with Chart”
data collection software.

The surface morphology of the crystals was examined with scanning
clectron  microscopy  (SEM) and atomic force microscopy (AFM). The atomic
force microscope  was a Digital Instruments/Veeco  with a Nanoscope ™ [I[A
controller and a multimode base.  Scanning was done in tapping mode with a
J or A piezo scanner.  The tips were Ultralever® (Park Scientific Instruments)
silicon tips of the force constants of approximately 1.9 N/m.  The scan size for
surface  roughness  determination  was 300 nm with 512 pixels per scan.  The
resulting resolution was approximately 1 nm. about the same scale of the N3

molecules.
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3.3. Results and Discussion

3.3.1. Sensitization behavior and surface morphology of the natural anatase

crystals

The photocurrent action spectra of the anatase crystals sensitized with

N3/ethanol solutions of various concentrations are shown in Figure 3.2, Th

[4]

4
maximum [PCE_  obtained for the Norwegian anatase was 3.2 x 10 at 525 nm

when  the crystal  was sensitized with a 0.37 mM N3/ethanol solution.  For

comparison. the maximum [PCE reported for a synthetic anatase crystal was

t

(.1 x 10 on the (101) face when treated with a 0.3 mM N3¥/ethano! solution 18
More concentrated N3/ethanol solutions could not be used since this is

near the maximum N3 solubility.  The maximum [IPCE_  for the Brazilian

anatase  was measurcd  to be 8.0 x I(); on the (100 face at 335 nm when the
crystal - was sensitized with a 0.2 mM N3/cthanol solution.  This is about one
quarter of the vield of the (101 face of the Norwegian crystal.  Increases in
[PCE were not observed when the Brazilian anatase was sensitized with more

concentrated N3/ethanol solutions.  Also. the same [PCE,, vilue as the [PCE

may

for the Brazilian anatase (8.0 x l()rﬁ with a 0.2 mM N3/ethanol solution) was
obtained for the Norwegian crystal using a 38 uM N3 solution. an amount
almost one fifth of the concentration needed for equivalent sensitization
vield for the Brazilian anatase.

The relationship between the concentration of the sensitizing N3
solution that the crystal was treated with and the [PCE is plotied in Figure
3.3.a and b for the Norwegian and Brazilian crystals. The IPCE,,, data for the

Norwegian anatase (Figure 3.3.a) is from Figurc 3.2. The relationship
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Figure 3.2. Photocurrent spectra of the anatase crystals sensitized with N3
solutions of various concentrations. The top three spectra were taken from
the Norwegian anatase, and the spectrum graphed with squares was taken
from the Brazilian anatase (the (101) face). The concentrations of the
N3/ethanol solutions are the black circles: 0.37 mM, white circles: 0.13 mM,
black triangles: 38 uM, and squares: 0.20 mM. The blank spectrum (i.e.
without N3) is shown with the crosses taken on the Norwegian anatase. The
blank spectrum for the Brazilian anatase is almost identical to this spectrum.
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Figure 3.3.a. Plot of the IPCE of the Norwegian anatase vs. the concentration
of the N3 solution. The line is the best fit of the Langmuir adsorption
equation.
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between the quantity of adsorbed N3 and the concentration of N3 in solution
for nanocrystalline  TiO, films has been described with a Langmuir
isotherm.”7  Extending this relationship to the single crystal TiO, and
assuming that the IPCE is proportional to the quantity of adsorbed N3, the
experimental  data were fit to a Langmuir adsorption isotherm (Figure 3.3.a)
as stated by equation 1.

0 = KC/ (1 + KC) fh

where @ s the fractional coverage. K is the adsorption coefficient (M ") and
Cis the concentration  of N3 in solution (M). Use of a Langmuir isotherm is
probably an oversimplification since the assumptions for the derivation of
this isotherm are that all sites are equivalent. there is one molecuie per site.
and there are no interactions  between the adsorbed molecules. N3 most
likely adsorbs to two or three surface sites. 0 Despite these limitations a
Langmuir K value is useful for comparing the strength  of binding of the
different  crystals  and the nanocrystalline  films.  The best fit for the
Norwegian crystal (101) face was obtained with K = 9.9 x 10° M. This value is
reasonably  close to the value of the adsorption coefficient of N3 to a
nanocrystalline  TiO, film (2.3 x 10 M7 that has predominately a (101)
orientation.  Since the relationship between the [PCE and the concentration
of N3 in solution fits a Langmuir isotherm reasonably well. if all the
adsorbed N3 are equally active for sensitization of the TiO.. this supports the
assumption that the IPCE is proportional to the quantity of adsorbed N3,
However. for a dye sensitized nanocrystalline  TiO, system. we found that the

IPCE is not linearly proportional to the quantity of adsorbed N37
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IPCE values obtained for the Brazilian anatase (Figure 3.3b) by
illuminating with an argon ion laser at 514 nm show that the (101) face of
the Brazilian anatase was sensitized about an order of magnitude more than
the (001) face of the same crystal. The crystal face dependence of the
sensitization  efficiency  will be discussed later.

One possible explanation for differences in sensitization yield between
the different crystals and faces is that the microscopic surface arca could be
different. Therefore, the surface morphology of the Norwegian and
Brazilian  anatase  crystals  was  investigated  with  scanning electron
microscopy and atomic force microscopy in order to examine their surface
roughness., The scanning electron  micrographs  of the surfaces  of the
anatase  crystals  are shown in Figure 34.a and b, The surface  of the
Norwegian crystal exhibits a step-terrace  structure  (Figure 340 and b).
According  to the Laue back reflection  measurement.  the majority  of the
surface is composed of terraces of the (101) face. The steps are thought to be
the 001y faces judging from the angle between the two faces. The Brazilian
crystal  habit  contains  both (101 and (001 faces.  The (101 face of the
Brazilian crystal also has a step-terrace structure, but it looks different than
the Norwegian crystal (Figure 3.4.c and d). The (001) face has a flat surface
with many block-like protrusions (Figure 3.4.¢ and ).

The surtaces of the anatase crystals were also probed with the atomic
force microscope by scanning a 500 x 500 nm area. A Digital Instruments
software routine was applied to the data in order to determine the roughness
on a small scale. The Norwegian anatase had a microscopic surface area tor a
500 x 500 nm scan that ranged from 0.251 to 0.267 um- with an average of

0.254 pm- for [0 randomly selected spots. The (101) face of the Brazilian
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Figure 3.3.b. Plot of the IPCE of the Brazilian anatase vs. the concentration of
the N3 solution. Black circles: the (101) face, dots: the (001) face. The line is
the best fit of the Langmuir adsorption equation.
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Figure 3.4. Scanning Electron Micrographs of the natural anatase crystals.
(a, b) The Norwegian anatase. (c, d) The (101) face of the Brazilian anatase.
(e, f) The (001) face of the Brazilian anatase.

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



anatase had a microscopic surface area for a 500 x 500 nm scan that ranged
from 0.265 to 1.00 pum® with an average of 0.395 pm* for 15 randomly selected
spots.  Hence. the surface area of the (101) tace of the Brazilian anatase is
about 1.56 times on average that of the (101) face of the Norwegian anatase.
The (001 face of the Brazilian anatase had a microscopic surface arca for a
500 x 300 nm scan that ranged from 0.260 to 0.508 pm- with an average of
0.276 pm- for 10 randomly selected spots. Thus. the surface area of the (101)
face of the Brazilian anatase is about [.43 times on average that of the (001)
face of the same crystal.

The morphological  examination indicates that the differences  in
sensitization  efficiency  between the crystals and the different  faces are not
solety the result of the differences in the microscopic surface areas.  The
(101 face of the Norwegian anatase had a sensitization efficiency four times
greater  than  the (101 face of the Brazilian anatase despite the smaller
surface  roughness.  Also, the (101) face of the Brazilian anatase face was
sensitized two to five times more than the (001 face even when considering
the surface roughness factors.

The (101) surface of another Norwegian anatase crystal was polished
using a series of smaller mesh aluminas with a final polish with coloidal
silica.  An AFM study revealed that the polishing with colloidal silica did not
change the roughness of the crystal surface. Treating the polished surface

with a 0.35 mM N3 solution showed an IPCE,, of 4.1 x 10" at 520 nm. slightly

%

reater than that of the unpolished Norwegian anatase crystal (3.2 x [0 at

‘N

25 nm. when treated with 0.37 mM N3 solution).
The adsorption rate of N3 to Norwegian anatase was studied by adding

4.0 uM  of N3 directly to the electrolyte (acetonitrile with 15mM KI
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and 5 mM [.). Photocurrent spectra of the Norwegian crystal were then
monitored periodically.  The purposes of this experiment is to probe the
adsorption  rate of N3, and to examine in detail if increasing N3 coverage
influences  the photo action spectrum by monitoring the exact spot on the
crystal. At this N3 concentration, the absorption of the incident light by the
N3 molecules dissolved in the electrolyte is negligible (less than 1.3 % of the
incident  light is absorbed by the N3 dissolved in the electrolyte). The
clectrolyte  with N3 added was constantly  stirred  to promote mass transfer to
the surface. A stable photoresponse was achieved in approximately 10 min

after N3 addition.  The IPCE_ versus time after the N3 addition is plotted in
Figure 3.5. The IPCE__  after about 10 min was approximately one third of the

final lPCEI . Half of the final IPCE"‘“ was reached in 2 hours. and the lP(,‘F.m

{{NAY )

leveled  off after about 10 hours.  The increase in IPCE observed in this
experiment is similar o the adsorption  kinetics  of N3 to the nanocrystalline
TiO, film.7 that  was monitored by the disappearance of N3 from an
N3/ethanol  solution.  The similarity of these two rates provides additional
support for the assumption that the sensitization yield is proportionai  to N23
coverage.  In our previous paper.” we proposed a two step adsorption model.
as shown below. for a possible binding mechanism of N3 to nanocrystalline
TiO..

— —»
Nj’mlunun <4— N3-’\H'Ict'll +— N3

~Tsurfacer D

Less strongly bound Strongly bound

This scheme illustrates  that a N3 molecule attaches to the TiOQ, surface
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Figure 3.5. Plot of the IPCEq,« versus time after the injection of a

N3/ethanol solution to the electrolyte. Initially the Norwegian crystal
was not sensitized, and there was no N3 solution in the electrolyte.
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first with one carboxy! group (N3, .. followed by the second carboxyl
group (N3 .en). The initial fast increase in the [PCE (or N3 adsorption)
(Figure 3.5) can be explained as the rapid binding of one carboxyl group of a
N3 s 0 2 Ti' site on the TiO, surface in the N3, mode. The following
much slower increase in the IPCE (or N3 adsorption) can be rationalized as
the increased difficulty of finding binding sites due to a sequential binding
of the adsorbed N3 in the N3, .1, mode with the second carboxyvl group.

The IPCE of the Norwegian anatase treated with a 0.35 mM N3 solution
(near  saturation  coverage) was also monitored  over 72 hours in an
electrolyte (15 mM KI and 1.3 mM 1, in acetonitrile) containing  no added N3.
No change in IPCE was observed over this time period.  This result indicates
that the adsorption appears irreversible in the experimental time scale. even
though the N3 solution and the adsorbed N3 are in equilibrium  during the
adsorption  process, The apparently  irreversible  adsorption may be
explained as follows: when one carboxyl group detaches from the crystal
surface. the detached carboxyl group is likely to rebind at the same binding
site or a different  binding  site.  This is because there are very few species
that compete with the detached carboxyl group for the binding sites. and the
[ and [, have much smaller negative charge densities compared  with QOO.
On the other hand. adsorbed N3 readily desorbs from a anatase surface into
water at pH higher or equal to 7. where OH takes over the binding sites from
the adsorbed N3.

The resemblance of the adsorption behavior between nanocrystalline
TiO. films and the Norwegian anatase suggests that the adsorption rate of N3
to anatase is not greatly affected by the size of the crystallites. This

resemblance also suggests that the nanoporous morphology of the [films
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does not affect the kinetics of the N3 adsorption within the experimental
time scale. as was reported in our previous paper.”’ However. the
nanocryvstalline  TiO, films used for the adsorption experiments  were
produced from commercial TiQ, (P25, Degussa. Switzerfand. a mixture of ca. 70
“% anatase and 30 % rutile).  The adsorption coefficient of N3 may differ
between  anatase  and  rutile. The majority of the exposed faces of
nanocrystatline  anatase produced from P25 (Degussa) are the (1007 the
predominant face of our Norwegian anatase crystal.

Aggregation  of dves on surfaces often shows large effects on the
sensitization  spectrum  of the dve. We compared the low coverage spectra
with the final sensitization spectra (@ =0.26) by normalizing the spectra  at
the  maximum  sensitization  wavelength, All  action  spectra were
surperimposible.  suggesting no strong  aggregation  or interactions  hetween

adsorbed N3 molecules at these coverages.

3.3.2. (haracterization of the bulk properties of the anatase crystals

Several  characterization  methods  were  used  to  investigate  the
Norwegian and Brazilian anatase crystals in order to investigate the origin
of the scensitization  differences  between these  crystals. Mott-Schottky
measurements  were conducted in order to determine the flat band potentials
and dopant densities for the anatase crystals. Mott-Schottky plots within  a
frequency range of 200 Hz to 10 kHz were straight lines.  The flat band
potentials  were measured o be -6.2 to -24 V vs. SCE for the Norwegian
anatase. -4.9 to -1.1 V vs. SCE for the Brazilian anatase. Most of these values
are physically unreasonable and are several volts negative of the reported

value (0.4 V vs. SCE at pH 1)!'3 even after accounting for the shift due
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to the pH of our system (pH 6 for the KI/I, electrolyte).  The frequency
dependence  of the flat band potential may be due to surface states. which
have a time constant for electron trapping on the order of the frequency of
the applied voltage function. or due to an oversimplified cquivalent
circuit.!'S Much more reasonable values for the flat band potentials  were
obtained from the onset of photocurrent in the photocurrent-voltage curves
presented later. I the Mott-Schottky slopes are reliable. using the dielectric

constant of 31,19 the dopant density for the Norwegian and Brazilian crystals

3 1u 3

were  calculated to he 1.3 to 5.7 « l()lu cm and 4.3 x IOH o 14 x 10 ¢cm
respectivefy. over the frequency range of 200 Hz to 10 kHz. Even if the
absolute values of the slopes are unreliable. the relative slopes show that the
dopant density of the Norwegian crystal is about five times greater than that
of the Brazilian crystal when measured at the same applied ftrequencies.  The
appearance  of the crystals (ie. the Norwegian anatase is deep blue-black.
and the Brazilian anatase is translucent reddish brown) may be related to the
difference in dopant density.  Crystals from both locations were found to be
n-type. and the doping densities tor different crystals from each site were all
the same within an order of magnitude.

Photocurrent-voltage  curves  were measured  on  natural  anatase
crystals  betore and after sensitization with N3 utilizing the argon ion faser
(514 nm) as a light source. Both crystals exhibited a sub-bandgap response
of 1.1 to 1.5 pA ¢cm” at 0 V vs. SCE under 7.6 mW (i.e. 0.97 Wem™) illumination
at 314 nm (IPCE: 2.7 to 3.6 x 10°°). indicating the existence of bulk or surface
sub-bandgap states.  No significant difference in sub-bandgap response was

found between the (101) and (001) faces of the Brazilian anatase. The
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photocurrent-voltage curves taken after sensitization are shown in Figure
J.6.a and b.  The flat band potentials for the Norwegian and Brazilian crystals
were estimated to be about -0.85 and -0.75 V vs. SCE from Figure 3.6.a and b.
respectively.  These values are reasonable compared with the reported value
(-0.4 V vs. SCEat pH 1)!3 taking into account the shift due to the pH of our
system (pH 6) (59 mV x ApH =300 mV). Although the magnitudes of the
photocurrents  are almost 20 times different at 0 V vs. SCE between the
crystals,  the shapes of the photocurrent-voltage curves are similar: the
photocurrents  increase  rapidly between the flatband  potentials  and about
-0.5 V vs. SCE. At more positive potentials  the photocurrents  increase more
gradually, and are still increasing at 1 V vs. SCE.  Dark current s less than 16
nA cm - (see the caption of Figure 3.0) even at | V vs. SCE for both crystals.
The Energy dispersive  spectroscopy  (EDS) analysts  was utilized to
determine  the impurities  that may act as dopants in the crystals.  Tungsten,
mercury, platinum, and vanadium were detected in the Norwegian crystal in
the near surface region. and aluminum.  silicon, sulfur, copper. tungsten,
mercury. and vanadium were detected in occlusions near the crystal surface.
Due to the relatively low intensity of the signals, no attempt at quantitative
measurement of the impurity concentrations  was made. The EDS analysis of

the Brazilian crystal did not detect any other elements besides titanium and

[ 1}

oxygen. A dopant density of 10 ¢m  results in a calcufated percentage of

3

the impurities of about 0.01 mol% when using the specific gravity 3.84 g cm

1
. h] -
and molecular weight for anatase of 79.88 g mol .29 Even though only
electrically  active  impurities  are  measured  with  the  Mott-Schottky

measurements. it is not unreasonable that the impurities for the Brazilian
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Figure 3.6.a. Photocurrent-voltage curve of the Norwegian anatase crystal
sensitized with N3. The concentration of N3/ethanol solution was 0.13 mM.
The light source was an argon ion laser (514nm), and the diameter of the

beam was 1 mm. The intensity of the beam was 7.6 mW (i.e. 0.97 W cm2).
The measured currents were multiplied with the value of 127 in order to con-

vert to cm~2. However, the dark currents were generated not only from the
illuminated area (7.85 x 10-3 cm~2) but also from the entire crystal areas

exposed to the electrolyte (approximately 1 cm2). Therefore, the dark cur-
rents are inadvertently presented 127 times more than the actual values. The

dark currents for both crystals, that are shown approximately 2 pA cm2 at
1.0 V vs. SCE in Figure 3.6.a and b, are actually less than 16 nA cm 2.
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Figure 3.6.b. Photocurrent-voltage curve of the (101) face of the Brazilian
crystal sensitized with N3. The concentration of N3/ethanol solution was
0.13 mM. The light source was an argon ion laser (514nm), and the diameter

of the beam was 1 mm. The intensity of the beam was 5.1 mW (i.e. 0.64 W cm™2).
The measured currents were multiplied with the value of 127 in order to con-

vert to cm™2. However, the dark currents were generated not only from the
illuminated area (7.85 x 10°3 cm-2) but also from the entire crystal areas

exposed to the electrolyte (approximately 1 cm2). Therefore, the dark cur-
rents are inadvertently presented 127 times more than the actual values. The

dark currents for the both crystal, that are shown approximately 2 yA cm2 at
1.0 V vs. SCE in Figure 3.6.a & b, are actually less than 16 nA cm™2,
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crystal. 43 x 10™ to 1.9 x 10" ¢m™ with the Mott-Schottky measurements,
were not detected with EDS.

One possible explanation for the greater IPCE_ for the Norwegian
(101) face over the Brazilian (101) face may be the difference in the
dopant  densities. According to the Mott-Schottky measurements.  the
Norwegian crystal has a dopant density about five times higher than the
Brazilian crystal.  The higher dopant density makes the space charge
region narrower.  resulting in higher electric  field gradient and then a
greater  driving  force for injected electrons to be driven away from the
surface, The same tendency  was reported  tor other materials  and
predicted by the one-dimensional  Onsager model by Spitler.2! The slow
increase  of  sensitization  current  with  increased  depletion in the
semiconductor  (Figure 3.6.a and b) can be explained by increased driving
force for injected celectrons not to be trapped by the surface states and

recombine with [, or oxidized N3.

3.3.3. Discussion on the face dependence of the dyve sensitization

Recently. the orientation dependence of charge transter  processes
on anatase  single  crystals  was reported. 22 Water  reduction  and
photooxidation was found to occur at slightly more negative potentials for

19

the (D01) surface than ftor the (101) surface. Lithium insertion was

observed to be more favorable on the (001 surface than the 10D

surface.22 The difference in the reaction potentials was explained by the
more negative tlatband potential tor the (001) surface due to the different

. . - . ] . pogn .
chemisorption  of water on the crystal surface.2?  The difference in

O
n
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lithiuin  insertion was rationalized by the more open structure of the
anatase lattice in the ¢ axis direction.22 The orientation dependence of
photochemical reactions on rutile surfaces has also been reported.2t The
(100, 111y and (00}) rutile orientations were found to have greater rates

of photoreduction  of Ag*to Ag metal from an aqueous solution than the

(100) and (110) orientations.>*  The oricntation  dependence of the
photochemical  reaction  rates  was  explained  with  the orientation
dependence  of the surface  structure.  surface chemistries.  and  space
charge potentials,  The surface orientation  determines  the microscopic
surface  area, the Ti site density., and the Ti coordination of the specific
facets.  The surface chemistries  affect the mechanisms  of adsorption and
desorption or the surface specific reactions taking place.  In studies of
rutile  single crystals with the (001) orientation. it was observed that the
coordination  environment  of  individual  Ti jons  was  the primary
determinant of the product distributions in the photooxidation of primary
alcohols and carboxylic  acids.?3 26 Space charge potentials. which can
play a significant role in determining the photochemical reaction  rates.
are dependent  on dielectric  constants.  which are Known to differ with
crvstallographic  direction (i.e. for rutile. € = 173 or |74 parallel to [001} and
89 or 86 parallel to {100} or 174 and 86).27- 28

The different sensitization vields between the (101) and (001) faces
can be attributed to differences in N3 adsorption to the different faces.
The adsorption could be related to the differences in the spacing of the two
or more binding sites needed for strong N3 surface binding. There are

several  possible  binding modes for the carboxyl group of N3 (o the
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unsaturated  surface  Ti atoms. an ester-like linkage2Y or bridging
configuration (i.e. two Ti' sites bound to one carboxyl group)?V. The
distances between Ti'* sites are critical for the bridging mode. The (101)
surface  of anatase has half  penta/half  hexacoordinate  Ti atoms (Figure
3.7.a.) while the (001 surface of anatase has all pentacoordinate Ti atoms
(Figure 3.7.aii). Only pentacoordinate Ti atoms can act as binding sites.
The shortest  distance between  the pentacoordinate  Ti atoms s 3.78 A (the
a-axis dimension) for the both surfaces. Judging from the bond lengths of
Ti-O and C-O and the angles of Ti-O-C and O-C-O. N3 can bind in the bridging

mode to hoth surfaces.®

The density of pentacoordinate  Ti on the (001)
surface  is 1.3 times higher than that of the 101 surface.  When two
carboxyl  groups  are involved in  binding. there  are  three  possible
combinations  of carboxvl groups.® These three combinations are (i) two
carboxyl groups are of the same bipyridyl ligand (Figure 3.7.c.i) i) two
carboxyl groups are in the long molecular axis (Figure 3.7.c.ii) and (iii)
two carboxyl groups are in the short molecular axis (Figure 3.7.c.iii).® The
distances  between O atoms which can be involved in binding are 6.2 A,
10.0A. and 9.8 A. respectively.® Distances between pentacoordinate  Ti sites
close 1o the distances between the O atoms of the carboxyvl groups are 5.4 A,
7.0 A. 7.6 A. 10.2 A, and 10.7 A for the (101) surtace (Figure 3.7.0.i). and 5.4
A. 7.6 A.and 10.7 A for the (001) surface (Figure 3.7.b.ii). By comparing
the distances between OQatoms and the distances bhetween pentacoordinate
Ti «sites. the binding with two carboxyl groups of the same bipyridyl ligand
(Figure 3.7.c.i) seems to be difficult on either surface. The smallest

ditferences in the distances are 0.75 A on the (101) face and 0.85 A on the
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() (i) (101) face (ii) (001) face

Figure 3.7.a & b. Crystal structure models of anatase and the distances
between Ti sites. (a) Crystal structure models of anatase, side views. Small
black spheres are Ti, and large grey spheres are O. The numbers with arrow
are the coordination numbers of Ti’s of the row (i.e., 5: pentacoordinate Ti; 6:
hexacoordinate Ti). (i) the (101) surface, (ii) the (001) surface. (b) The dis-
tances between pentacoordinate Ti sites. Black dots are pentacoordinate Ti.
The numbers near the top are the coordination numbers of Ti’s of the row (i.e.,
5: pentacoordinate Ti; 6: hexacoordinate Ti). The broken lines represent no
Ti’s in the row. (i) The (101) surface has a lattice of dimensions lal = 3.78 A
(equals to a or b of the anatase crystal) and bl = 10.2 A (corresponds to the la +

cl of the anatase crystal).6 Distances between adsorption sites close to the dis-
tances between the O atoms of the carboxyl groups are 5.45 A (10.5a + 0.5bl),
7.63 A (11.5a + 0.5bl), 10.2 A (ibl), and 10.7 A (12.5a + 0.5bl). (ii) The (001) sur-
face has a lattice of dimensions lal = Ibl = 3.78 A. Distances between adsorption
sites close to the distances between the O atoms of the carboxyl groups are 5.35
A (la + bl), 7.56 A (i2al), and 10.7 A (12a + 2bl).
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(c)

(1) 3

Figure 3.7.c. Possible combinations of carboxyl groups of N3 for bidentate

chelating binding.6 Gray spheres: carbon; red spheres: oxygen; blue spheres:
nitrogen; yellow spheres: sulfur; light gray sphere (at the center of the
molecules): ruthenium. (i) two carboxyl groups are of the same bipyridyl
ligand, (ii) two carboxyl groups are in the long molecular axis, (iii) two carboxyl
groups are in the short molecular axis.
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(001) face. These differences are too large for umstrained bond formation.
Alternatively. the binding with two carboxyl groups from different
bipyridyl ligands (Figure 3.7.c.ii and iii) is possible on the (101) surface.
The smallest differences between the distances are 0.2 A for binding with
two carchoxyl groups along the flong molecular axis (Figure 3.7.c.ii). and
0.4 A for hinding with two carboxyl groups along the short molecular axis
(Figure 3.7.ciii). The (0001 surface does not easilv accommodate  these
modes of N3 binding. since the smallest differences in the distances are 0.7
A and 0.9 A. Thus. the greater sensitization vield of the (101) surface may
hbe explained with the stronger binding of N3} in bidentate modes. whereas
on the 001y surtace the N3 can bind predominately  with only one
carboxvl group.

The different  faces will have different densities and energy  levels
of surface states due to the different  termination  of the surface.  These
differences  in surface  states  may  contribute  to  different  surtace
recombination rates.  However, a recent publication  showed very similar
efficiencies  and  current  voltage curves  for  water oxidation by UV
illumination of the (101) and (00D1) faces of synthetic anatase crystals.??
indicating that the surface recombination velocity of photogenerated

valence band holes are not radically different between the two faces.

3.3.4. Sensitization photocurrent transients

A typical rise and decay of the photocurrent for the Norwegian
anatase  sensitized with a 0.13 mM N3 solution. which corresponds to 0.6
monolayer N3 coverage (Figure 3.3.a). was monitored under the

illumination  with the argon ion laser (514 nm). The rise time was
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defined as the time necessary to reach 63 % (i.e. l-e'y of the steady state
photocurrent.?! The light was manually blocked. resulting in a rise time
and decay time of 0.25 ms for the light pulse. The rise time of the
sensitized photocurrent was measured to be 2 ms at 0.97 W cm* and 19 ms at
IS mW cm’® (Figure 3.8.a and b). These transients are more than 6 orders of
magnitude slower than those reported for single crystals, which is in the

4 . . . .
.3" These transients are in the same time scale

sub-picosecond  time-scale
as those reported  for nanocrystalline  TiO, films.}3-36 The slow electron
transport  through nanocrystalfine  TiO, films has been explained by two
unique aspects of the electron  transport  through nanocrystalline  films,
The first aspect is the electron  transport  through nanocrystalline  TiO,
fitms is driven solely by the diffusion of electrons.  This is because the
nanocrystallites do not have enough ionized impurities to form a depletion
laver inside the particles. resulting in the absence of an electrical field
that drives the electron transport through the single crystals. 37 The
diffusion of electrons through the nanocrystalline film is slower than in
single crystals  because of the scattering at grain boundaries.  The second
aspect is that trapping and detrapping?8- 39 of electrons in bulk or surface
states  plays a significant role in the electron transport process.  Because of
the interpenetration  of the electrolyte and nanosize  particles.  the
nanocrystalline  film has a greater number of surface states when
compared to a single crystal.  The photocurrent reaches a steady state
when the trapping and detrapping of electrons at all the surface states
reaches a steady state. Therefore. the growth and decay of the

photocurrent of the nanocrystalline film is very slow. It appears that the
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Figure 3.8. Photocurrent transients of the Norwegian anatase recorded under
monochromatic (514 nm) illumination. The concentration of the N3 solution

was 1.3 mM. The light intensity was 0.97 W cm-2 (a) and 15 mW cm™2 (b).
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slow growth and decay of the photocurrent for the Norwegian anatase
indicates the involvement of trapping and detrapping mechanisms.  Since
the Norwegian anatase is a naturally formed crystal. the impurities or
defects inside of the crystal may be acting as traps.

The rvelationship  between the rise time and the light intensity is
shown in Figure 3.9. The rise time of sub-bandgap photocurrent (i.e.
without the dve) was much slower (~20 ms) because of the slow trap filling
duc to the low absorption of photon and subsequent low electron f{lux. The
dye sensitization shortened the rise time. which was almost independent  of
surface  coverage and was 2 to 2.5 ms at 0.3 W em . However, at lower
surface coverages. the rise time was significantly longer: 6 ms at 0.3 Wem=
A light intensity dependence of rise time has also been reported for
nanocrystalline  TiO, films. 3 40 The shortening  of the rise time with the
higher light intensity is explained by the faster filling of the traps with
the higher  photon  and subsequent  celectron flux.  The dye coverage
dependence of rise time can also be explained by the faster trap filling at
the higher dve coverage since there is a higher photocurrent. The
observed light intensity dependence and dye coverage dependence of rise
time for the Norwegian anatase is consistent with the involvement of a
trapping/detrapping mechanism  in  the efectron transport in the
Norwegian anatase as illustrated in Figure 3.10. Assuming the rate of
electron  injection  (ry,,) is constant. the rate of trapping the injected
clectrons (ry, ) is first order with the number of vacant traps. Therefore.
during the initial stages of filling the traps. the rate of trapping (r,,,) will
be competitive with the rate of the injected electrons escaping from the

surface(ie. r.. is proportional to photocurrent). Since the lifetime of
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Figure 3.9. Plot of rise time of the dye sensitization photocurrent for
the Norwegian anatase versus light intensity. The concentration of
N3 solutions are; black circles: 0.31 mM, white circles: 0.13 mM,
triangle: 20 uM, crosses: not sensitized.
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crystal
X Conduction band ‘ S 0/$+
[ ]

Figure 3.10. The trapping/detrapping mechanism involved in electron trans-
port in the Norwegian anatase crystal. S*, S*, and S, are the excited state, the
oxidized state, and the ground state of the dye, respectively. Tinj* electron
injection rate to the conduction band of the anatase crystal from the excited
dye; ree.: escape rate of injected electrons to the bulk; Trap: trapping rate of
injected electrons by the traps; Tdetrap’ detrapping rate to the TiO, conduc-

tion band. r.. /trap* recombination rate of trapped electron at the traps with
I3” or oxidized dye.
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the electrons in the traps is rather long. the traps fill with electrons and
so the number of empty traps decreases and so the rate of trapping (r,,,)
also decreases until a steady state photocurrent is reached. Since the rate
of detrapping the electrons into the TiO, conduction band (ry,,) is first
order with the number of the trapped electrons. the detrapping rate
(Tyeqap) must be considerably smaller than the rate of trapping even when
all the traps are filled.

The possibility that the N3 is bleached at the higher light intensities
must be considered.  The linear relationship  of photocurrent  with fight

intensity,  Figure 3.1, shows that bleaching is not significant in this

t M
system. Moreover, a monolayer coverage of N3 is about 9.2 x 10 mol ¢m

as explained later.!? therefore. the quantity of N3 is calculated to be 5.5 x

[ 2 .
10 molecutes ¢ . When the light intensity is | W cm | the flux of

(A I M

photons  of 2.4 eV (514 nm) is calculated to be 2.6 « 10 photons s ¢cm

- - ~ = g» . - hl
Since the reduction of the oxidized N3 occurs on a time scale of 10% s'.=a

v

light intensity of 1 W cm  should not bleach the N3.

3.3.5. Gomparison of sensitization behavior between the anatase natural
crystals and nanocrystalline TiQ films
The quantity of adsorbed N3. the [PCE. the optical absorbance. the
ight harvesting  efficiency  (LHE). and the absorbed photon to current
efficiency (APCE) for the Norwegian anatase and the TiO,nanocrystalline
film  were compared. This comparison is useful to see if the high
performance  of the TiO,nanocrystalline films can be simply attributed to

their high surface areas. The data for the nanocrystalline filins are from
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Figure 3.11. Plot of photocurrent versus light intensity. The light source was
Ar ion laser (514 nm). The slope of the line corresponds to a quantum yield

of 3.3x 104,
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our previous work.”7 These values are similar to other published values.?
The results of the comparison are tabulated in Table 3.1.  First. the
relationship  between the quantity of adsorbed N3 and the [PCE was
examined. The maximum  possible quantity of the adsorbed (and

illuminated) N2 for the Norwegian anatase was calculated by dividing the
illuminated area of the crystal (0.06 c¢cm ) with the projected molecular

area of N3 (180 A1.7- 15 This assumes a close packed monolayer of N3. The
quantity of the adsorbed (and illuminated) N3 for the nanocrystalline  TiO,
films was calculated for the illuminated area (0.06 ¢m”) from the guantity
of the N2 adsorbed to the entire film (1.8 ¢m™). which was obtained from a
direct measurement of the uptake of N3 by the nanocrystalline fitm.7 The
comparison  indicates  that  the nanocrystalline  Ti0, fiim  adsorbed
approximately 900 times more N3 molecules than the Norwegian anatase
on a geometric surtace area basis.  However. the nanocrystalline  TiO.film
exhibited an IPCE_ approcimately 2300 times greater than that of the
Norwegian  anatase.

Second. the absorbance of adsorbed N3 and the LHE were obtained in
order to cxamine the internal conversion efficiencies of the both systems.
LHE (&) is the fraction of the incident photons that are absorbed by the N3

and is calculated from equation 2.

LHE(R) = 1 - 10 ~AbS(M) [2]
where  Abs(i) is the optical absorbance of the adsorbed N3. The maximum

absorbance  of the N3 adsorbed on the nanocrystalline TiO, film  was
previously measured to be 0.7 with diffuse reflectance spectroscopy.’ The

absorbance of the N3 adsorbed on the Norwegian anatase was calculated
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Table 3.1. Comparison of the Norwegian anatase single crystal
with anatase nanocrystalline films.

i Ratio ( Nano-
Nanocrystaliine | single Crystal | crystalline Film/
Single Crystal)
[~ Rdsoroed
Ngcz;nol) 5.0 X 10° 55X 1012 900
IPCE 6.2x 10! 3.2 x 104 2300

(750)

(1.0)2

2.7

*1 Assuming close packed monolayer coverage.

*2 The numbers in the perentheses were calculated from ref. 2.
*3 The numbers in the perentheses were calculated from ref. 15.
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from the following equation.
Abs(h) = T x o(k) (3]

1

where T is the surface coverage in mol cm”, and o(A) is absorption <cross
section (em® mol 113 The surface coverage was estimated to be 9.2 x 10"
mol ¢m * by using the molecular area of 180 A3 The absorption cross
7 2 -

section (o(A)) was calculated as 1.4 x 10 cm mol at 334 nm by using the
coefficient  of the absorption maximum for N3 dissolved in ethanol (1.42 x

H 1 1 _ 5 . . e 4
0 M em  at 534 nm).- assuming that the absorption coefficient of N3
does not change upon the adsorption to the anatase surface.”  Equation 2

vields a LHE ol 0.8 for the nanocrystalline TiO. film and 0.003 for the
crystal. - The ratio of the LHE _was 200. which is about one third of the
ratio of the amount of adsorbed N3 to the IPCE . This smaller ratio was
expected  hecause the N3 on the illuminated side of the nanocrystalline

film can absorb only the transmitted portion  of the incident light.  [n

"“Actually. the conduction band ol TiO.. which is a n* orbital derived from
Ti Ad orbitals. may overlap with the m and =n* orbitals of the bipyridyl
ligands of N34l And. the absorption peak (at 534 nm) is assigned to the
clectron transfer from the 3d orbitals of the Ru (1D to the n* orbital of the
bipvridvl  ligands (MLCT).  Therefore. the change of the absorption
coefficient  of N3 might be happening  from the solution form o the
adsorbed  form.  Yet. we consider that the use of the estimated values of
I"and o(334) is reliable tor the purpose of obtaining the absorbance of
the N3 adsorbed to the Norwegian anatase for the following reason. The
Abs .. of the N3 adsorbed o the Norwegian anatase was calculated as 0.0013
from equation 2 by using the estimated values. Meanwhile. Kavan et al.
spectrophotometrically measured the absorbance of ten monolayers of N3

adsorbed on five stacked rutile wafers.!3 and obtained the value of 0.0012
tor one monolaver N3, Unfortunately. these types of measurements
cannot be carried out for anatase because single crystal anatase wafers are
not available. and our natural crystals have a significant absorbance from
impurities. The agreement of the absorbance values seems to ensure the
credibility of the calculated absorbance even if the adsorbed surfaces are
absorbance,,, calculated from the estimated T and o(534).
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other words. one thousand layers of N3 will not absorb one thousand times
more photons than one layer of N3 can. Also. all the adsorbed N3 in the
nanocrvstalline film are not equally active in absorbing light as they are
on the single crystal.  Finally. the APCE was compared. The APCE consists
of the injection efficiency of photo-generated clectrons to the conduction
band of TiO,and the collection efficiency of the injected electrons at the
back  contact.  Equation 4 describes  the relationship  between  [PCE(R).

LHEGO, and APCHA).
IPCE(A) = LHE(A) x APCE(L) {4]

By substituting  equation 2 into equation 4. APCE(A) is calculated from
) g | |

cquation S,

APCE(A) = PCEM /(1 =10 fAr\b.\’(k)) [

]

The calculated APCE,,, was 0.77 for the nanocrystalline film and O.11 for
the Norwegian anatase.  The ratio of the two APCE__is 7.0. indicating
greater  charge  injection  and/or  collection  effictencies of  the
nanocrystalline  film than those of the single crystal.  The greater  APCE
for the nanocrystalline system is quite counterintuitive because a greater
number of surface states and the absence of a space charge laver are
expected  to tower the APCE of nanocrystalline  film. Surface states are
considered  to be responsible  for the recombination of photo-injected
electrons  with the oxidized redox couple or oxidized dye.!8- 42 A space
charge laver provides a driving force for photo-injected electrons o
travel to the back contact. therefore. without the driving force 1o escape
from the surface states. the injected electron in the nanocrystalline films

may experience more trapping by surface  states and  recombination.

111

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Hence. the nanocrystalline  morphology should reduce the collection
efficiency  of injected  electrons. However. a greater  APCE for
nanocrystalline  TiO, films had also been noted by Kavan. et al.!> For
comparison. the authors assumed the APCE for nanocrystalline  films to be
one.  The ratio of APCE _ for their data was calculated as 2.7 as shown in
Table 3.1.

The high  performance  of sensitized nanocrystalline  TiO, films,
despite  their  proportionally  smaller  light  harvesting  efficiency. was
theorized to involve a greater APCE than that of the single crystal.  The
origin of this counterintuitive resuft was also discussed by Kavan et al 3
They emphasized  the importance  of surface  morphology  in the
performance  of these types of sofar cells by referring  to a study on Sn§,
single crystals.#3 The study on SnS, reported the increases in photo
response  upon etching  the atomically smooth van der Waals planes.  The
increases  were much more than the amounts explainable simply by the
increased  surface  areas. Similarly. the increase in the [PCE upon
changing  the morphology of a TiO, crystal  from a single crystal to
nanocrystallites  cannot  be rationalized simply by the increased surlace
area because the light harvesting  efficiency of the nanocrystalline  film
did not increase proportionally to the increase of the surface area.

So. why is the APCE greater tor roughened  surfaces  or
nanocrystallites?  As explained previously. it is difficult to believe that the
recombination of the injected electrons with the [, and/or the oxidized dye
occurs less frequently in a nanocrystalline  film than in a single crystal.

One conceivable origin of the greater APCE for the nanocrystalline films
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is in the electron injection process. The efficiency of injecting electron
from N3} to anatase nanocrystallites may be higher than to larger anatase
single crystals.  The electron injection efficiency from a cis-diaqua
his(2.2 -bipyvridvl-4.4"-dicarboxylate) ruthenium(D to the nanocrystalline TIQ
films has been reported to be near 100 %.*  Therefore. the electron
injection efficiency from the N3 to the nanocrystalline TiO, films mayv be
close to 100 %. On the other hand. a direct measurement of the electron
injection efficiency for anatase single crystals has not yet been reported.
Surface atoms. especially at steps of atomic height. kinks in the steps. and
defect sites. experience  large changes  in the electronic  structure.  often
resulting in higher reactivity. In fact. AFM images revealed that the
photoreduction  of Ag"to Ag at the rutile occurred preferentially  in the
defect areas.=4 The higher reactivity may be the result of the unique
clectronic  structure  af the defect sites.  These (atomic level) defects are
sometimes  referred  to “special sites”™. Thus, there is a possibility that the
greater  APCE for the nanocrystalline  system may be contributed by the
nano-scaling  of the TiO, crystallites.  which increases the number of the
special  sites. where  the electron  transfer  from the N3 is more efficient.
Future investigation with in sire scanning probe microscopy is expected to
reveal the relationship among the crvstal surface morphology, the dye

adsorption. and the electron injection efficiency (see Chapter . page 145,
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3.4. Conclusions

Natural anatase crystals were sensitized with the ruthenium-based
dye (N3) and showed a maximum [PCE of 3.2 x 10, about one third of the
value for a synthetic anatase single crystal.  The sensitization efficiency
varied among the different crystals. A face dependence  of sensitization
efficiency was also observed.  The morphological examination with atomic
force microscopy indicated that these diftferences in sensitization by the
crystals — and  the  faces were not solely the result of surface area
differences.  The explanation  for the face dependence of sensitization
efficiency  was attempted by using the surface structure of the (101 and
001y face of anatase and modeling  the two site binding  of the N3
molecules. The natural  anatase  exhibited  very  slow  photocurrent
transient  of onset and decay on a millisecond time scale.  The rise time
became shorter  with increasing  light intensity and dye coverage.  These
observations  suggest that the mechanism  of trapping and detrapping of
injected electrons at traps inside of the crystals plays a significant role in
the electron  transport  in  the natural  anatase  as well as in anatase
nanocrystalline  films.  The comparison of sensitization  behavior between
the anatase  single  crystals  (natural  and  synthetic)  and  anatase
nanocrystaltline films found that the calculated APCE for the
nanocrystalline tilms was approximately 3 to 7 times greater than that for
the single crystals.  Although this counterintuitive result is presently
unexplainable.  future  investigation with in  situ  scanning probe
microscopy is expected to reveal the relationship among the crystal
surface  morphology.  the dye adsorption. and the electron injection

efficiency.
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CHAPTER FOUR

Imaging Crystal Surfaces

[n the previous two chapters, my experimental data and discussions
about how dye coverage affects the dye sensitization efficiencies in anatase
(a mixture with rutile) nanocrystalline films and natural anatase crystals
were presented.  As described at the end of Chapter 3. the final goal of this

project is  to reveal the relationship between the morphology of

semiconductor  surface.  the dye adsorption  behavior.  and  the dye
sensitization  efficiency  with in situ scanning probe microscopy.  This

approach  allows us to connect the resuits obtained with conventional
photoelectrochemical techniques  to  nanoscopic  observations  of  the
dve/semiconductor interface. Atomic force microscopy (AFM) can be
performed in site where a sample is contained in a ceil and immersed in an
appropriate  liquid.  With this method. the dye/anatase interface can be
investigated in an electrolyte that is the actual operation condition of the
dve-sensitized solar cell.

The aspects of the dye adsorption to the crystal surfaces that we are
interested in are: {) How do the dve molecules adsorb to the crystal surfaces.
by forming islands or isolated monomers? If the dye molecules form islands.

how does a dye coverage affect islanding? How does islanding affect the
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photon to current conversion efficiencies? 2) How do the dye molecules bind
to the crystal surface at step and kink sites? Do the dye molecules adsorb
preferentially to these sites? Do the dye molecules adsorbed to the steps or
kinks sensitize differently than dyes adsorbed to flat terraces? 3) How much
surface mobility do the adsorbed dyes have on the crystal surfaces? How is
the surface mobility of the adsorbed dye influenced by the morphologies of
the crystal  surfaces?

As the first step to the in sire investigation. | have attempted to obtain
adequately flat surfaces on the natural anatase crystals in order to image the
adsorption  bhehavior  of the dye. Because the dye molecules. whose molecular
height is approximately 10 A. need to be distinguished from the crystal
surface. an ideal crystal surface is a terraced surface with rather  wide (> 100
A) terraces.

In addition to the natural anatase crystals, synthetic rutile crystals
were  also utilized for surface imaging with AFM.  High purity synthetic
rutile  crystals  are more readilv available with large surfaces and should
have less roughness  than  natural  crystals. Also, we are interested in
comparing the dyve adsorption behavior between anatase and rutife surfaces.
A synthetic highly oriented anatase thin film was also provided by Dr. Guao at
Pacific Northwest National Laboratory.  Unfortunately. an atomically flat
terraced surface was only found in one experiment on perhaps a special area
of a crystal.

In this final chapter. | report my efforts to prepare an atomically flat.
terraced surface by presenting the AFM images taken in air and in site of

the crystal surfaces before and after various treatiments.
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4.1. Sample Crystals

Natural anatase crystals from the same sources as those used for the dye
sensitization experiments as well as from an additional source were utilized for dye-
semiconductor interface imaging with AFM. These natural crystals are from
Tyssedal. Norway. from Uruacu Goias. Brazil, and from Ural Puyva. Russia.
Representative crystals are shown in Figure 3.1. and Figure 4.1. The
Norwegian anatase crystals were an acute bipyramidal configuration and
had a black luster (Figure 3.l.a.). All of the Norwegian anatase crystals
exhibited clearly defined (101) faces as shown in Figure 3.1.a. The Brazilian
anatase crystals were a tabular habit and were translucent reddish brown
(Figure 3.1.b.). All of the Brazilian crystals exhibited one or two (001) faces
and several (101) faces as shown in Figure 3.I.b.  The Russian anatase
crystals  had the same crystal habit as the Norwegian anatase crystals. acute
bipyramids with a black luster (Figure 4.1.). The similar crystal habit of the
Russian and Norwegian crystals allows us to assign their major faces to be

(1o

Figure 4.1. Russian anatase crystal.
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In addition to the natural anatase crystals. synthetic rutile crystals
with  (100) and (001) surfaces were purchased (MTI Corporation) and
investigated.  Both rutile crystals are transparent with dimensions of | ¢cm x
Il ¢em x | mm. As mentioned previously. a comparison of dye adsorption
behavior between anatase and rutile surfaces was one of the purposes for
using the synthetic rutile crystals.  The crystal structure model of rutile s
illustrated in Figure 4.2.a (See Figure 3.7 for anatase). As analyzed in Chapter
3. the distances between oxygen atoms that can be involved in binding of the
N3 dye are 6.2 A.10.0 A, and 98 A (Figure 3.7.c).! Therefore. the distances
hetween Ti sites suitable for the N3 binding are 5.9 A. 9.6 A. and possibly 9.2 A
on the (100) surface, and 6.5 A and possibly 9.2 A on the (001) surface (Figure
4.2.b).  So. it appears that N3 can bind to the rutile surfaces. yet perhaps with
different  geometries.

A synthetic  anatase thin  film with predominately (001) orientation
was grown by metal-organic  chemical vapor deposition on a SrTiO. (001
substrate.?  Anatase thin films grown in this method are epitaxial with the
SrTiO. substrate  and have a lattice constant approximately equal to that of

bulk anatase.

4.2. Atomic force microscopy

The atomic force microscope (AFM) was a Digital [nstruments/Veeco
with a Nanoscope® [HA controller and a multimode base. Scanning in the
air was dene with tapping mode with a J or E scanner. The tips were
Ultralever®& (Park Scientific Instruments) silicon tips with force constants of

approximately 1.9 N/m.
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Figure 4.2. Crystal structure model of rutile and the distances between Ti sites
on the (100) and (001) surfaces. (a) Crystal structure model of rutile. Large
gray spheres are oxygen, and small black spheres are titanium. (b) The dis-
tance between Ti sites, that are suitable for the binding of the dye molecules
with two carboxyl groups, on the (100) and (001) surfaces. Small black dots
are Ti sites.
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The AFM was also operated in ethanol to image the adsorbed dye on the
crystal surface in situ. Ethanol was chosen for the fluid because the dye
dissolves in ethanol. and this solution is used for treating the anatase and
rutile samples to adsorb the dye. Fluid imaging requires a special tip holder
to contain the fluid. The fluid tip holder consists of a small glass assembly
with a wire clip to hold an AFM cantilever substrate.  The glass surface
provides a flat. beveled interface so that the AFM laser beam may enter the
fluid without being distorted by an unstable fluid surface.> A schematic of
the fluid tip holder is shown in Figure 4.3. Scanning in a fluid was done
using tapping mode with a J or Escanner.  The tips were Ultralever® (Park
Scientific  Instruments)  silicon  nitride  tips  with  force  constants  of
approximately 1.0 N/m,

One of the difficulties encountered during the imaging in cthanol was
that air bubbles are trapped near the cantilever and interfere with the laser
beam’s optical path.  The bubbles make it difficult to get a good laser
reflection  from  the cantilever  after filling  the tip holder with cthanol.
Although the bubbles could be broken loose from the tip by forcing ethanol
quickly through the liquid cell. this disturbed the thermal equilibration of
the cell, and the drift of the image became severe. The effect ot thermal drift
is especially disruptive at small scan sizes (i.e. <lpm).  Since it is necessary
to image the adsorption of dye at the small scan sizes. solving this “air bubble
problem™ is an urgent objective for the success of this project. especially for

real time observation of dye adsorption.
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Figure 4.3. Schematic of a setup for AFM imaging in a fluid.
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4.3. Surface treatments and morphologies of crystal surfaces

Morphologies of the crystal surfaces were investigated before and
after  surface  trecatments  with optical microscopy. scanning electron
microscopy. and atomic force microscopy. The surface treatments applied to
the crystal surfaces are: [) physical polishing with colloidal  sifica. 2)
chemical etching with 5 M NaOH at room temperature. hot SM NaOH. and I8 M
H.SO, at room temperature. 3) high temperature annealing with a flow of
oxygen.

i) Brazilian anatase crystals

Optical micrographs  of the surface of a Brazilian anatase crystal are
shown in Figure 4.4. The (101 surface of the Brazilian crystal indicates a
stepped  structure  (Figure 4.4.a). The (00D surface of the Brazilian crystal
appears flat without topographical features (Figure 4.4.b).  Impurities in void
and occlusions are clearly seen on both surfaces.

Scanning electron micrographs (SEM) of the Brazilian crystal betore
surface treatment  were shown in Figure 3.4, [n order to obtain SEM images
at magnifications  higher than x 2500. good electrical contact between the
crystal and a sample holder was critical. since charging of the sample
surface with the electron beam significantly reduced the resolution. A good
electrical contact was formed with silver epoxy (Tricone).  The (101 surface
of the Brazilian crystal shows an angular scale-like structure (Figure 3.4.d).
On the (001 surface of the Brazilian crystal. rectangular pits are seen at a
low magnification (Figure 3.4.¢). and tabular protrusions are visible at

higher magnifications (Figure 3.4.f).
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(a)

Figure 4.4. Optical micrographs of the surfaces of a Brazilian anatase crystal.
(a) The (101) surface. A cantilever is seen at the right edge. (b) The (001)
surface.
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Figure 4.5 (a) Atomic force micrograph of the (001) surface of the Brazil
anatase crystal before treatments. (b) Section analysis of the atomic force

micrograph.
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A flat terraced surface was found with atomic force microscopy on an
untreated (001) face of the Brazilian crystal. and is shown in Figure 4.5.a.
Large terraces appear as sharp lines in the image. The section analysis of
the atomic force micrograph  (Figure 4.5.b) reveals that the height
difference  between  the highest and lowest points  on  the line is
approximately 5 A, corresponding to one or two layers of the anatase unit
cell.  This flat terraced surface was found by chance. however. it or similar
regions have not been located again.

To reproducibly  obtain  a flat terraced surface is crucial tor
investigation of dye adsorption on the crystal surface. Therefore.  the
natural crystals were polished to reduce the overall surface roughness prior
to chemical etching.  In order to polish the crystals. the crystals  were potted
in epoxy. so the crystal surface was parallel o the epoxy surface (Figure 4.6).
Extra epoxy above the crystal surface was cut off. and the crystal surface was
polished with successively smaller grits with the final polish using colloidal
silica.  Potting the crystals  also  facilitates  the imaging of the crystal
surfaces.  particularly  those  with  the shapes and  sizes difficult  to

accommodate in the fluid tip-holder and o-ring.

Q> - Crystal

el & 1— Pruy

Figure 4.6. Natural crystal potted in epoxy
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AFM images  of the Brazitian crystal  after polishing  are shown in
Figure 17, At a Lurge scan size (Figure .7.a). a wavy feature s scen. maybe
tndicating  terraces. The wavy  feature  wasn't an artifact  since the wavy
lines turned 907 when the scan angle was changed by 907 (Figure 4.7.a to by,
However, the image  at a smaller  scan <ize (Figure L7.¢) reveals  that the
terraces  are not clear cut and lurther  surface treatinents  are necessay for
obtaining  {lat  surfaces.

The Brazilian  anatase  crystal  was treated  with hot 3 M NaOH for 3
hours.  The AFM images of the chemically treated Brazilian crystal are shown
in Figure 48 The image at o small sean size (Figure 4.8.¢) indicates that the
chemical  etching  mav  have  sharpened  the terrace  edges by dissolving
surtfice  contaminants, The <wme sample  was also investigated  in ethanol
with atomic force microscopy and shown in Figure 4.9 lmaging in a fluid
with AFM potentiafly yields better resolution.  This is becanse  the condensed
water laver. which is formed on a sample surface by the adsorption of water
vapor (rom the atmosphiere.  has Jess effect in a fluid than in the wir. This
advantage  of imaging  in a Hoid may be scen in Figure 4.9b. showing a
clearer image than obtained in the air (Figure 4.8.h). However, drift of scan
spots during  thermal equilibration of the liquid severely  distorted the image

taken at a smaller scan size (500 nm) (Figure 4.9.0).
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Figure 4.7. AFM images of the Brazilian anatase crystal after polishing.

Scan rate: 0.5 Hz for (a), and 1.0 Hz for (b) and (c); set point: 0.92 V; drive
amplitude: 900 mV; drive frequency: 234 kHz; number of samples per scan:
512; scan angle: O° for (a), 90° for (b) and (c).
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Figure 4.8. AFM images of the Brazilian anatase crystal after polishing and

etching with hot 5 M NaOH for 3 hours. Scan rate: (a) and (b) 1.0 Hz, and

(c) 0.5 Hz; set point:1.2 V for (a) and (b), and 1.4 V for (c); drive amplitude
500 mV; drive frequency 373 kHz; number of samples per scan: 512.
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Figure 4.9. AFM images of the Brazil anatase crystal in ethanol. The crystal
was polished and etched with hot 5 M NaOH for 3 hours. Scan rate: 1.0 Hz; set
point: 1.2 V for (a) and (b), and 1.1 V for (c); drive amplitude: S00 mV; drive
frequency: 7.34 kHz; number of samples per scan: 512.
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i) Norwegian and Russian anatase crystals

An optical micrograph of a Norwegian anatase crystal clearly exhibits
a stepped structure (Figure 4.10.a), which is explained with a crystal
structure  model of the (101) surface shown in Figure 4.10.b. The staircase
structure is also clearly seen in scanning electron  micrographs of the
surface of the Norwegian crystal (Figure 3.4.a & b). AFM images of a Russian
anatase  crystal,  which exhibited the same acute bipyramidal habit. are
shown before treatments (Figure 4.11) and after polishing with colloidal
silica (Figure 4.12). Because of the shape of the Norwegian and Russian
crystals, mounting the crystals flat against the scanner is very difficult.
Potting these crystals in epoxy (Figure 4.6) and polishing with colloidal silica
solved this problem and greatly reduced the variation of surface height from
30 nm (Figure 4.11.by to 3.0 nm (Figure 4.12.b) at 1.3 pm scan size.  No
changes in surface morphology of the Norwegian and Russian crystals were

detected with AFM after the treatment with hot 3 M NaOH for 3 hours.
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(a)

(b)

Figure 4.10. (a) Optical micrograph of a surface of a Norwegian anatase
crystal. (b) A side view of the (101) surface of anatase crystal created by
using Crystal Designer software. Small black spheres are titanium, and large
gray spheres are oxygen.
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Figure 4.11. AFM images of the Russian anatase crystal without surface
treatments. Scan rate: 3.0 Hz; set point: 0.32 V; drive amplitude: 477 mV,
drive frequency 363 kHz; number of samples per scan: 512.
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Figure 4.12. AFM images of the Russian anatase crystal after polishing. Scan
rate: 1.0 Hz; set point: 0.39 V for (a) and (c), and 0.31 V for (b); drive
amplitude: 550 mV; drive frequency:426 kHz; number of samples per scan: 512.
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iii) Synthetic anatase thin film

An AFM image of a synthetic anatase thin film of the (001) surface
shows islands growth in a specific direction (Figure <4.13.b). At a smaller
scan size, height variation is approximately | nm, which is about 1 unit cell
in the c-direction (Figure 4.13.c). The anatase thin film was annealed at 800
*C under an oxygen flow in order to promote the formation of terraces.
According to a private communication, this anatase thin film will not
undergo phase transition to rutile even when annealed at 800 °C because the
SrTiO. substrate is templating the anatase lattice.6 The effect of the

annealing on surface morphology was not detected with AFM.

iv) Synthetic rutile single crystals of the (100) and (001) surfaces

Synthetic  rutile single crystals  were investigated  with  AFM  as
received and after a treatment with hot 3 M NaOH for 1.5 hours. The rutile
crystal of the (001) surface shows a directional islands growth (Figure 4.14),
that was also observed on the (001) surface of the synthetic anatase film
(Figure 4.13.b).  The surface of the rutile crystal is fairly smooth with 1.0 nm
variation in height at a scan size of | um x | um except the high islands
growth.  AFM images of the (001) surtace taken in ethanol after the chemical
treatment show pits on the surface (Figure 4.15.a & b). These pits may have
been created by the chemical etching or became visible due to the better
resolution of imaging in the fluid. A synthetic rutile single crystal of the
(100) surface does not have any high islands growth (Figure 4.16). and the
surface is fairly smooth with a variation in height of I nm. The paraliel
lines seen at a larger scan size (Figure 4.16.a) are polishing marks. The (100)

surface was treated with hot 5 M NaOH for 1.5 hours. yet no improvement of
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Figure 4.13. AFM images of synthetic anatase film of the (001) surface as
received. Scan rate: 1.0 Hz; set point: 0.86 V for (a), 0.75 V for (b), and 0.84 V
for (c¢); number of samples per scan: 512.
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Figure 4.14. AFM imges of synthetic rutile with the (001) face as received.
Scan rate: 1.0 Hz; set point: 1.2 V; drive amplitude: 600 mV; drive frequency:
282 kHz; number of samples per scan: 512.
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Figure 4.15. AFM images of synthetic rutile with (001) face in ethanol. The
crystal was etched with hot SM NaOH for 1.5 hours. Scan rate: 1.0 Hz; set
point: 0.76 V for (a), and 0.59 V for (b) and (c); drive amplitude: 1.0 V for (a),
and 1.2 V for (b) and (c); drive frequency: 9.1 kHz for (a), and 8.9 kHz for (b)
and (c); number of samples per scan: 512.
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Figure 4.16 AFM images of synthetic rutile with the (100) face as received.
Scan rate: 1.0 Hz; set point: 1.3V for (a) and (b), and 0.90 V for (c); drive
amplitude: 700 mV for (a) and (b), and 500 mV for (c); drive frequency:
282 kHz; number of samples per scan: 512.
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the surface morphology was detected. After the surface treatment with I8 M
H.SO,. AFM images of the rutile crystal of the (100) surtace have not
successfully been taken. After the treatment., the attraction between the
surface  and the AFM tip became <o strong that engaging the tip to the

surface in a smooth manner became very difficult.

4.4. Summary and direction for future work

Polishing the crystal surfaces with colloidal silica greatly reduced the
surface roughness.  However. no improvement of the surface morphologies
of the crystals was observed with the chemical treatment with hot 5 M NaOH.
Chemical etching of the polished surfaces with HF is considered to be the
next resort to obtain  flat terraced surfaces.  HF with NH, buffer followed by

heat treatment at 1100 "C has been reported to etch the SrTiO: (100} surface to

produce unit-cell steps.” However. the anatase crystals should not be
annealed  at temperatures  higher  than 600 °C for long times since the
transition  from anatase phase to rutile phase occurs approximately at 600 C
for nanocrystallites.3  Yet. bulk anatase crystals may undergo a phase
transition  at  higher temperatures.

The synthetic  anatase thin film and rutile single crystals had very
small surface roughnesses. 1to Snm in | pm scan size. These samples are
promising to provide flat terraced surfaces. Heat treatment of the anatase
thin film with oxygen flow may be worth trying at a higher oxygen flow.

Solving the *“air bubble problem™ for fluid imaging is crucial
especially for real time observation of the dye adsorption. By realizing this

observation. the time scale of the dye adsorption to the crystal surface. site
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specificity  of the adsorption. and morphological effects on the adsorption
will be understood. A more involved technique. in situ photo-assisted AFM.
which  is  under development in our group, will add nanoscopic
photoelectrochemical information.  The set-up for in situ photo-assisted AFM
consists of a chopped laser beam (514 nm), a lock-in amplifier. and
electrically  conductive  AFM tips. in addition to the set-up for in siru AFM.
The laser beam absorbed by dye adsorbed on a crystal surface generates
photocurrent. The photo-induced component  of the tunneling current
between the tip and the crystal surface is isolated by utilizing the lock-in
amplilier. This  technique  will provide important  information of
photoelectrochemical activities of the dve adsorbed at different sites. and this

project will be completed.
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