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ABSTRACT OF DISSERTATION
FACTORS WHICH AFFECT AND LIMIT THE PERFORMANCE OF SUBSTITUTED

TRIS(BIPYRIDINE)COBALT(II) COMPLEXES IN DYE-SENSITIZED SOLAR
CELLS

Significant efforts were made towards the development of a novel, solid state dye-
sensitized solar cell (DSSC) with a thin layer of cobalt redox polymer on the surface of
the photoanode. The intent was to utilize atom transfer radical polymerization (ATRP) to
grow a surface-bound polymer based on a cobalt tris(bipyridine) type complex which was
only 1-10 monolayers thick. Ultimately, a thin cobalt redox polymer film was
successfully grown in a surface-initiated polymerization. However, it is unlikely that the
polymerization reaction proceeded in a controlled/living manner or, in fact, that it
occurred by way of an ATRP-type mechanism at all. SEM and XPS experiments suggest
that the polymerization was initiated at the surface by the dye, but that the active radical
was typically not well-deactivated, resulting in isolated regions of uncontrolled polymer
growth. Over time (approximately 10 hours), these islands of polymer merged, forming a
fairly pinhole-free film on the macroscopic surface of the titania layer. Although
reproducible, the film impaired photoanode performance in DSSC iV experiments.
Whether it did so because of a reduced photoactive surface area or because of an intrinsic
electrical resistance on the part of the polymer remains unclear.

A suite of DSSC characterization experiments was developed which could be
rapidly performed on a standard two electrode sandwich cell. In combination with a

novel technique for mediator replacement without cell disassembly, this suite was utilized

iii
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to probe the influence of a variety of parameters on DSSC functioning in order to
elucidate the processes limiting performance in cells mediated by cobalt complexes. The
results of this study clearly implicate diffusion of cobalt(III) to the cathode as frequently
being rate-limiting. Strategies to alleviate this condition include increasing the cobalt(III)
concentration as well as lowering the solvent viscosity. A somewhat unexpected result of
the flow-through study is that TiO, underlayers or TiCly treatments have a surprisingly
small effect on the performance of DSSCs, despite their dramatic effect on dark currents.
This may be a further indication that diffusion of cobalt(IIl) — and not recombination
across the FTO surface — is performance-limiting in cobalt mediated DSSCs.

A novel three electrode DSSC experiment, modified from two existing
techniques, was devised and implemented in order to study cathode behavior in cobalt-
mediated DSSCs. The new experiment incorporated a split photoanode in conjunction
with a customized potentiostat circuit to allow for simultaneous monitoring of cathode
potential, photoanode potential and cell current while still maintaining the thin electrode
separation of the standard sandwich cell configuration. Interestingly, DSSCs with poor
cathodes, characterized by decreased photocurrent and/or fill factor, exhibited only
modest charge transfer overpotentials (or none at all) on the cathode. Even more
perplexing, mass transfer overpotentials were not observed, even in clearly diffusion-
limited cases. Whether these results are due to a deficiency in the experiment or are a
consequence of the DSSC system being extremely sensitive to very small overpotentials
is still uncertain.

The possibility of mass transfer limitations in typical cobalt-mediated DSSCs was

examined from a theoretical standpoint. Although conventional electrochemical models

iv
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do not predict mass transfer of cobalt(III) to be a problem, actual DSSCs are likely more
complicated than standard models of relatively simple systems. Two hypotheses were
developed and examined. The first supposed that catalytic “islands” on the cathode were
responsible for observed photocurrents but were simply not sufficiently numerous to
provide adequate surface area for cobalt(IIl) reduction. However, experiments using
cathodes intentionally fabricated to behave in this manner (catalytic gold nanoclusters on
relatively inert FTO glass) did not support this hypothesis. The second hypothesis
reasoned that diffusion of cobalt(IIl) through the mesoporous titania layer of the cell was
hampered by the layer’s small pore size, tortuosity, or both. Preliminary experiments
using a modified rotating disk electrode indicate that this is very likely the case.
Although further research is required to accurately quantify the effect, initial
considerations and results suggest that the effective diffusion coefficient (uncorrected for
porosity) of cobalt bipyridine complexes through mesoporous titania films is on the order

of 1 x 107 ecm?® 57! or less.

Jeremy Nelson

Chemistry Department
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Fall 2007
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Chapter 1

A Brief Introduction to Dye-Sensitized Solar Cells

Introduction

With over 10" terajoules of sunlight striking the surface of the earth every year,
the potential of the sun to meet the world’s current and future energy demands is, for all
practical purposes, limitless." One strategy for harvesting this energy is the direct
conversion of sunlight to electrical power (e.g., photovoltaic technology).” 3 Although
power conversion efficiencies of electrical solar cells have risen dramatically over the last
few decades, the development of cost-efficient cells has proven difficult.>* In 1991,

O’Regan and Gritzel announced the realization of a new type of solar cell which may
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potentially offer reasonable power conversion efficiency at relatively low cost.” Dubbed
the “dye-sensitized solar cell” (DSSC), it has continued to attract much interest, with the
result that significant progress has since been made towards improving the performance
and understanding the underlying principles of this novel photovoltaic device.5®

Current scientific efforts are mainly directed along two separate lines of inquiry:
refinement of the solar cell so that it is better suited for eventual commercialization and
fundamental studies to more fully understand the complex mechanisms that govern the
operation of the cell.*® The goals of the commercialization strategy are primarily to
lower the manufacturing cost of the cell and improve the operation lifetime of the
device. % Strategies for lowering DSSC cost include the substitution of the more
expensive components of the cell (e.g., ruthenium and platinum metals, transparent
conducting glass) as well as the development of low-cost manufacturing processes (such
as roll-to-roll processing of titania photoanodes).” ' '? An approach directed towards the
goal of extended device lifetimes is the development of a solid state DSSC, thereby
eliminating the leakage and sealing issues problematic of the current manifestation of the
DSSC which utilizes a volatile, solution-phase hole transport material.'® '** The aims
of the second line of investigation include a better understanding of the charge separation
mechanisms and the origin of the photovoltage produced by the cell.® % %16

The research presented herein is similarly directed along the same two lines. In
the second chapter, efforts to fabricate a solid state DSSC containing a thin polymer film
based on tris(bipyridine)cobalt(Il) are detailed. The remaining chapters describe studies
focused on elucidating the fundamental operation and shortcomings of solution-phase

tris(bipyridine)cobalt(IIl) complexes in DSSCs. Before delving into this work, a brief
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introduction to the construction of DSSCs, their mechanism of operation and their present

limitations is in order.

Components of DSSCs
Qverview

A dye-sensitized solar cell comprises three primary components: a photoanode
(PA), a dark cathode (DC) and a redox mediator (M).!” This is shown pictorially in
Figure 1. Illumination is nearly always directed through the photoanode, which itself is
composed of three parts: a transparent conducting oxide (TCO) glass substrate, a thin
layer of nanocrystalline TiO, and a monolayer of a light absorbing dye.'” In DSSCs, the
photoanode is the most innovative component of the cell and is where the “magic” of the
cell really lies.'® Dye molecules on the surface of the titania absorb incident photons and
inject the photoexcited electrons into the conduction band (CB) of the titania.'® It has
been demonstrated that the titania film, by virtue of its small nanoparticles (~20 nm on
average) and the liquid electrolyte, is not capable of supporting a macroscopic electric
field.!” Therefore, the excited electrons, once injected, diffuse towards the TCO substrate
in a so-called random walk fashion.2 Upon arrival at the TCO substrate, the electrons
experience the electric bias of the cell and are free to travel through the circuit as electric
current. After traveling through the circuit, electrons arrive at the dark cathode and are
transferred to the oxidized mediator (i.e., the mediator is reduced at the cathode).” The
dark cathode is simply a conducting surface on which the reduction of oxidized mediator
is facile (typically platinum metal).!*?! The third component of the cell, the redox

mediator serves to electrically connect the photoanode and dark cathode by shuttling
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electrons (or, in solid state DSSCs, holes) between the two electrodes.”? Reduced
mediator (formed at the cathode) diffuses into the porous, nanocrystalline photoanode
and reduces the photooxidized dye, thereby completing the electrical circuit. In this way,

DSSCs are able to convert light into electrical power.

photoanode redox mediator dark cathode

Figure 1, The major components of a DSSC (not to scale).

Transparent conducting oxide glass

As previously mentioned, illumination is generally directed through the cell from
the photoanode side.'” Therefore, a transparent substrate is required to allow as much
light as possible to reach the light-absorbing dye. Transparent conducting oxide (TCO)
glass substrates are ideal for this purpose as they are nearly as transparent as regular SiO,
glass and are sufficiently conductive so as to serve as electrical leads to the exterior

circuit. TCO glass is primarily SiO, glass, but with a thin layer of a conducting oxide on
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its surface. In DSSCs, fluorine-doped tin(IV) oxide (FTO) is the conducting oxide most

frequently used, although indium/tin oxide (ITO) may also be used.!’

Nanocrystalline titania

A thin film of nanocrystalline titania (TiO,) is deposited onto the TCO substrate
and consists of a network of randomly distributed spheres of anatase TiO, with an
average diameter usually on the order of 10-20 nm.'”* Although difficult to quantify,
the pores which result are generally assumed to be on the order of 2-50 nm and, as such,
the film is usually regarded as being mesoporous.23 :2* The total film thickness of the
titania varies, but is usually between 4 and 10 um.20’ 2.2 The usual method for
fabricating this film is to “doctor-blade” (a method akin to screen-printing) a thin layer of
colloid using two strips of adhesive tape as spacers to control the thickness.”* Once the
colloid is fairly dry, the tape is removed and the anode is baked at 450 °C to remove
organic components of the colloid and sinter the TiO, particles.

The primary function of the TiO; film is to serve as a high surface-area scaffold
for the light-absorbing dye.’ As the dye is adsorbed as a monolayer on the titania surface,
a large surface area is required for maximal light absorption and power conversion
efficiency. An unforeseen consequence of the mesoporous film is that it does not support
any macroscopic electric fields when wetted with liquid electrolyte (i.e., redox mediator),
a fact which likely facilitates efficient redox mediation and may have important

ramifications for DSSCs with solid state mediators."”
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Dye

As the light absorbing component of the cell, the dye serves a critical role and
must meet several criteria.'® Firstly, the dye must possess a high molar extinction
coefficient (i.e., it must absorb light efficiently) for wavelengths in the visible portion of
the spectrum, preferably extending well into the longer wavelengths of the red. The most
popular, N3-type (defined below) dyes possess extinction coefficients on the order of
14,000 M" cm™."” Secondly, the energy levels of the dye ground (D*/D) and excited
states (D+/D*) must be appropriately aligned so that charge injection from D*/D" into the
CB of the TiO, is thermodynamically favorable, but not so large in magnitude that a
significant portion of the photovoltage is lost during the charge injection reaction.
Thirdly, the oxidized dye must react slowly with injected electrons in the TiO, CB and
rapidly with the redox mediator in order to minimize counterproductive charge
recombination within the cell (vide infra).

By far, the most common and successful dyes in DSSCs are based on ruthenium
polypyridyl complexes and may be categorically referred to as “N3-type” dyes, named
for the N3 dye which was used nearly exclusively ca. 15 years ago and continues to be
among the most popular today.'” '* The N3 dye, cis-di(thiocyanato)bis(2,2’-bipyridyl-
4,4’-dicarboxylate)ruthenium(II), and related compounds adsorb strongly to the TiO,
surface through one or more carboxylate groups on the bipyridine rings.18 They feature
broad absorption peaks in the visible region of the spectrum (peak maximum at 535 nm
for N3) and inject photoexcited electrons on pico- to femtosecond time scales (often <100
fs) with near quantum efficiency, due largely to the first excited state orbitals (or LUMO)

being located on the bipyridine ligands (i.e., the lowest energy electronic transition is a
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metal-to-ligand-charge-transfer, or MLCT band).'®?*?” Conveniently, the HOMO is
localized away from the TiO, surface (calculated to be shared by both the metal and
thiocyanato ligands), a fact which is likely responsible for the slow recombination
kinetics of these dyes with photoinjected electrons and may also facilitate their reduction

by solution-phase mediators.'® 2

Cathode

Generally speaking, the cathode is the component of the cell with the fewest
requirements and the lowest degree of specialization. The function of the cathode is
simply to reduce the oxidized form of the mediator.*"**> Therefore, the only a priori
requirements are that the cathode be conductive and that it possess sufficiently fast
heterogeneous electron transfer kinetics with the redox mediator so that photogenerated
cell currents may be delivered with a minimum of overpotential required.* In
addition, as the illumination is typically from the photoanode side, a reflective cathode is
typically used in order to maximize light absorption in the cell.'”*!

Due to the prevalence of the I'/I;” redox couple in DSSCs (discussed below),
cathodes based on platinum metal are used almost exclusively for the simple reason that
no other surfaces exhibit comparable catalytic activity for the reduction of I;"%° As
already stated, typically a mirrored platinum cathode is used for enhanced light
absorption. However, FTO cathodes with platinum nanoclusters have also been used,

primarily with the intent of lowering cell cost by decreasing overall platinum loading.*

As cost is the main disadvantage of platinum cathodes, some effort has also been made to
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investigate the use of carbon-based cathodes, which show moderate but generally not

sufficient catalytic activity for Is” reduction.”" %

Redox mediator

The function of the mediator (M) is to shuttle electrons from the cathode to the
oxidized dye on the photoanode surface.***3! Alternately, the mediator may be
described as the hole-transport material, responsible for conducting positively charged
holes (generated in the form of a photooxidized dye molecule) to the cathode.*!*? Either
way, its function is the same and the thermodynamic requirements for this task are not
difficult to meet.”*3*3* The reduction potential of the mediator (M/M) should be
negative of (higher in energy than) the reduction potential of the dye (D'/D) by an
amount sufficient to drive the electron transfer from M to D" at a fast rate — quick
reduction of the dye is important in order to avoid recombination of the photoinjected
electron with oxidized dye.”>** However, it is important that the reduction potential of
the M"/M redox couple not lie too far negative (too high in energy) as the maximum
attainable voltage of the cell is dependent, in part, on the reduction potential of the
mediator and decreases as the reduction potential becomes more negative.” Broadly
speaking, finding compounds that meet these two thermodynamic parameters is not
particularly difficult.

Far more demanding are the contrasting kinetic traits required for proper DSSC
functioning.” As already stated, reduction of the mediator at the cathode should be
rapid, as should the oxidation of the mediator at the photoanode (alternately stated, the

reduction of the photooxidized dye). These two processes are necessary for efficient
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DSSC operation, however other processes are possible within the cell but are undesirable
as they impede cell performance.29’ 33,34 Accordingly, the rates of these undesirable
reactions will ideally be very slow. The two reactions of greatest concern are the
reduction of the oxidized mediator by electrons in the TiO, CB and by electrons in the
FTO CB.** Both of these reactions are often referred to as “recombination” reactions, a
term borrowed from the study of semiconductor photovoltaics to describe the undesirable
annihilation of a previously photoseparated electron/hole pair. Due to the deliberately
high surface area of the TiO,, the reaction of its CB electrons is particularly important.*®
Recombination through exposed regions of FTO is also a concern, despite the fact that
relatively little of the FTO surface is not covered by TiO,, as the concentration of
electrons is particularly high at the FTO surface.”> These kinetic constraints are

summarized below:

a. M+ e @ M (fast)

b. M+ D" = M +D (faster than e.)
c. M+ e = M (slow)

d. M+ epo = M (slow)

e. D" +epm = D (slower than b.)

With such demanding criteria required of a redox mediator, it is hardly surprising
that few chemical species have been found that are capable of serving in this capacity.lz’
33,34 In fact, nearly all DSSCs utilize I'/I5” as the redox mediator as it is far and away the
best mediator known.'%?%2*3* Other halogens and pseudohalogens have also been
studied but remain inferior.? Recently, in our group as well as others, certain cobalt(I)
complexes coordinated with polypyridine derivatives have been found to function
reasonably well in the role of mediator but still fall short of the high standard attained by

/1123
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Despite the superior performances of /13, it is not without several shortcomings,
most of which are related to the eventual commercialization and widespread distribution
of DSSCs.'%* Jodide/triiodide requires the use of platinum as a cathode material simply
because no other surfaces are sufficiently catalytic towards the reduction of 12! As
previously mentioned, platinum is an expensive metal which increases the cost of the
DSSC. Furthermore, I'/]5" is corrosive towards gold and other metals, making it difficult
to implement current collectors within the cell (desirable as the resistivity of FTO, while
low, is significant over areas larger than ~1 cmz).33 In addition, I'/I5” requires careful,
long-term sealing of the cell in order to prevent the loss of volatile components.'® *
Typical DSSCs utilize I/15" dissolved in a high-boiling-point organic solvent which
nevertheless has a non-zero vapor pressure and will evaporate over time.'%*
Furthermore, I3” exists in an equilibrium (Is” < I" + 1) with I, a volatile species itself,®
The most successful efforts to alleviate these sources of volatility utilize room
temperature ionic liquids, which introduce new concerns with environmental safety and
still require hermetic sealing.®® Another disadvantage of I/15 is that its reduction
potential, while adequate, is not as positive (lower in energy) as would be ideal.? As
previously stated, a too negative reduction potential unnecessarily limits the maximum
voltage attainable by the cell. A final disadvantage of I'/I5" is that it is not modifiable.”
Whereas reduction potentials and other properties of cobalt complexes, for example, may
be rationally tuned through adjustment of their ligands, no such mechanism exists with
I/1;."% This has disadvantages for both commercialization (no ability to optimize the

reduction potential) as well as for fundamental studies of essential redox mediator

properties (size, reduction potential, heterogeneous electron transfer kinetics, etc.).

10
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Additives to the electrolyte

In addition to the redox mediator, various other compounds have been added to
the liquid electrolyte in an effort to increase cell performance. Two of the most common
are lithium ion (Li") and 4-tert-butylpyridine (TBP). The addition o‘f Li" has been shown
to facilitate charge injection into the conduction band of the TiO, through a mechanism
involving intercalation of Li* into the titania nanoparticles and subsequent shifting of the
titania flatband potential to more positive values.*® This effect is especially important for
dyes with excited states very close in energy to the flatband potential of TiO,.® DSSCs
with TBP in the electrolyte frequently exhibit enhanced performance through improved
fill factors (FFs, vide infra) and larger open circuit voltages (Voc, vide infra).!”3" The
mechanism by which TBP improves cell performance is not well understood and remains
a subject of investigation and debate. Proposed mechanisms include: reduced
recombination at the photoanode surface due to a steric blocking effect caused by
adsorption of TBP onto the surface,”’ 38,39 negative shift of the TiO, flatband potential
due to basicity of TBP,***! reduced recombination resulting from interaction of TBP
with I3” which lowers concentration of I3” at the photoanode surface, ¥ effective shifts of
TiO, flatband potentials through interactions with Li” which prevent its adsorption onto

3.4 and stabilization of N3 dye through suppression of the thiocyanato

the titania surface,
ligand (SCN") loss mechanisms* (anecdotally, the vast array of hypotheses underscores
the incredible complexity of the DSSC system and the multitude of often interdependent

kinetic processes which must conspire to result in a functioning cell). Of course, other

additives have been researched but are less common and will not be covered here.

11
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Titania underlayers

Although not common, the use of a compact (i.e., not nanocrystalline) layer of
titania has been experimented with in an effort to reduce losses due to recombination
pathways at the FTO surface.”*” The underlayer is applied as a uniform coating over the
F TQ surface prior to deposition of the nanocrystalline TiO, layer. The most common
method utilizes the spray pyrolysis technique developed by Kavan and Gritzel.** The
resulting films are typically 50-500 nm in thickness, sufficient to block the direct electron
transfer from FTO to solution-phase redox mediators.*>*’ Generally speaking, these
films are not necessary with I'/I3” mediated cells but have been found useful with some

alternative mediators based on cobalt(II) coordination complexes.*” *°

Light-scattering layers

Although not commonly employed for basic research purposes, optimized DSSCs
may include a light-scattering layer of larger titania nanoparticles, typically with an
average diameter of 200-400 nm.*>**3' The primary purpose of this layer is to increase

light absorption by lengthening the effective pathlength of light through the cell.

Spacers

Most frequently, DSSCs are constructed with the photoanode and cathode placed
directly onto one another.'? More recently, DSSC assemblies have often included the
use of a plastic spacer in the cell between the cathode and photoanode.*® **5%% This

serves both to seal the cell as well as to prevent direct contact of the photoanode with the

12
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cathode, useful for eliminating electrical shorts between the two electrodes.>® The
spacers are kept thin (1-100 microns), however, so as to not overly exacerbate any

performance limitations due to diffusion of mediator across the cell.

DSSC Evaluation

The iV experiment

While a variety of techniques exist for the evaluation of DSSCs, the most
frequently performed experiment is the current-véltage experiment (iV).”?"> In this
experiment, a DSSC is assembled in the so-called “sandwich cell” configuration, which is
done by simply placing the cathode onto the photoanode (with or without a spacer).” %
Mediator solution is subsequently introduced to the cell, typically by applying a few
microliters to the edge of the cell and allowing capillary action to wick the solvent into
the volume between the electrodes. More complicated methods may also be utilized,
especially when sealing of the cell is desired.*®

Once assembled, the cell is illuminated and an external device, such as a
sourcemeter or potentiostat (wired to behave as a sourcemeter), is used to control the
voltage difference across the cell while simultaneously monitoring the current. The
resulting data are plotted as shown in Figure 2, with applied voltage on the horizontal
axis and current or current density on the vertical axis. From one iV curve, several
different parameters are extracted. The point at which the curve crosses the x-axis is
referred to as the open circuit voltage (Vo) and represents the maximum photovoltage
that the cell is capable of generating. Likewise, the y-intercept is the point of maximum

photocurrent, termed the short circuit current density (Jsc). A third parameter, the fill

13
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factor (FF), is calculated by dividing the point of maximum power density (Pmax =V xJ)
by the theoretical maximum power density that the cell is capable of (Pieo = Ve X Jso).
The fill factor is useful as a way to quantify the shape of the iV curve (vide infra). The
fourth parameter is the maximum efficiency of the cell (). This is calculated by dividing
the point of maximum power density (Pmax) by the incident light power density (most

often calibrated to AM 1.5 (1 sun), equal to 1000 W m™ or 100 mW cm™).

Jsc

AN

| (or J) \Vj

oc

Figure 2. A sample iV curve. The x-axis is potential, the y-axis is current (I) or current density (J).

Together, the four parameters do an excellent job of quickly evaluating DSSC
performance but do not generally yield specific information about individual mechanisms
within the cell. In this respect, the iV experiment is somewhat analogous to cyclic
voltammetry in that both are invaluable tools for the quick (but less quantitative)
characterization of their respective systems. Maximum efficiency is the parameter which
best reflects the bottom-line performance of the cell and is of greatest concern for the real
world application of the cell (aside from cost).* The much-touted target efficiency of any

solar conversion device is 10%. Although the best recorded efficiencies meet or exceed
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this value (10-11%), typical devices do not."">* Furthermore, scale-up is a very large
issue with DSSCs and generally results in even lower values for .' Comparison of Vo
and J values is entirely straightforward: the larger the better. Typical DSSCs have a
Vo around 700 mV, while Jg; ranges more widely (3-15 mA cm'z).

The least intuitive parameter is the fill factor. It quantifies the deviation of the
shape of the actual iV curve from an ideal iV curve.*® In the absence of recombination
and significant resistances both internal and external to the cell, the shape of the iV curve
would be a perfect rectangle.*® Real DSSCs, without exception, suffer from one or more
of these phenomena and display an iV curve with a rounded corner at higher voltages.
The extent of this rounding is reflected by the FF, which decreases from 1 as the
recombination and/or resistance gets worse. An excellent realistic FF is 0.7-0.8 but FFs
between 0.5 and 0.7 are still very acceptable. For calibration, a straight line between the

Jsc and Vo results in a FF of 0.25 and is very poor.

Other experiments

Other experiments may be conducted to better elucidate one or more processes
occurring within the cell. As a broad category, these experiments frequently do not
utilize the sandwich cell configuration and are generally focused on a particular aspect of
the DSSC (e.g. charge injection efficiency, recombination kinetics). The number of
reported techniques is too large to list comprehensively here, but they include IPCE'"-%,
APCE”’, transient absorbance®® %8, OCVD***, IMVS*!, IMPS®® ¢! impedance
spectroscopyw, cyclic voltammetry'? and transient cell experiments46 (acronyms are

defined in the List of Symbols and Abbreviations, page x). Space considerations prohibit
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further description of these experiments here, but the introduction to Chapter 3 covers
select experiments in somewhat greater detail. Also, more information about specific

experiments is easily obtained by consulting the cited references.

Cobalt Complexes in DSSCs

Previous research

Clearly, the sizable list of undesirable properties of I'/I;" underscores the need for
research into alternative redox mediators for DSSCs (vide supra) However, few
compounds display the appropriate kinetics to serve adequately in this capacity.”*** Of
this select group are certain coordination complexes of cobalt(II).'*** Early efforts with
cobalt complexes were, for the most part, disappointing.“’ 62 Nusbaumer et al. were able
to achieve very good efficiencies with one cobalt species (~7%), but only at low
illumination intensities (1/10 sun) and only with a synthetically complicated ligand.**
More recently, Sapp et al. reported achieving DSSC performances (at full 1 sun
illumination) with certain polypyridine complexes of cobalt that were approximately 80%
of the performances displayed by I'/I3” in otherwise identical cells." Although the results
were encouraging, maximum efficiencies were still only 1.3%, far below the best DSSCs

to date.

Advantages of tris(bipyridine) cobalt(ll)

Despite the fact that tris(bipyridine) cobalt(II) complexes have not outperformed

I'/I3" to date, they retain a few key advantages over iodide/triiodide. First and foremost,

they are modifiable, generally through relatively straightforward synthetic procedures.12

16
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The substituents on the 4 and 5 positions of each ring may be customized to rationally
affect properties of the entire cobalt(Il) complex, including the reduction potential and
size of the cation. Therefore, unlike I'/I5", polypyridyl complexes of cobalt(Il) may be
fine-tuned to both optimize cell performance and to advance our fundamental
understanding of redox mediation processes within a DSSC.

From a practical perspective, tris(bipyridine) cobalt(II) complexes offer other
advantages, such as being non-volatile and non-corrosive.'> Admittedly, the non-
volatility of these complexes is somewhat mitigated by the fact that they are still
dissolved in a volatile organic phase, but with modification of the polypyridyl ligands so
readily conducted, the possibility of redox polymer films based on cobalt is one way to
achieve true non-volatility of the redox mediator (see Chapter 2). The non-corrosiveness
of cobalt(II) complexes is especially valuable as it allows for research into previously
restricted materials (e.g., gold, carbon) for use within the cell. The potential for cheaper
cathodes as well as for current collectors within the cell hold advantages for the scale-up

and eventual commercialization of DSSCs as well.'> ¥

Why cobalt(ll) complexes work

Phenomenologically, there are two principles reason why cobalt(II) complexes
function well as mediators in DSSCs. Firstly, the reduction potential of polypyridyl
cobalt(Il) complexes is well-suited for use within DSSCs based on N3-type dyes.'?
Secondly, and more importantly, these complexes exhibit an unusual surface dependence
with respect to their heterogeneous electron transfer kinetics (regarding the +3/+2 couple

only)."2 Specifically, these kinetics are exceptionally slow on metal oxide surfaces,
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including the FTO and TiO, which constitute the photoanode. On surfaces such as gold,
glassy carbon, and platinum, the complexes frequently display very rapid, “quasi-
reversible” electron transfer kinetics. This surface dependence makes cobalt(II)
complexes, as a class of materials, ideally suited for use within DSSCs.

The origin of this atypical surface dependence is not well understood.' It has

been known for some time that cobalt(Il) complexes typically exhibit extraordinarily

11 111

slow rates of self-exchange (i.e., Co + Co™ =» o™ + CoH), with a rate constant of
18 M1t s! for tris(bipyridine)cobalt(II).63 %5 The likely explanation for this lies in the
realm of Marcus theory.® Cobalt(Il) is a 7 metal and, when ligated by polypyridyl-type
ligands, adopts a high-spin electron configuration (Figure 3).°” Upon oxidation, the
complex assumes a low-spin configuration, a shift which involves a change in bond
lengths (due to the depopulation of anti-bonding eg* orbitals and increased population of
the tyg orbitals) and a concurrent reorganization of the surrounding solvation sphere
(Marcus reorganization parameter, 1).°” Given the extensive reorganization involved, as
well as the energy barriers for doing so, it seems reasonable that the reaction occurs
relatively slowly. Accordingly, the self-exchange reaction should also occur slowly, as
should the heterogeneous electron transfer reaction (essentially just %2 of a self-exchange
reaction), which is the relevant reaction in the case of DSSCs.

Nevertheless, while this hypothesis is sufficient to explain why electron transfer
may be expected to be slow for cobalt(Il) complexes, it does not explain why it is slow on
some surfaces and dramatically faster on others (i.e., the surface dependence). The work

of Sapp and coworkers may provide a hint.'* They found that only cobalt complexes

with bulky substituents on the pyridine rings were efficient mediators in DSSCs, perhaps
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Figure 3. Diagram illustrating the electronic and physical rearrangements which occur upon oxidation of
(left) cobalt(II) complexes and reduction of (right) cobalt (III) complexes.

indicating that the degree of electronic coupling between the complex and the electrode
surface (hindered with bulkier substituents) may play a significant role in determining the
electron transfer kinetics. Still, the question remains as to why other surfaces (such as
gold, glassy carbon, and platinum) are affected to such a lesser degree by the steric
properties of the polypyridyl ligands.

The answer almost certainly is related to the properties of each surface. In the
course of my own research, it has become evident that surface characteristics as well as
surface history play a large role in determining cobalt(I) behavior. On gold, in
particular, cobalt(II) behavior can be influenced by time, polishing procedure, flame, and
the phase of the moon (or so it has appeared, at times).68 In addition, the electron transfer
kinetics on platinum are influenced to a large degree by the presence of Li* ion (they
become even slower).®® Furthermore, it has been recently discovered that FTO and ITO
surfaces become catalytic to the oxidation and reduction of tris(bipyridine) cobalt(II)
complexes when their surface is modified by the adsorption of other metal complexes.**

U All of these observations indicate that the electrode surface may be the dominant
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factor in determining the heterogenous electron transfer kinetics of cobalt complexes,
| presumably by such characteristics as nanoscopic surface morphology or the thickness of
the oxide layer.

Given that a relatively large energy barrier exists for the oxidation and reduction
of polypyridyl cobalt(II) complexes (vide supra) and that these complexes frequently
display extraordinarily slow heterogenous electron transfer kinetics (often to the extent of
being effectively chemically inert on the surface), it may be best to regard their
oxidation/reduction reactions as catalytic processes.”’ As such, electrodes on which
cobalt complexes exhibit nearly ideal electron transfer kinetics should be thought of as
catalytic surfaces which, through some currently unknown means, avoid/reduce/tunnel
through an intrinsic energy barrier for electron transfer and speed up this otherwise very

slow reaction.®’

My Research

The research presented herein comprises two separate lines of investigation, each
with its own goals and intentions. The second chapter details efforts to take the first step
toward the realization of solid state, cobalt-mediated DSSCs. Taking advantage of the
ease with which tris(bipyridine)cobalt(Il) may be modified, significant effort was made to
integrate these complexes into DSSCs as a redox polymer film. Unfortunately, this effort
was not successful, primarily due to the requirement that the film be exceedingly thin and
uniform.

The second line of inquiry is described in the subsequent chapters. An array of

experimental techniques was utilized in order to identify and understand the factors
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which limit the performance of cobalt-based mediators in DSSCs. Insights into the
peculiar behavior of tris(bipyridine)cobalt(II) gained from these studies narrow the
possible models for describing the fundamental operation of solution-phase cobalt

complexes and indicate that mass transfer of cobalt(IlI) to the cathode is often rate-

limiting in this system.
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Chapter 2

Research Directed Towards Incorporation of a Cobalt Redox Polymer

into Dye-Sensitized Solar Cells

Abstract

This chapter describes efforts to take the first step towards a novel, solid state
DSSC with a thin layer of cobalt redox polymer on the surface of the photoanode. The
intent was to utilize atom transfer radical polymerization (ATRP) to grow a surface-
bound polymer based on a cobalt tris(bipyridine) type complex which was only 1-10
monolayers thick. Ultimately, a thin cobalt redox polymer film was successfully grown
in a surface-initiated polymerization. However, it is unlikely that the polymerization

reaction proceeded in a controlled/living manner or, in fact, that it occurred by way of an
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ATRP-type mechanism at all. SEM and XPS experiments suggest that the
polymerization was initiated at the surface by the dye, but that the active radical was
typically not well-deactivated, resulting in isolated regions of uncontrolled polymer
growth. Over time (approximately 10 hours), these islands of polymer merged, forming a
fairly pinhole-free film on the macroscopic surface of the titania layer. Although
reproducible, the film impaired photoanode performance in DSSC iV experiments.
Whether it did so because of a reduced photoactive surface area or because of an intrinsic

electrical resistance on the part of the polymer remains unclear.

Introduction

Solid state DSSCs

From a commercialization standpoint, one of the greatest drawbacks of DSSCs is
the utilization of a liquid phase electrolyte in the cell. Liquid phase components require
careful sealing of the cell in order to prevent loss of the liquid through leaking or
evaporation.'”? Although possible, long-term sealing is problematic and creates
additional steps in device fabrication, adding unwanted cost and complexity to device
manufacture. Also, depending on the nature of the solvent, the array of possible glues
and sealants may be limited by chemical reactions with the solvent.*

Accordingly, there has been much interest in the development of a solid state
redox mediator. Truly solid state devices based on p-n type heterojunctions utilizing
inorganic hole conductors were among the first solid state DSSCs investigated.’ In
particular, CuSCN was found to successfully transport holes to the back cathode contact,

although device efficiencies were still well below those of liquid state mediators.™ ¢ Solid
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state organic hole conductors have also been explored.”® Other solid state cells were
fabricated with a poly(thiophene) derivative as both dye and hole transporter.9 Devices
incorporating p-type polymer materials, such as polythiophene and polypyrrole, have also
been investigated, although with limited success.'”!? Research into ion-conducting
polymers has been similarly disappointing.” 3. 14 Recently, attention has focused onto
quasi-solid state DSSCs utilizing room-temperature ionic liquids (RTILs), primarily those
incorporating iodide ions.? Despite their high viscosity, RTILs have been shown to be
surprisingly apt ion conductors in DSSCs. Although conversion efficiencies remain
slightly below that of solution based DSSCs, devices with reasonable efficiencies (7%)
have been fabricated.? Unfortunately, however, RTILs still necessitate sealing of the
device and in addition are extremely toxic to the environment.

Redox polymers (conductive polymers incorporating redox-active metal centers)
are noticeably absent from the solid state DSSC literature. Much of the research in this
field has focused on solid state electrolytes with I/I;” ion conducting properties.” This is
hardly surprising as I'/I3" continues to be used almost exclusively in liquid state devices
and therefore presents the most logical starting point for solid state research. Recently,
two novel DSSC systems have been reported which utilize cobalt complexes as redox
mediators.”*!” Sapp et al. found that 4,4’-substituted tris(bipyridine)cobalt(I) complexes
performed well in DSSCs, yielding conversion efficiencies up to 80% of a comparable
cell with I/1;.'6 Although tris(bipyridine)cobalt complexes offer several advantages to I’
/13, perhaps the most exciting is that they are modifiable.'® Whereas I7/15 is simply I/13,
a near limitless number of tris(bipyridine)cobalt complexes can be synthesized by

varying the substituents at either the 4 or 5 positions on the pyridine rings. Most relevant
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to solid state research, polymerizable groups may be added to these positions, enabling
the introduction of redox polymers into DSSCs.

Redox polymers, especially those of iron, osmium and ruthenium, have been well
characterized.'”?' Reduction potentials of redox polymer films are generally very similar
to those of the constituent monomer. Accordingly, as alkyl-substituted
tris(bipyridine)cobalt complexes have a reduction potential well-suited for use in a
DSSC, so too should a redox film composed of such units. Conductivity in redox
polymers is dependent upon the mobility of both the counterions and the electrons
throughout the medium. Counterion mobility is a function of counterion size as well as
the degree of cross-linking in the polymer matrix. Electron mobility is determined
primarily by the rate at which electrons are transferred from metal center to metal
center.?? The rate constant for this reaction in the polymer corresponds closely to a metal
complex’s rate constant for self-exchange in solution, although a lack of polymer
segmental motion may also inhibit conductivity.**?* Unfortunately, the +3/+2 self-
exchange rate for tris(bipyridine)cobalt is exceedingly slow (18 Mm! s").25 Consequently,
it is predicted that a redox polymer based on Co(IIT)/Co(II) will be considerably resistive.

Nevertheless, a tris(bipyridine)cobalt redox polymer may still prove useful in a
DSSC. The primary function of the polymer will be to control the electron transfer
kinetics at the photoanode/electrolyte interface. For the most part, the greatest difficulty
in developing alternative redox mediators for use in DSSCs is finding a redox couple
with the appropriate electron transfer kinetics, i.e. one which quickly reduces the
oxidized dye but is only slowly reduced by electrons from either the nanoporous titiania

or conducting glass surface of the photoanode. As tris(bipyridine)cobalt complexes in
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solution have demonstrated these rare kinetics, a tris(bipyridine)cobalt redox polymer
may very well exhibit similar kinetics in a solid state DSSC. Although cobalt polymers
can be expected to be inherently resistive, the overall resistance arising from the polymer
film can be controlled by keeping the polymer layer thin. Using the Dahms-Ruff relation,
we have estimated that the thickness of a cobalt III/II redox film must be kept within 10
or so monolayers in order to ensure that it is sufficiently conductive to provide the
milliamp currents produced in DSSCs.%

Obviously, a 10 monolayer thick redox polymer film will not be sufficient to
reach the back cathode. A second, more conductive electrolyte will be required to
transport the photogenerated holes from the backside (towards the cathode) of the cobalt
polymer to the cathode. As the kinetic requirements of this co-mediating polymer are
very straightforward (i.e. simply be conductive), nearly any hole-conducting polymer

with the appropriate energetics should serve.

Figure 1. DSSC with a thin, tris(bipyridine)cobalt film (thick black lines) covering the photoanode surface
(left side). A second mediator (M) would be required to transport holes to the cathode (right side).

However, deposition of a several-monolayers thick, cross-linked polymer film

onto a porous, nanocrystalline surface is a challenging endeavor. While such thicknesses
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can be attained relatively easily on flat substrates with conventional techniques, the high
degree of roughness of the photoanode surface (commonly estimated at approximately
1000:1 actual surface area to projected surface area) presents a significant challenge.”’
With flat substrates, spin-coating, drop-coating, and electrochemical polymerization
techniques are all commonly employed to produce thin, tris(bipyridine)metal redox films.
Drop-coating involves the application of a small volume of dilute monomer solution to a
substrate, followed by slow evaporation of the solvent. Spin-coating similarly involves
application of a monomer solution, but evaporation is assisted by spinning the substrate at
high speeds. In both cases, polymerization and cross-linking of the residual monomer
film are performed subsequent to solvent evaporation, typically with heat or UV light.
Electrochemical growth of vinylbipyridines has also been exploited, and involves
application of a negative potential to an electrode in monomer solution.”®*?° Polymer film
growth occurs at the surface of the working electrode and is easily controlled by either
the number of voltage cycles or the duration of the voltage pulse. Unfortunately, the
chemisorption of carboxylate-bound dyes (such as those most commonly used in DSSCs)
has been found to be unstable at negative potentials, making electrochemical growth of
metal-vinylbipyridines an impossibility.>"** As will be described below, both spin- and

drop-coating methods were attempted, but both were found to yield unsatisfactory results.

Controlled/living radical polymerization

Controlled/living radical polymerization (CRP) presents an attractive alternative
to simple “coat and heat” methods. Whereas methods such as spin- and drop-coating

regulate final polymer thickness through painstakingly control of the amount of monomer
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delivered to the substrate, CRP allows for control within the polymerization process
itself.**3* This control is achieved by virtue of CRP’s first order kinetics with respect to
monomer concentration in combination with a linear relationship between degrees of
polymerization (DP) and conversion.” Accordingly, in the case of surface-bound
polymers, polymer thickness may be controlled straightforwardly through regulation of
reaction time.>>* As removal of the photoanode substrate from the monomer solution is
all that is required to end the reaction, CRP offers a considerable advantage over “coat
and heat” methods.

Controlled/living radical polymerizations are fundamentally distinct from other
radical polymerization techniques in that the propagating radical exists in a dynamic
equilibrium between active and dormant states.”” In the active state, the growing polymer
chain is terminated by a free radical which is capable of reacting with monomer, a result
which represents propagation of the polymer chain. Importantly, the free radical may
also react with another type of species present in solution, yielding a dormant, or
deactivated state. This reaction is reversible, and a catalyst and/or heat is employed to
optimize the equilibrium between the dormant and active states of the radical. Although
a desirable equilibrium typically will favor the dormant state, the rate of deactivation
must be on the order of the propagation rate so that reaction of the active radical with
monomer is competitive with deactivation. Successful CRP reactions generally require
conditions where one or less propagation steps occur per activation cycle (i.e. dormant-
active-dormant).>”3® Activation of the radical is usually much slower than either
propagation or deactivation, and consequently polymer chains spend most of their time in

a dormant state.”” It should be noted that this discussion of CRP does not pertain to
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reversible addition-fragmentation transfer (RAFT) polymerization - or any other
technique based on degenerative transfer - which, although a very successful CRP
technique, operates on slightly different principles.’’

Although it greatly slows polymerization, weighting the equilibrium towards a
dormant radical is the source of many of CRP’s advantages over other radical
polymerizations.”” Reaction of two chain-end, propagating radicals is a major
termination pathway in conventional radical polymerizations. With CRP, on the other
hand, most radicals exist in the dormant state so that, at any one time, the concentration
of active radicals is small and radical-radical termination is drastically reduced, typically
to levels below 10%.>” Conventional polymerizations often proceed very quickly, with
initiation-propagation-termination cycles frequently lasting less than one second.”” In
contrast, CRP reactions may take hours to days to achieve comparable DPs and, in some
respects, never achieve termination as the dormant species (usually fairly stable) may be
reintroduced to polymerization conditions at any point and continue propagating.®’
Advantages of CRP reactions include lower polydispersities, linear increases in DP with
monomer conversion, and greater overall control of molecular wei ght.*” The stability of
the dormant species is especially advantageous in the synthesis of well-defined block
copolymers, as it allows growing polymer chains to be transferred from one monomer
solution to another during the course of the reaction.

The field of controlled/living radical polymerization has been advanced
considerably within the last two decades.’” There now exist several mature CRP
techniques, with the most successful being: atom transfer radical polymerization

(ATRP), nitroxide-mediated polymerization (NMP), reversible addition-fragmentation
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transfer (RAFT), and cobalt-mediated radical polymerization (CMRP). Although each
technique has been well-demonstrated to yield polymers with low polydispersities and
controlled molecular weights, not all techniques are suitable for all types of monomers in
all conditions. Perhaps the most versatile of the currently known CRP methods, ATRP
has been used to polymerize a wide variety of monomer types under an extraordinarily
broad range of reaction conditions.***’ In addition, there are a variety of functionalities
capable of initiating ATRP, most of which are commercially available and easily
incorporated into a variety of initiator molecules, further adding to the technique’s
versatility.3 7 Furthermore, ATRP has been successfully employed by several groups to
grow surface-bound polymers.3 5.36.39.90 por these reasons, ATRP was the CRP technique
selected for this project.

In atom transfer radical polymerization, the active radical is deactivated by the
reversible transfer of a halogen atom to the propagating polymer chain by a catalyst,
typically a transition metal coordination complex (Figure 2). Suitable monomers include
styrenes, acrylates, methacrylates, acrylonitriles acrylamides methacrylamides, acrylic
acids, methacrylic acids, and 4-vinyl pyridines as well as a few other miscellaneous
monomers.*! Initiator functionalities generally resemble the halogenated form of the
monomer, although interestingly they may also resemble the halogenated form of a
different type of monomer from that being employed (eg. a benzylic halide initiator —
resembling halogenated styrene — in conjunction with a methacrylate monomer).*%#!
Accordingly, types of initiators employed include halogenated alkanes, benzylic halides,
a-haloesters, a-halonitriles, and sulfonyl halides.”! Tt is also possible to use conventional

radical initiators such as azobisisobutryonitrile (AIBN) in the presence of deactivator (the
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reduced form of the catalyst), a technique referred to as reverse ATRP.*' For both
normal and reverse ATRP, a variety of transition metal catalysts have been employed, but
by far the most popular are those based on copper.*' Polydentate ligands are employed,
usually two- to four- coordinate, and are generally either polypyridines or branched,
aliphatic amines.*’ ATRP may be performed in bulk or in solvent, with solvents ranging
in polarity from toluene to water.”>***! Reaction temperatures also vary dramatically;
some systems require 120 °C while others proceed rapidly at room temperature.
Although all ATRP reactions are conducted in air-free environments, the procedure is
fairly O, tolerant, especially in comparison to other techniques such as anionic and

cationic polymerizations.®

P-X + Cat! _— P + X-Cat!!

+M

Figure 2. Popagation process in atom transfer radical polymerization. P = growing polymer chain, M =
monomer, X = halogen, Cat = catalyst.

The persistent radical effect (PRE) is the name given to a phenomenon of crucial
importance to ATRP and most other controlled/living radical polymerization techniques
(excluding RAFT).? 7 In ATRP reactions, the catalyst is added to the reaction mixture in
its reduced form and in this state may be referred to as an “activator.” Its primary
function is to catalyze the transition of the propagating radical from a dormant to an

active state. It does so by abstracting the chain-end halogen atom, with the central metal

of the catalyst simultaneously experiencing a +1 change in its formal oxidation state.
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This oxidized form of the catalyst is responsible for the return of the active radical to a
dormant state, and as such is sometimes referred to as a “deactivator.” Since the catalyst
is generally added only in its reduced form, the initial concentration of deactivator is very
low (approximately zero). Although the deactivator concentration increases once the
polymer chain radical has been activated, it is still very small in the early stages of the
reaction. Accordingly, deactivation is less efficient and termination between propagating
chains occurs with greater frequency. However, for every termination event, two
molecules of deactivator are generated (one from each chain) and the deactivator
concentration quickly increases until it reaches a level where deactivation proceeds with
sufficient rapidity to prevent further termination events. In most cases, only very low
concentrations of deactivator are required, so termination is maintained at tolerable
levels, usually less than 10%.” This series of events has been dubbed the persistent
radical effect (PRE) and is frequently exploited in controlled/living radical

polymerizations.

Surface-initiated ATRP

Considering the high degree of flexibility of ATRP, it is hardly surprising that
several groups have investigated its use in fabricating well-defined, surface-bound
polymers.3 5.36.39.40 There are two distinct approaches to the preparation of surface-bound
polymers (commonly referred to as “polymer brushes”): a “grafting to” approach
wherein the preformed polymer is attached to the surface and a “grafting from” approach
with a surface-bound species initiating the reaction and subsequent polymer growth being

directed away from the surface.”®* Although initial research in this field was focused on
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“grafting to” methods, polymer brush densities and thicknesses were limited by the
approach. Steric crowding of adsorption sites by non-linear polymer chains limited
attainable brush densities while thicknesses were restricted by the minimal solubility of
high molecular weight polymers.*® The “grafting from” approach (also referred to as
“surface-initiated polymerization”) alleviates both problems and has become method of
choice for most polymer brush syntheses.>*** While any of the major classes of
polymerization techniques may be used, CRP — and ATRP, in particular — is especially
amenable to polymer brush synthesis due to the wide variety of available monomer types,
less stringent reaction conditions and greater control over molecular weight.>?

Notably, there is no literature precedent for the surface-initiated ATRP of cross-
linked redox polymers, although reasons for optimism can be found. While the vast
majority of ATRP reactions are conducted on monomers with a single polymerizable
functionality (yielding straight-chain polymers), effort has been directed recently towards
the synthesis of cross-linked films via the polymerization of certain difunctional
monomers.*** The fabrication of cross-linked polymer brushes presents unique
challenges and several different techniques have arisen to address them.

Catalyst systems, in particular, have required adjustment in order to maintain a
desirable persistent radical effect. As mentioned previously, the PRE is responsible for
generating the baseline deactivator concentration necessary for a proper equilibrium
between the active and dormant states of the propagating radical. When ATRP is
conducted in a homogenous medium, the initial concentrations of initiator and catalyst
are high enough that this baseline is reached quickly and with only a minimal percentage

of polymer chains being lost to termination. Surface-initiated ATRP, on the other hand,
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presents a situation where the overall number of initiating sites is inevitably much
lower.* Further exacerbating the problem, the heterogeneous nature of the reaction leads
to a concentration imbalance: a localized density of propagating radicals on the surface
(requiring a high concentration of deactivator) and a “dilution” of the solvated deactivor
as it diffuses away from the polymer chains. In the surface-initiated ATRP reactions of
straight-chain polymers, this dilemma is easily addressed through the use of “sacrificial”
initiator in solution.** *® Deactivator concentrations are restored to appropriate levels and
propagation is controlled. Although this results in polymer growth in solution as well as
on the intended surface, the substrate may be easily extracted from the reaction medium
and rinsed of all ungrafted polymer. When grafting cross-linked polymers, however, the
polymerization reaction generally must be confined to the surface as the low solubility of
cross-linked polymers causes them to irreversibly precipitate onto the substrate.*** One
technique used to avoid this situation is to suspend the substrate in the reaction medium
such that most precipitate deposits somewhere other than the substrate surface.**
Although success with this approach has been reported, gelation of the entire reaction
medium may also occur and renders the polymerization useless.* A more common
technique is to add the deactivating form of the catalyst to the reaction solution.** % “
The most significant drawback to this technique is that reaction rates are dramatically
slowed if deactivator concentrations become too high.>> Nevertheless, a balance may be
achieved and the addition of deactivator has become a popular tool for controlling the
surface-initiated growth of cross-linked polymers.

Another approach to the fabrication of cross-linked polymer brushes is to first

grow a straight chain polymer appended with sidechain functional groups.” These
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functional groups may then be utilized in a second reaction to cross-link the surface-
bound polymer. A common strategy is to use a radical polymerization for the first
reaction, followed by a condensation reaction with a difunctional cross-linker for the
second. Another strategy is to react a preformed, spin-coated film of covalently-linked
bipyridines with free metal ions in solution, generating a cross-linked film upon
coordination of the bipyridine ligands with the redox-active metal.** A concern with this
approach is that if the degree of cross-linking at the polymer brush surface is too high,
further penetration of the metal cross-linker into the film may become impossible. In this
case, an unevenly cross-linked polymer brush results, and a high electrical resistance

across the inner portion of the film can be expected due to the absence of redox-active

centers.

Experimental

4. 4"-bis(7-bromoheptyl)-2, 2"-bipyridine

To a 3-necked flask under N, cooled to -78 °C with a dry ice/acetone bath and
containing approximately 30 mL of freshly distilled THF and 7.8 mL of
diisopropylamine (filtered over alumina and degassed), 28 mL of 2M n-butyllithium in
hexanes were added. After allowing 30 min for the formation of LDA to proceed, 5 g of
4,4’-dimethyl-2,2’-bipyridine (DMB, Reilly Industries, Indianapolis), dissolved in
approximately 350 mL freshly distilled THF, was added dropwise to the reaction flask.
After two hours, the generation of bipyridine dicarbanion was complete, resulting in a

deep red solution. Finally, 16.2 mL of 1,6-dibromohexane, filtered over hot alumina and
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degassed, was added to the solution. The reaction vessel was kept under N, and allowed
to warm to room temperature overnight. After ~15 hrs, the reaction was quenched with
H,O. THF was removed via rotary evaporation and replaced by H,O. The resulting
slurry was extracted 4 times with dichloromethane (DCM). The organic layers were
combined, dried over Na,SOy, filtered through Whatman qualitative grade filter paper,
and rotary evaporated to yield a viscous brown oil which was then purified using column
chromatography (flash silica with 10% ethyl acetate in dichloromethane). '"H NMR in
CDCl; (8 in ppm, multiplicity, integration): 1.4 (m, 12H); 1.8 (m, 8H); 2.9 (t, 4H); 3.4 (¢,

4H); 7.5 (d, 2H); 8.7 (d, 2H); 8.8 (s, 2H).

Synthesis of 7, 7'-(2,2'-bipyridine-4,4'-diyl)bis (heptane-7, 1 -diyl) diacrylate (dAb)

4.4'-bis(7-bromoheptyl)-2,2'-bipyridine was divided into several fractions. Each
fraction was stirred for three days in a solution of sodium acetate in glacial acetic acid.
The solution was neutralized with aqueous NH4OH and extracted with dichloromethane,
which was then dried over Na;SO4 and removed with rotary evaporation. To the
resulting solid was added approximately 200 mL of 95% EtOH and several pellets of
NaOH. The reaction was refluxed overnight under N,. The solution was then neutralized
with glacial acetic acid and the ethanol removed with rotary evaporation. Another
DCM/H,0 extraction was performed, with the organic layer being dried over Na,SO4 and
rotary evaporated. After further drying under vacuum, the solid product was dissolved in
Optima grade acetonitrile. Acryloyl chloride (8 mL) was added and the solution was
refluxed for 6 hours under N,. After rotary evaporation, the crude oily product was

purified with a dichloromethane/aqueous Et;N (2% v/v) extraction followed by column
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chromatography (flash silica with 10% acetone in dichloromethane), resulting in a white
solid product. Overall yield (based on DMB) was less than 10%. 'H NMR in CDCl; (8
in ppm, multiplicity, integration): 1.4 (s, 16H); 1.7 (m, 10H); 2.8 (t, 4H); 4.1 (t, 4H); 5.7

(d, 2H); 6.1 (d of d, 2H); 6.4 (d, 2H); 7.4 (s, 2); 8.7 (m, 4H).

Synthesis of Co(dAb)s(CIOy)»

The dAb ligand was dissolved with heat into a minimal volume of MeOH, to
which was added a stoichiometric amount of Co(ClO;), hexahydrate. The solution
quickly turned brown, but was refluxed for two hours to ensure full conversion. Once
approximately 80% of the solvent had been rotary evaporated, the metal complex was
precipitated with diethyl ether. The product was filtered, redissolved in acetonitrile,

transferred to a scintillation vial and rotary evaporated to dryness.

Synthesis of Fe(dAb)3(ClOy)»

The dAb ligand was dissolved in a minimal volume of MeOH, to which was
added a stoichiometric amount of aqueous Fe(NH3)4(SO4);. The reaction was allowed to
stir at room temperature for a few minutes before an excess of aqueous NaClO, was

added. The resulting precipitate was filtered and used without further purification.

Synthesis of Zn(dAb)3(ClOy),

The dAb ligand was dissolved in a minimal volume of MeOH, to which was
added a stoichiometric amount of aqueous ZnSO4 x 7 H,O. The reaction was allowed to

stir at room temperature for 30 minutes before an excess of aqueous NaClO,4 was added.

44

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



The flask was chilled in an ice bath and the resulting precipitate was filtered and used

without further purification.

Synthesis of 7.7'-(2, 2'-bipyridine-4,4'-diyl)diheptan-1-ol (diol)

A modified procedure, developed by Di Xue, was used to prepare a bulk quantity
of diol.¥’ The strategy was similar to that employed to synthesize the dab ligand, but a
bromoalcohol was used instead of a dibromoalkane. To protect the alcohol functionality,
15 g of 6-bromohexan-1-ol and 156 mg p-toluene sulfonic acid were added to 75 mL
diethyl ether. The solution was purged with N; and cooled to 0 °C in a ice water bath.
To this, 12 mL of 3,4-dihydro-2H-pyran was added dropwise. The solution was allowed
to warm and stirred overnight. The reaction solution was washed four times with 1 M
NaOH, three times with H,O and once with an aqueous saturated NaCl solution. The
organic layer was dried over Na,;SO4 and rotary evaporated to a yellow liquid, which was
further purified with column chromatography (flash silica, 4% v/v diethyl ether in
hexane).

To a 3-necked flask under N, cooled to -78 °C with a dry ice/acetone bath and
containing approximately 30 mL of freshly distilled THF and 6.3 mL of
diisopropylamine (filtered over alumina and degassed), 22.25 mL of 2M n-butyllithium
in hexanes were added. After allowing 30 min for the formation of LDA to proceed, 3.72
g of 4,4’-dimethyl-2,2’-bipyridine (DMB, Reilly Industries, Indianapolis), dissolved in
approximately 300 mL freshly distilled THF, was added dropwise to the reaction flask.
After two hours, the generation of bipyridine dicarbanion was complete, resulting in a

deep red solution. Finally, 13.4 g of the protected bromoalcohol was degassed and added
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to the solution. The reaction vessel was kept under N, and allowed to warm to room
temperature overnight. After >24 hrs, the reaction was quenched with MeOH. THF and
MeOH were removed via rotary evaporation and replaced by H,O. The resulting slurry
was extracted 3 times with diethyl ether. The organic layers were combined, dried over
Na,S0s, and rotary evaporated to yield a yellow liquid which was then purified using
column chromatography (flash silica with 30% ethyl acetate in hexane).

The alcohol groups were then deprotected by refluxing the reaction product in 150
mL ethanol with 0.5 g p-toluenesulfonic acid for greater than 24 hrs. Solvent was
removed with rotary evaporation and the product re-dissolved in chloroform, washed
twice with a concentrated aqueous NaHCO5 solution, three times with H,O, and once
with a saturated aqueous solution of NaCl. The organic layer was dried over Na;SO,4 and
rotary evaporated to dryness. A slightly unorthodox chromatography column was used to
purify the product. The flash silica gel was packed with a 50/50 v/v acetone and
dichloromethane solution to which a pipette-tip (a few microns) of Et;N (purified over
alumina to remove trace brown color and water) was added to every 100 mLs of solution.
Once the reaction product, dissolved in dichloromethane, was loaded onto the column,
the Et3N treatment was stopped. Overall yield was approximately 65%, based on DMB.
'H NMR in CDCl; (8 in ppm, multiplicity, integration): 1.4 (s, 12H); 1.6 (m, 4H); 1.7

(m, 4H); 2.7 (t, 4H); 3.7 (¢, 4H); 7.2 (d, 2H); 8.3 (s, 2H); 8.6 (d, 2H).

Synthesis of dMA

Typically, ~150 mg diol was dissolved in a solution of 10-15 mL of pentene-

stabilized chloroform and 600 pl of triethylamine (purified over alumina) in an oven-
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dried flask. The solution was cooled to 0°C and 450 pL (a five times excess) of freshly
distilled methacryloyl chloride was added. The reaction was stirred under N; for 30
minutes, at which point it was allowed to warm to room temperature. After another 30
minutes, the reaction was usually complete by TLC. The reaction solution was washed
with a basic brine solution (NaHCOj in a NaCl-saturated H,O) at least twice and a
neutral brine solution at least once. The organic layer was dried over Na,SO4 and rotary
evaporated to dryness. Column chromatography as described above (diol synthesis) was
performed. Fractions containing the product were combined and rotary evaporated,
yielding a clear oil which solidified to an off-white solid after a few hours in a freezer.
The crude product was dissolved in MeOH using slight heat, shaken with decolorizing
carbon and filtered through a plug of glass wool. With the careful addition of water, the
purified product formed through a precipitation/crystallization process and was collected
by filtration, washed with cold water, and dried under vacuum. An average yield was
around 50% based on diol. 'H NMR in CDCl; (8 in ppm, multiplicity, integration): 1.4
(s, 12); 1.7 (m, 8H); 1.9 (s, 6H); 2.7 (t, 4H); 4.1 (t, 4H); 5.5 (s, 2H); 6.1 (s, 2H); 7.1 (d,

2H); 8.2 (s, 2H); 8.6 (d, 2H).

Synthesis of 7.7'-(2, 2'-bipyridine-4,4'-diyl) bis (heptane-7, 1 -diyl) bis(2-bromo-2-

methylpropanoate) (0.BE-bpy)

Diol (200 mg) was dissolved in a solution of 25 mL of pentene-stabilized
chloroform and 1 mL of triethylamine (purified over alumina) in an oven-dried flask.
The solution was cooled to 0 °C and 1 mL (an eightfold excess) of 2-bromoisobutyryl

bromide was added. After stirring for one hour at 0 °C, the reaction was complete by
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TLC. The organic layer was washed three times with an aqueous NaHCOj5 solution, once
with neutral H,O, and once with a NaCl-saturated aqueous solution. The organic layer
was dried over Na,SOy, rotary evaporated to dryness and re-dissolved in a minimum of
dichloromethane. A slight variation of the column chromatography as described above
(diol synthesis) was performed. The flash silica column was packed with
dichloromethane, treated with 50 mL of a 10% by volume solution of pyridine in
dichloromethane and washed with another 50 mL of dichloromethane before the crude
product was loaded. Dichloromethane was used as eluent. The product, heavily
contaminated with pyridine, was eluted with dichloromethane. Rotary evaporation
followed by gentle heating in a vacuum oven isolated the pure product. 'HNMR in
CDCI; (8 in ppm, multiplicity, integration): 1.4 (s, 12H); 1.7 (m, 8H); 1.9 (s, 12H); 2.7

(t, 4H); 4.2 (t, 4H); 7.2 (d, 2H); 8.3 (s, 2H); 8.6 (d, 2H).

Synthesis of Ru(dcbh)» X,

Ruthenium trichloride trihydrate (0.376 g) and 0.707 g of 4,4’-dicarboxylic acid-
2,2’-bipyridine (dcb) were dissolved in approximately 25 mL of anhydrous
dimethylformamide (DMF) and refluxed under N, for 8 hours. As the dark green
solution cooled to room temperature, it turned dark red, likely indicating the substitution
of at least one chloride ligand by a water or hydroxide group. The majority of solvent
was removed by rotary evaporated at high temperature, and a 1:1 acetone-to-diethyl ether
solution was added to remove the remainder of solvent. The resulting sludge was filtered

using a Buchner filter with Whatman filter paper and washed several times with pure
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diethyl ether followed by pure acetone. The maroon-red solid was subsequently dried in

a vacuum oven for several hours.

Synthesis of Ru(dcb)(aBE-bpy)(PF¢),  (aBE-dye)

A small volume of ethylene glycol (~5 mL) was added to 0.99 g Ru(dcb),X; and
0.143 g aBE-bpy. The reaction vessel was heated at 100 °C for 4 hours, during which
time the dark purple solution slowly became a dark brown/orange color. Once cooled,
the reaction solution was diluted with ~5 mL of acetone and used to load a flash silica
column, previously packed with acetone. Acetone was used to elute the ethylene glycol,
unreacted aBE-bpy, and an unidentified yellow band before switching to acidic “solvent
#5.” Solvent #5 was prepared as normal (50% acetonitrile, 45% water, 5% aqueous
solution of saturated KNOs) and made acidic with 10 drops of concentrated (37%) HCI
per 500 mL of solvent. Colored fractions were rotary evaporated to remove acetonitrile.
The resulting precipitate was filtered with Celite® 545 filtering agent, washed with acidic
H,0, and redissolved in basic H>O. Excess NH4PF¢ was added before acidifying the
solution with a few drops of HCI (pH ~ 1-2). The desired product precipitated from
solution, was filtered with Celite® 545 and re-dissolved with MeOH. After rotary
evaporation, a red/orange solid remained. Characterization by UV-Vis, NMR, and mass
spectrometry verified the identity of the nearly pure product. '"H NMR in CD;0D (8 in
ppm, multiplicity, integration): 1.4 (s, 12H); 1.7 (m, 8H); 1.9 (s, 12H); 2.7 (t, 4H); 4.1 (t,

4H); 7.3 (d, 2H); 7.6 (d, 2H); 7.9 (m, 8H); 8.6 (s, 2H); 9.1 (s, 4H).
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Synthesis of Ru(dcb)(diol)(SCN); __(A70uN3)

Ru(p-cymene)Cl, dimer and diol were dried in a vacuum chamber overnight
immediately prior to being used. In an oven-dried flask, 150 mL DMF, 0.399 g Ru dimer
and 0.5 g diol were stirred at 50-80 °C under N, for 4 hours. A stoichiometric amount of
dcb (0.318 g) was then added and the reaction was brought to reflux (~145 °C), turning
the previously green-brown solution a dark red. After 4 hours, excess NH4SCN (1.38 g,
previously recrystallized three times in acetonitrile) was added. The reaction was |
maintained at reflux for another 4 hours, at which point the reaction vessel was removed
from heat and allowed to stand for at least 12 hours. The bulk of the DMF solvent was
removed with rotary evaporation followed by addition of aqueous 0.2 M HNOj3 and
sonication to remove the rest. The resulting sludge was filtered with Celite® 545, washed
several times with H,O followed by diethyl ether, and re-dissolved with a large quantity
of MeOH. The MeOH was removed via rotary evaporation, and the residual solid re-
dissolved into a minimum of DMF. A Sephadex LH-20 chromatography column with
DMF as eluent was used to separate several yellow bands from the main, red band that
eluted first. DMF was removed with rotary evaporation, yielding a red, rusty solid. 'H
NMR in CD;0D (8 in ppm, multiplicity, integration): 1.3 (s, 6H); 1.6 (m, 12H); 1.9 (m,
2H); 2.7 (t, 2H); 3.0 (t, 2H); 3.6 (d of t, 4H); 7.0 (d, 1H); 7.4 (d, 1H); 7.7 (m, 2H); 7.9 (d,

1H); 8.3 (d, 1H); 8.4 (s, 1H); 8.5 (s, 1H); 8.9 (s, 1H); 9.0 (s, 1H); 9.3 (d, 1H); 9.7 (d, 1H).

Synthesis of Ru(deb)(aBE-bpy)(SCN)> _ (A7.8:N3)

A solution of THF, 0.350 g A7ouN3 and 0.8 mL pyridine (purified over alumina)

was stirred and degassed with N for 10 minutes and sonicated. A five times excess of
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2-bromoisobutyryl bromide (0.512 mL) was added and the reaction solution was refluxed
under N; for two days.

A variety of procedures were attempted in an effort to purify the presumed
product. An example of perhaps the most successful procedure follows. The reaction
solution was allowed to cool. THF was removed via rotary evaporation and most of the
resulting solid was re-dissolved in DCM. The remaining solid was filtered off using
Celite® 545 and a Buchner funnel. The filtrate was washed twice each with basic H,0
(NaHCO;j solution), H,O, acidic H,O (dilute HBr, pH ~3) and, in the event of severe
emulsification, once with a brine solution. The organic layer was subsequently removed
via rotary evaporation. The red/purple solid was dissolved in a minimum of 1:1 (by
volume) THF to MeOH and run through a Sephadex LH-20 column, using the same
solvent as eluent. After inconclusive characterization by NMR, a variety of separation
techniques were attempted, including further extractions and Sephadex LH-20 columns,

but to no avail.

Synthesis of 2, 2'-bipyridine-4,4’-diyldimethanol (diol;c)

First, the ethyl ester intermediate was prepared in a reaction with ~250 mL
ethanol, 3 g dcb and ~5 mL concentrated sulfuric acid. The suspension was refluxed for
over 80 hours until clear. Once the reaction mixture had cooled, approximately 300 mL
H,O was added to precipitate the product. Ethanol was removed by rotary evaporation
and the remaining aqueous suspension was neutralized with a sodium hydroxide solution.
The precipitate was filtered, washed with H,O and dried under vacuum. The ethyl ester

intermediate (3.0 g) was suspended in 200 mL absolute ethanol. NaBH,4 (8.2 g) was
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added and the reaction mixture was heated at reflux for 7 hours. The reaction mixture
was allowed to cool and then quenched with a saturated aqueous solution of NH4Cl,
resulting in lots of white precipitate. The ethanol was removed by rotary evaporation and
the remaining aqueous suspension was extracted with several aliquots (ca. 150 mL each)
of ethyl acetate. Once the ethyl acetate extractions no longer tested positive for
bipyridine (using a spray of Fe(ClO4), in water), the organic layers were combined, dried
over Na;SOs, and rotary evaporated to yield a white solid. "H NMR in CD;OD (8 in

ppm, multiplicity, integration): 4.8 (s, 4H); 7.5 (d, 2H); 8.3 (s, 2H); 8.6 (d, 2H).

Synthesis of Ru(dcb)(diol;c)(SCN)>  (A10uN3)

Ru(p-cymene)Cl, dimer and diol;c were dried in a vacuum chamber overnight
immediately prior to being used. In an oven-dried flask, 150 mL DMF, 0.399 g Ru dimer
and 0.281 g diol,c were stirred at 75 °C under N; for 4 hours. A stoichiometric amount
of deb (0.318 g) was then added and the reaction was brought to reflux (~145 °C), turning
the previously green-brown solution a dark purple. After 4 hours, excess NH4SCN (1.38
g, previously recrystallized twice in acetonitrile) was added. The reaction was
maintained at reflux for another 4 hours, at which point the reaction vessel was removed
from heat and allowed to stand for at least 12 hours. The bulk of the DMF solvent was
removed with rotary evaporation, followed by addition of aqueous HNO; (pH 3-4) and
sonication to remove the rest. The resulting sludge was filtered with Celite® 545, washed
several times with H,O followed by diethyl ether, and re-dissolved into DMF. The DMF
solution was concentrated using rotary evaporation, and a Sephadex LH-20

chromatography column with DMF as eluent was used to isolate the product. Each
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fraction was rotary evaporated, treated with an aqueous HCIOj4 solution, filtered, washed
again with aqueous HClOj, and collected with DMF. Those fractions containing isolated
product (as determined by NMR spectroscopy) were combined. 'H NMR in CD;0D (5
in ppm, multiplicity, integration): 4.3 (s, 2H); 5.0 (s, 2H); 7.2 (d, 1H); 7.5 (d, 1H); 7.7 (d,
1H); 7.4 (m, 2H); 8.3 (d, 1H); 8.5 (s, 1H); 8.6 (s, 1H); 8.9 (s, 1H); 9.1 (s, 1H); 9.4 (d,

1H); 9.7 (d, 1H).

Surface-initiated polymerization of Co(dMA);Br; — final procedure

Three separate solutions were prepared. Solution one consisted of 4.9 mg CoBr;
x 6 H,O and 23.4 mg dMA in 290 pL. of acetonitrile. Solution two was prepared with
13.6 mg CuBr; and 17.7 mg dmb in 4 mL acetonitrile. The solid reagents for both
solutions were weighed in an oxygen environment, placed in a low volume cell with a
truncated stirbar and a scinitillation vial, respectively, and brought into an inert
atmosphere glovebox. The specially-made low volume cell was fabricated from a
flattened glass tube, 3.5 cm long with inner cavity dimensions of 1 cm X 4 mm and
sealed on one end. Solution three was prepared in the glove box, where 12.65 mg CuBr
and 26.5 mg dmb were weighed and added to a scintillation vial. Previously degassed
acetonitrile was then added via syringe in the proper volumes and the solutions stirred for
at least 30 minutes. Reactions were monitored by the color change of the solvent (turning
from clear to dark brown, turquoise blue and red, respectively) as well as the dissolution
of bipyridine. At this point, 5 uL each of solutions two and three were added to solution
one and stirred for approximately one minute. The final concentrations of monomer,

activator, and deactivator were 50 mM, 0.3 mM and 0.2 mM, respectively, or 100:1
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monomer-to-catalyst (both forms) ratio. The stirbar was removed, a dyed photoanode
inserted, and the low volume cell was closed with a customized rubber stopper (ground
by hand using sandpaper to fit the low volume cell). The vial was placed in an
acetonitrile-saturated chamber, which was then wrapped in Al foil and left to sit without
stirring for the designated length of time. The photoanode was then extracted from the
monomer solution, removed from the glovebox, and rinsed. The standard rinse procedure
consisted of a rinse under a gentle spray of acetonitrile, a soak in optima-grade
acetonitrile followed by a final rinse with an acetonitrile spray. An addition soak and
rinse were sometimes employed. A fresh reaction solution was usually not prepared for
successive polymerizations unless one or more chemical concentrations were altered,
although fresh solutions were prepared after a month or less had passed or in the event

that the glovebox atmosphere’s integrity was temporarily lost.

Electrochemical deposition of phenol/2-allyviphenol (PPQ) copolymer

A 10:10:1 (v/v/v) monomer solution of 19 mL H,0, 21 mL 95% ethanol, and 2
mL 2-butoxyethanol was prepared, to which was added 0.237 g phenol, 0.497 g 2-
allylphenol and 0.447 g LiClOy, yielding initial concentrations of 60 mM, 90 mM, and
100 mM, respectively. A 10 mM solution of 0.052 g tetrabutylammonium hydroxide
(TBAH) in 20 mL methanol was prepared and used to adjust the monomer solution to pH
9.0. Approximately 7-8 mL were required. An electrochemical cell was assembled using
a small beaker of monomer solution, a Pt auxiliary electrode, a SSCE reference electrode,
and the photoanode to be passivated as a working electrode. Under dark conditions, the

potential of the working electrode was scanned from 0 V to +1.5 V to 0 V forty times at a
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rate of 100 mV/s. The photoanode was then rinsed with the basic methanol solution,
dried under a stream of air and baked at 150 °C for 30 minutes. Photoanodes were

removed from the oven and placed directly into dye solution.

Deposition of organized,_mesoporous thin films of titania nanoparticles

Dropwise, 8 mL of 37% HCI was added to 12.7 g titanium (IV) ethoxide under
constant stirring. Meanwhile, a separate solution was prepared by dissolving 4.0 g
Pluronic P123 with 36.3 g 1-butanol. Pluronic P123 is poly(ethylene oxide)-block-
poly(propylene oxide)-block-poly(ethylene oxide), a block copolymer with an
approximate composition of PEO,,PPO7(PEO;q (M,y=5800). These solutions were then
combined and allowed to age for 3 hours at room temperature. A conducting glass (FTO)
slide, previously cleaned in a basebath for at least 30 minutes and rinsed with H,O,
distilled H,O, and 95% ethanol, was blown dry with N, and readied for dip-coating.

Once the titanium solution had aged, the lower half of the slide was immersed and
carefully withdrawn from the solution at a rate of 0.8 mm/s. The back of the slide was
quickly wiped clean before being placed in a controlled 75% relative humidity chamber.
The humidity chamber was prepared in a plastic centrifuge vial, into which were added
two Kimwipes and a small volume of a saturated aqueous solution of NaCl. After 30
hours, the slide was removed from the incubation chamber and baked in a temperature-
programmable oven. The temperature was increased at a rate of 1 °C/min and held at 350

°C for 2 hours. Films were characterized by scanning electrode microscopy.
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Electrochemical experiments

All DSSC experiments were conducted using a sandwich cell configuration. The
cathode (specified in each instance, but usually gold with cobalt mediators and always
platinum with iodide mediators) was placed onto the photoanode and clamped together in
a custom-made cell holder with an aperture of 0.385 cm’. A few uL’s of mediator
solution (the exact composition of which will be specified in each instance) were applied
outside the gap between the anode and cathode and were subsequently drawn into the
interior of the cell by capillary action. An FTO extension (with conducting copper tape)
was clamped to the anode to facilitate electrical connection.

A 75 W Xenon arc lamp was used as a source of illumination. Wavelengths
lower than 400 nm were removed with a 400 nm high pass filter, but the light was not
collimated. Incident light power was adjusted with the Xenon lamp focus to 1 sun (1000
W m™, or 100 mW cm™). In cases where lower intensity light was desired, neutral
density filters were placed in the light path.

Early current-voltage (iV) experiments were performed with a PAR Model 173
Potentiostat/Galvanostat controlled by a PAR Model 175 Universal Programmer. Output
was recorded on a Yokogawa 3023 X-Y recorder. Later iV experiments utilized a
Kiethley 1400 Sourcemeter interfaced to a personal computer via a National Instruments
BNC connector box. Specially-written LabVIEW software was used to perform iV
experiments (both light and dark) and calculate the cell characteristics (Voc, Jsc, FF, 1).

Cyclic voltammetry was performed with a BAS 100 B Potentiostat-Galvanostat

controlled by BAS 100 W software on a personal computer. A platinum counter
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electrode and a saturated sodium calomel (SSCE) reference electrode were used (working

electrode will be specified for each experiment).

Spectroscopic Experiments

UV-visible spectroscopy was performed using a Hewlett-Packard Model 8452
Diode Array Spectrophotometer using either a 1 cm pathlength cuvette (for solution
phase samples) or simple the photoanode (with the instrument calibrated with an air
blank).

Nuclear magnetic resonance (NMR) spectroscopy ('H) was conducted using a

Varian 300 MHz NMR instrument,

Results/Discussion

Heat-initiated polymerizations

Preliminary, “quick and dirty” experiments were conducted to asses the feasibility
of spin- and drop-coating monomer solutions onto the dyed, nanocrystalline photoanode.
Initially, Fe(dAb)3(ClO4), was used as a monomer as the presence of an iron redox
polymer film is easily discerned through visual inspection. Later experiments
incorporated the target monomer, Co(dAb)3;(ClO4),, and were conducted as follows.
Spin-coating was performed by application of less than 1 mL of 0.100 M
Co(dAD)3(ClOy); in acetonitrile to a still substrate which was subsequently spun with an
Analytical Rotator (Pine Instruments) at 2500 rpms. The photoanode was then baked at
78 °C for 30 minutes under vacuum. Although 78 °C is a relatively low temperature to

induce the thermal polymerization of an acrylate species, it was found to result in an
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insoluble (i.e. crosslinked) film as judged by visual inspection after extensive rinsing.
Higher temperatures were also investigated, but control experiments with uncoated
photoanodes indicated an adverse effect of high temperature on photoanode performance
in a cell. In fact, even 80 °C generated concern over photoanode performance, and later
polymerizations were conducted at an even lower temperature of 68 °C. Following
polymerization and rinsing, iV experiments were conducted using the modified
photoanode in a DSSC sandwich cell arrangement. Encouragingly, the iV curve showed
little difference between modified and unmodified photoanodes when Co(dtb);(ClO;),
was used as a co-mediator. However, when ferrocene (FeCp) was used, cell performance
was abysmal. FeCp has been shown to be an adequate mediator in DSSC cells only after
the photoanode surface has been adequately passivated to prevent recombination of
photoinjected electrons with oxidized mediator in solution.'® A third experiment was
conducted wherein a different polymer film was applied. The new film was prepared in
an identical manner using Zn(dAb);(ClQOy),. Zinc redox polymers have been found to be
electrically insulating due to their lack of available redox states within the potential
regions customarily accessible in standard electrochemical experiments. Accordingly, a
thin film of Zn redox polymer should severely inhibit cell performance if uniformly
present on photoanode surface. Unfortunately, iV curves with Zn-modified photoanodes
behaved identically to controls. The results of all three experiments indicated that spin-
coating was not adequately depositing a thin, uniform layer of monomer.

Drop-coating was also investigated. Several drops of the monomer solution (0.1
M in acetonitrile of iron, cobalt, or zinc) were applied to the still substrate. Excess

solution was removed one of two ways. Initially, a glass microscope slide was used to
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scrape off the solution from the macroscopic surface of the titania layer, leaving solution
behind in the pores. This method was soon discarded in favor of a new method that
incorporated the use of a second solvent, usually diethyl ether. As acetonitrile was
soluble in diethyl ether but the monomer was not, immersion of the drop-coated
photoanode into diethyl ether resulted in the rapid deposition of monomer onto the
substrate as the local solvent composition shifted to nearly 100% diethyl ether. The
photoanode was removed from solution, dried under a stream of N, and baked under
vacuum at 68 °C. The drop-coating process was repeated 1-3 times, with polymer
thickness ostensibly increasing with each subsequent drop-coating. DSSC iV
experiments were performed with both Co(dtb)3(ClO4), and FeCp as mediator. Thinner
films again showed no difference with respect to unmodified control anodes, but thicker
films (3 drop-coatings) displayed an unusual iV curve, shown in Figure 3, with cobalt
redox films. Although little effort was made to understand the curve, at first glance it
resembled a reduced photocurrent response with a cyclic voltammagram superimposed
onto it. Non-uniform film deposition was assumed and further exploration of drop-

coating was discontinued.

Semiconductor-catalyzed photoinitiation

Initial attempts to grow a polymer from the photoanode surface explored the
possibility of using the nanocrystalline titania as a photocatalyst to initiate a radical
polymerization. A GE ultraviolet lamp was used as a the UV light source, providing
approximately 30 mW/cm? of power. The spectrum of an equivalent light bulb, made by

Sylvania, shows that peak illumination occurs at 360, 405 and 430 nm. The 360 nm
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Figure 3. Result from iV experiments with thicker Co polymer films fabricated by drop-coating.

peak, with an energy of 3.44 eV, should be sufficient to excite an electronic transition
across the bandgap of titania (3.2 eV).48 Importantly, 360 nm illumination is not capable
of directly exciting an electronic transition within the acrylate functionality. Any
polymerization observed after UV illumination from this light source, therefore, must be
due to the titania acting as a photocatalyst.

Preliminary experiments were performed to assess the feasibility of this approach.
A solution of Fe(dab);(ClOy), in acetonitrile was spin-coated onto a clean glass
microscope slide and covered with a microscope coverslip. The slide was exposed to UV
light (30 mW/cm?) for periods up to 20 minutes and then rinsed with acetonitrile.
Assuming that any polymer formed would be cross-linked and therefore insoluble,
residual red color on the slide (due to the intense red color of iron bipyridines) would
indicate polymer formation. As a control, part of the microscope slide/coverslip was

blocked from exposure to UV light during the experiment so that comparison could be
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made between the exposed and unexposed portions. In all cases, no polymerization was
observed on bare glass.

The same experiment was performed with a nanocrystalline titania photoanode.
In this case, a significant amount of red color remained after the acetonitrile rinse,
indicating polymer formation. Very little residual color was observed in those areas not
exposed to UV light.

A similar experiment was devised, only this time a silicon rubber spacer was
employed which contained a circular hole. Acting much like an O-ring, the spacer
created a cavity when sandwiched between two glass slides. This cavity was filled with a
solution of Fe(dab);(Cl0O4), monomer in acetonitrile and exposed to UV light. One side
of the sandwich was always a clean microscope slide, while the other was either a
microscope slide, a glass slide with a layer of compact TiO,, or a photoanode with
nanocrystalline titania. Exposure times up to 45 minutes were tried, but in all cases,
polymer was only detected on the nanocrystalline titania. This was confirmed with XPS
spectroscopy (using the presence or absence of an Fe peak in the spectrum).

In most cases, the detailed mechanism by which a semiconductor acts as a
photocatalyst for the initiation of a radical polymerization is not fully understood. In the
photocatalyzed initiation of vinyl monomers such as methyl methacrylate (MMA) by
TiO,, conflicting theories have been reported. A cationic process involving
photogenerated holes, an anionic process utilizing € ¢, and a third possibility of dual ecs
and hole mechanisms have all been suggested.*>* Anionic initiation with MMA has
been argued against on the basis of reduction potentials, as the reduction potential of

MMA is approximately -1.1 V vs. NHE while that of TiO; is about -0.5 V vs. NHE.*" %
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34 Countering this argument, the case has been made that e reduce a third chemical
species, creating a radical intermediary which is responsible for initiation.*" ** 3¢ A
cationic process utilizing a chemical intermediate has also been suggested, as has a
cationic process wherein photogenerated holes react with MMA directly by abstracting a
hydrogen atom, most probably from the a-methyl group.49’ 52.57.58 1n the case of
suspensions of nanoparticulate TiO,, particle size may also play a role in determining the
catalytic mechanism as so-called Q-sized (“quantum-sized,” typically between 1 and 10
nm in diameter) semiconductors exhibit shifted band potentials relative to their
macroscopic scale counterparts.’®*! Clearly, many factors influence the reaction of
semiconductors in these systems, making the mechanism by which nanocrystalline TiO,
photocatalyzes the initiation of Co(dab);(Cl0Oy4), difficult to predict.

A brief attempt to determine the initiation mechanism was made by conducting
photocatalysis experiments in small (~5 mL) screwcap vials. Monomer solution (~1 mL,
Fe(dab);(ClOy4), in either acetonitrile or methanol) and a sliver of a nanocrystalline titiana
photoanode were placed inside the vial. The vial was capped with a rubber septum and,
in some cases, degassed with argon. The most polymer (darkest red residual color in the
exposed area) was formed in reactions run in acetonitrile in the presence of oxygen,
although the absence of oxygen did not greatly decrease the amount. With or without
oxygen, very little polymer was formed during reactions run in methanol.

It has been reported that TiO;, in the presence of water and oxygen, may produce
hydroxyl radicals via an anionic mechanism with €’cs which can initiate polymerization in

some systems.** %> °® In order to ascertain whether this mechanism was occurring in the

cobalt system, polymerizations were also attempted with water and oxygen deliberately
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introduced into the reaction solution. They were conducted in vials as just described.
However, no polymerization was observed, suggesting that the reaction mechanism did
not proceed through an anionic process requiring hydroxyl radical.

It is known that both acetonitrile and oxygen react rapidly with electrons in the
conduction band (e’cg) of Ti0,.% 305552 Ag neither acetonitrile nor oxygen impeded the
formation of polymer, it may well be that, in this system, photocatalyzed initiation is
occurring through the reaction of photogenerated holes with monomer (i.e., cationic
initiation). A cationic initation is assisted by the presence of species in solution which
can scavenge € ¢, preventing recombination of electron-hole pairs and thereby
lengthening the hole lifetime.® In this system, acetonitrile and/or oxygen may play this
role. Methanol, on the other hand, is known to be a hole scavenger and was observed to
inhibit polymerization, indicating that it may be reacting competitively to inhibit cationic
initiation.”* "

At this point, data from the preliminary experiments just described were reviewed
and an assessment was taken in order to evaluate the likelihood that this approach would
succeed in growing uniform, pin-hole free polymer films. Two major concerns still
existed. Firstly, although preliminary results were encouraging, no photoanode had yet
appeared dark enough to indicate a uniform polymer film across the entire surface area of
the titania. Coverages seemed spotty, at best. Secondly, and more troublesome, the
approach ignored the need for a monolayer of dye on the surface. Addressing the first
concern, UV-Vis spectroscopy experiments indicated that, especially in the case of
polymerizations conducted in glass vials, the majority of UV light was being lost to

absorption by glass. Conceivably, quartz reaction vessels could reduce this amount and
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improve the rate of initiation, possibly resulting in better coverages in shorter times.
Also, assuming a hydrogen abstraction mechanism (vida supra), polymerizations of
methacrylate-type monomers may be more amenable to cationic initiation than acrylates.
If so, switching to a methacrylate-type monomer could also improve initiation efficiency.
However, few reasonable solutions could be found to the problem of incorporating a
monolayer of dye into the system. Accordingly, this line of investigation was dropped in

favor of an approach utilizing ATRP.

Dye-initiated ATRP

As previously discussed, cross-linked, surface-bound polymer films must be
fabricated using a “grafting from” approach due the low solubility of most cross-linked
polymers. Accordingly, a surface-bound initiator is required. Fortuitously, DSSCs
already have a sophisticated system in place for the application of a monolayer of dye to
the titania surface. This system is based on the chemisorption of carboxylic acids to
titania, and with it very dense, monolayer coverages may be attained. A sensible
approach to surface-initiated polymerization in DSSCs, therefore, is to modify the dye
molecule to act as both light absorber and ATRP initiator.

The development of a convenient, one-pot protocol for the synthesis of
heteroleptic versions of “N3-type” dyes inspired initial designs for a complex which
could fulfill the dual roles of light absorber and ATRP initiator.®* ® For purposes of this
discussion, “N3-type” refers to ruthenium complexes with two bipyridine ligands and two
thiocyanato ligands. The primary advantage that heteroleptic N3-type dyes offer is the

ability to further tune the properties of the ruthenium complex via the substitution of one
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of the 4,4’-dicarboxylic acid-2,2’-bipyridine ligands with another type of bipyridine (or
other polypyridine). Modification of electronic properties allows fdr tuning of the dye’s
absorption spectrum, whereas other structural variations (such as vhydrophobic
appendages) have been shown to offer other advantages, such as longer device lifetimes,
greater resistance to adventitious water, etc.®> ® In the case of ATRP, a heteroleptic dye
would allow for the second bipyridine to contain functionalities capable of initiating the
polymerization while preserving the highly desirable spectral characteristics of N3-type
dyes.

Due to personal as well as group expertise, the complex chosen for the task was
Ru(dcb)(aBE-bpy)(SCN), (hereafter referred to as ApeN3), where dcb = 4,4°-
dicarboxylic acid-2,2’-bipyridine and oBE-bpy = 7,7'-(2,2"-bipyridine-4,4'-
diyl)bis(heptane-7,1-diyl) bis(2-bromo-2-methylpropanoate. Unfortunately, the synthesis
of this compound proved to be exceedingly difficult. The aBE-bpy ligand could not be
chelated directly due its instability at the reaction temperatures required for the
subsequent steps in the reaction (~145 °C). Accordingly, it was necessary to first
synthesize Ru(dcb)(diol)(SCN); (hereafter referred to as A;ouN3), where diol = 7,7'-(2,2'-
bipyridine-4,4'-diyl)diheptan-1-ol, and then append the a-bromoester in a second
reaction. Although all aspects of the synthesis of the A;ouN; version went relatively
smoothly, the isolation and characterization of A,5eN3; were unexpectedly troublesome.

Of particular concern was the NMR spectrum of the A7,geN3 complex. Other
heteroleptic complexes, including A7ouN3, behave as expected in an NMR experiment,
and their spectra provide the most reliable way to identify the bipyridine ligands as well

as verify product purity. In the case of A7,seN3, however, peak widths were dramatically
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broad, so much so that peak integrations were useless and product confirmation was
impossible (Figure 4). With the assistance of Dr. Rithner, an Inversion Recovery NMR
experiment was performed to measure T, (or longitudinal) relaxation. The results of this
experiment indicated that the T, parameter was within normal bounds. This suggests that
the line-broadening was probably a T; issue, likely due to some type of kinetic exchange
occurring on the timescale of the NMR experiment. Variable temperature NMR was
conducted in order to both verify this conclusion and provide greater line resolution. As
the compound only showed significant solubility in chloroform and dichloromethane, the
accessible temperature range was somewhat limited. Standard '"H NMR experiments
were conducted at 50 °C and -50 °C. The spectrum of the high temperature experiment
was unchanged with respect to the spectrum taken at room temperature. Surprisingly, the
low temperature experiment showed only slightly greater peak resolution, despite the

large difference in temperature.
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Figure 4. NMR spectra of (left) A,ouN3 and (right) A;,seN; at room temperature. Note the unusually
broad lines in the right figure.

Initially, it was assumed that the kinetic exchange indicated by NMR involved

transfer of a carboxylic proton, presumably either between carboxylate groups on the
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same molecule or between separate molecules. HC| vapor was bubbled through a
solution of A7,zeN3 in an attempt to fully protonate the carboxylic acids, but to no effect.
The influence of base on A;0uN3 (chosen for its normal NMR spectrum) was investigated
and, although peak positions were altered, no line broadening was observed. The identity
of base was unimportant, as both NaOD and Et;N had the same effect.

Next, the possibility of bromide elimination/exchange from the a-bromoester
functional group was considered. In order to eliminate such an interaction, the
methacrylate analog of A,pgN3 was prepared. Unfortunately, the same type of line
broadening was observed in the NMR spectrum.

Two final attempts were made to disrupt the kinetic exchange. In the event that
the interaction was being facilitated by the length and flexibility of the carbon chain
connecting the methacrylate group to the bipyridine ring, a short-chain version of the dye
was synthesized. Linked to the bipyridine through a single, benzyllic carbon, the
methacrylate ester should have significantly fewer degrees of freedom. However, the
NMR spectrum once again indicated a kinetic exchange. Finally, an attempt was made to
substitute the thiocyanato ligands with chloride ligands. Purification of the crude product
was never achieved as, at this time, an alternate dye molecule was found.

Although their visible light absorption spectrum is far less desirable than that of
N3-type dyes, ruthenium tris(bipyridine) species became attractive in this application due
to relative ease with which they can be made. Well-studied for their optical and
electrochemical properties, much is now known about the synthesis of both homo- and
heteroleptic ruthenium tris(bipyridine) complexes.65 Accordingly, Ru(dcb),(aBE-

bpy)(PFs)2 (hereafter referred to as “aBE-dye”) was prepared which, although lacking a
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broad UV-Vis absorption spectrum, could demonstrate proof-of-concept as an initiator
for surface-initiated growth of cobalt bipyridine redox polymer. The complex was
characterized with a variety of techniques, including thin layer chromatography (TLC),
NMR, UV-Vis, mass spectrometry, and XPS. Although TLC seemed to indicate an
impurity, NMR and mass spectrometry confirmed that the major compound present was
the desired product. Photoanodes, dyed in a methanol/dye solution, were analyzed by
UV-Vis and XPS (Figure 5). Both methods confirmed the presence of dye on the titania

surface, with XPS indicating that both organic bromine and ruthenium were present.
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Figure 5. XPS spectra of a dyed (¢BE-dye) TiO, photoanode: (left) peak at ~281 eV corresponds to Ru,
other peaks are due to C, (right) peak at ~70 eV is from organic Br, peak at 62 eV is due to Ti. Binding

energies have not been corrected.

At this point, the dyed photoanodes were used to initiate ATRP of methyl
methacrylate (MMA). As precedent exists for the use of ruthenium bipyridines as
initiators in the solution phase ATRP of MMA, this system was chosen to test the newly
synthesized dye complex. MMA was distilled, followed by several freeze/pump/thaw
cycles to remove oxygen, and brought into an inert atmosphere (N,) glovebox.

Polymerizations were conducted in toluene at two different monomer concentratios: 0.6
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M MMA and 50/50 MMA/toluene (v/v). To each solution was added a nickel catalyst,
dibromo-bis(triphenylphosphine)nickel(II), in an amount such that the final ratio of
monomer to catalyst was either 100:1 (0.6 M solution) or 250:1 (50/50 solution). Once
mixing was complete, the dyed photoanode was placed in the vial containing the reaction
solution. The vial was then capped with a rubber septum, removed from the glovebox,
and heated in a sandbath at ~80 °C overnight.

After 16 hours, the polymerization in the 50/50 solution was halted and the
photoanode removed. The photoanode was rinsed in toluene, allowed to soak for 10
minutes in toluene, and then rinsed again with tolune to ensure removal of any unbound
polymer (likely initially present as a significant amount of white solid was observed in
the bottom of the vial). A white film was visible on the glass portion of the photoanode
which was confirmed by XPS to be poly(MMA). Poly(MMA) was also found on the
nanocrystalline titania portion (Figure 6), despite being invisible to the eye (not
surprising given that the nanocrystalline titania appears white/blue even without the
MMA film). In both cases, the presence of a strong organic bromine peak, in
combination with the absence of a ruthenium peak, indicated that the film growth was
proceeding in a controlled/living manner with a bromine atom capping the dormant
radical chain.

After nearly 22 hours, the photoanode was extracted from the 0.6 M solution,
rinsed with the same wash procedure as before, and analyzed. XPS on the titania portion
indicated the presence of a thin poly(MMA) film with diminished (but still present)
ruthenium peaks. No poly(MMA) was observed on the glass portion with XPS or by

visible inspection. White solid, presumably polymer, was once again observed in the
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Figure 6. XPS spectra of poly(MMA) on TiO, photoanode: (left) Ru peak is absent, all peaks are due to
C, (right) peak at ~70 eV is from organic Br, Ti peak is absent. Binding energies have not been corrected.

bottom of the reaction vial, likely indicating that polymerization was proceeding in
solution as well as on the photoanode surface. Considering the vastly reduced amount of
available monomer in the 0.6 M solution as well as the occurrence of polymerization in
solution, the final thickness of the polymer layer on the photoanode may well have been
limited by the depletion of available monomer at later reaction times. Nevertheless, both
experiments demonstrated that under the proper conditions, the aBE-dye complex was
capable of initiating ATRP polymerizations.

Polymerizations were then attempted with cobalt tris(bipyridine) monomer.
Originally, the synthesis of Co(dMA);(ClO4), followed the same protocol as for
Co(dab);(Cl04),, but it was quickly discovered that isolation of Co(dMA);(ClO,); was an
extremely delicate process. Premature polymerization during the rotary evaporation of
MeOH was difficult to avoid, and a new strategy was adopted. The cobalt monomer was
generated in situ in the reaction medium, eliminating losses to premature polymerization
at the cost of also eliminating the ability to purify the monomer. Adventitious water, in
particular, was introduced with this procedure as cobalt perchlorate hexahydrate is used

as the source of free cobalt ion. Fortunately, ATRP reactions are not adversely affected
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by water. In fact, reactions run in the presence of water can be significantly
accelerated.®® ** %% Free ligand was also introduced to the ATRP reaction medium, as a
slight excess of dIMA-bpy was used to ensure complete formation of the cobalt complex.
Bis(4,4’-dimethyl-2,2’-bipyridine)copper(I) bromide was also generated in situ, primarily
for reasons of convenience.

In the first attempted ATRP reaction, a 0.05 M solution of Co(dMA)3(ClQ4); in
acetonitrile was prepared simply by mixing near stoichiometric quantities of Co(ClOy), x
6 H,0 and dMA ligand in acetonitrile using stirring with no heat. Similarly, in a second
vial, a 0.005 M solution of Cu(dmb),Br in acetonitrile was prepared, also with stirring
and no heat. Within a couple of minutes, each solution became darkly colored, indicating
complex formation. After ~30 minutes, 100 puL of the copper solution was added to the
cobalt solution and stirred for another 5 minutes. Two dyed photoanodes were then
added to the reaction solution. The reaction was allowed to proceed for 24 and 48 hours,
respectively. After extensive rinsing, XPS was performed and indicated that no
polymerization had occurred.

Reactions were run again, also for 24 and 48 hours, at 40 °C. No polymerization
was observed. Reactions at 50 °C, however, resulted in rampant polymerization; nearly
all of the solution became a brown solid (resembling mucous) that could not be re-
dissolved yet was not attached to the photoanode. Only a thin, white film remained on
the photoanodes after rinsing. XPS of the rinsed photoanodes indicated a loss of the
ruthenium peak but no organic bromine peak (Figure 7). Clearly, the polymerization

reaction was neither controlled nor living, and certainly not confined to the surface.
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Although 50 °C is a relatively low temperature for thermally-induced polymerization of

most methacrylates, it was apparently sufficient in the case of Co(dMA);(ClOy),.
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Figure 7. XPS spectra of a polymer-covered TiO, photoanode: (left) Ru peak is absent, both peaks are
due to C, (right) neither Br nor Ti peaks are present. Binding energies have not been corrected.

The two possible strategies at this point were to either inhibit the thermal
polymerization or to optimize the catalyzed ATRP reaction so that it could be performed
at temperatures lower than 50 °C. Several mediocre options were possible for the former
approach. Firstly, deactivator (the reduced form of the catalyst) could be added to
solution. Radicals generated in solution would be passivated by transfer of a bromine
atom, but the resulting dormant radical would likely continue to propagate in an ATRP
fashion. Likewise, initiator could be added, increasing the efficacy of the persistent
radical effect (vide supra) by increasing the concentration of deactivator. However, this
has the same drawbacks as simply adding deactivator, i.e. ATRP would occur in solution.
Thirdly, conventional inhibitors (e.g., MEHQ, catechol, quinone) could be added, but
would likely inhibit both thermal and surface-initiated ATRP polymerizations. As no
viable option existed for inhibiting thermal polymerization, efforts were directed towards

development of ATRP at temperatures below 50 °C.
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Catalyst design is of critical importance for any ATRP reaction, with novel
systems often requiring modification of the catalyst.’® In this case, it was realized that
the integrity of the Cu(dmb),Br catalyst was uncertain as an abundance of CIQ4 anion
from the cobalt monomer species was also present. Initially, this concern was ignored
due to the non-nucleophilic nature of the ClO4™ anion. As the reaction was not
proceeding in an ATRP fashion, it seemed a relatively simple matter to confirm that the
monomer counterion was not interfering. Accordingly, the same polymerization reaction
was performed, but with CoBr; tetrahydrate rather than the perchlorate analog. After 18
hours at room temperature, the photoanode was removed from the reaction solution,
rinsed well, and examined. Visual inspection revealed nothing, but XPS clearly indicated
the presence of a cobalt redox film (Figure 8). Furthermore, the film appeared to be an

ATRP-generated film as organic bromine peaks were still present.
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Figure 8. XPS spectra of polymer-covered TiO, photoanode: (left) Ru peak is absent, both peaks are due
to C, (right) peak at ~70 eV is from organic Br, peak at 67 ¢V is due to inorganic Br, Ti peak (62 eV) is
nearly gone. Binding energies have not been corrected.

Soon after this time, the aBE-dye’s instability in MeOH became apparent. Dyed

photoanodes, still the normal orange color, were no longer capable of initiating the
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polymerization reaction. Mass spectrometry was performed and indicated that
substitution of both a-bromides by methoxy groups had taken place. A solvent-screening
process was begun. Although soluble in nitromethane, the aBE-dye was also not stable,
quickly decomposing to a product that was never identified other than by XPS, which
indicated the organic bromines had been lost. However, with extensive sonication,
acetonitrile was found to be a suitable solvent.

It was also found necessary to optimize the dying procedure. Up to this point, the
protocol for dying photoanodes had been to heat the photoanode in a drying oven, held at
~190 °C, for 30 minutes to an hour. The hot anodes were allowed a small period to cool
slightly (to approximately 80-100 °C) and subsequently placed in the methanol dye
solution. Although it was not certain whether it was a result of switching to acetonitrile
solvent, or some other artifact of the communal drying oven, this procedure became
inadequate. Although aBE-dye still dyed the photoanode the same color, the a-bromines
were not consistently preserved. As the a-bromines were crucial to initiation/propagation
of the polymer chain, this situation demanded rectification. Eventually, a new procedure
was developed. The photoanode was heated at 250 °C in a different, cleaner oven for an
hour or so and placed immediately into the acetonitrile dye solution. This procedure
consistently yielded a strong organic bromine signal (by XPS) and, more importantly,
resulted in polymerization.

The polymerization reaction was also refined. Of particular note, catalyst was
added in both its activator and deactivator forms. As discussed previously, it is
commonly necessary to compensate for the smaller number of propagating radicals in

surface-initiated polymerizations. Deactivator, Cu(dmb),Br,, was added to the reaction
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solution such that 10% of the catalyst was in the deactivator form. Studies of ATRP of
other vinyl monomers suggest that in normal solution phase polymerizations, the ratio
stabilizes at approximately 3-5%.*¢ In order to compensate for the likelihood of greater
radical density at the titania surface, 10% deactivator was initially chosen. After early
studies generated concern that the polymerization was not proceeding in a
controlled/living fashion, this ratio was increased to 40%. Although excessive levels of
deactivator shift the equilibrium of the propagating radical severely to the side of
dormancy, thereby greatly slowing the ATRP reaction, priority was given to first
achieving a controlled ATRP reaction. Optimization of reaction rate could follow.
Polymerization experiments were also conducted in mixed halide systems. Mixed
halide systems, consisting of ATRP reactions where the halide on the initiator does not
match the halide of the catalyst, are not new in the literature.?® *> %70 Greater control
over the polydispersity and controlled/living character of a polymerization may be
gained, particularly with bromide-incorporating initiators and chloride-based catalysts.
The explanation for this phenomenon lies in the greater bond strength of the C—Cl bond. >
Prerequisite to a successful ATRP reaction is that the rate of initiation must be fast
compared to the rate of propagation.”®® This allows for all polymer chains to begin
propagation at approximately the same time, facilitating a low polydispersity and a linear
conversion rate with time. As the C-Br bond is more easily broken, initiation with
bromide-type initiators occurs quickly, but propagation continues more slowly as

chlorine will preferentially react with the active, chain-end radical (due to the greater

bond strength of c-C1.*
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In this case, mixed-halide systems did not appear to offer any significant
advantage, although sophisticated analysis of grown polymer films was not possible due
to the cross-linked nature of the film and roughness of the nanocrystalline surface. In
fact, as XPS was the primary tool used to characterize the films, mixed-halide systems
only obfuscated characterization as inorganic and organic chlorine peaks were not
resolved in these films. Mixed-halide systems were therefore abandoned, but not until
one important series of experiments had been conducted in such a system.

This series of polymerizations was designed to elucidate whether or not the
observed polymerization was indeed proceeding in a controlled/living fashion (i.e., was
truly an ATRP reaction). In a mixed-halide system, a film was grown for 20 hours and
examined with XPS. No peaks were present for either Ti or Ru, indicating the film
thickness had exceeded the escape depth of photoelectrons from both elements. A second
film was grown on a new photoanode, but this time film growth was monitored at 2, 4,
10, and 20 hours (Figure 9). This was accomplished by removing the photoanode from
the reaction solution, rinsing according to the standard protocol, and characterizing with
XPS. The photoanode was then returned to the reaction solution. Care was taken to
examine a different location on the photoanode each time, in the event that X-rays were
detrimental in some way to the organic species on the surface. The XPS spectrum slowly
changed over time, finally resulting in a spectrum identical to that of the film grown on

the first photoanode in one 20 hour stint.
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Figure 9. XPS spectra taken throughout a 20 hour polymerization: (left) Ru peak (at ~281 eV) disappears,
C peaks increase, (right) Br peak (at ~70 eV) quickly disappears upon initiation, Ti peak at ~62 eV slowly
disappears as film grows in thickness. Binding energies have not been corrected.

This result was encouraging for two reasons. Firstly, it indicated that redox
polymer films could be consistently grown with approximately reproducible thicknesses.
Secondly, it was consistent with a polymerization of “controlled/living” character where
the polymer chain is never terminated, but rather is simply dormant when removed from
the reaction conditions. Once reintroduced to the appropriate reaction conditions, a
controlled/living polymerization may resume. The results of this experiment were
consistent with such a process, although it did not rule out the possibility that an
uncontrolled radical polymerization was occurring.

As the XPS spectrum was only useful for characterizing film thickness up to the
escape depth of Ti and Ru photoelectrons, film growth beyond that point could not be
detected. Furthermore, the presence of halide on the terminus of the propagating radical
chain (the hallmark of a successfully controlled ATRP) could not be confirmed by XPS
in this mixed halide systems due to the fact that the organic chlorine peak was unresolved
from the larger inorganic chloride peak in the XPS spectrum. Therefore, the possibility

that the film was the result of a short-lived, uncontrolled and “un-living” polymerization
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with a slow rate of initiation (on the order of 20 hours) could not be ruled out. In this
situation, an initiated polymer chain would uncontrollably propagate and soon terminate,
resulting in the appearance of a polymer “island” localized on the surface. As the number
of polymer islands steadily increased, the Ti and Ru peaks would be observed to slowly
disappear. Unfortunately, later studies indicated that this latter scenario was the more
likely (vide infra).

Once cobalt redox polymer films could be grown with reasonable control over
film thickness, the next step was to test their performance in a DSSC. Two films were
grown: one a thick, 20 hour film and the other a thinner, 10 hour film. Both films were
characterized with XPS prior to DSSC iV experiments. DSSC experiments using both
anodes were performed (Figure 10) with a gold counter electrode and a mediator solution
of 0.15 M Co(dtb)3(ClO4)2, 10% oxidized by NOBF4, with 0.2 M lithium triflate and 0.2
M tert-butylpyridine (TBP) in y-butyrolactone. For comparison, a control photoanode
with no cobalt film was also tested. The photoanode with the thicker film performed far
worse than the control, primarily due to a dramatically lower current. The thinner film,
on the other hand, behaved very similarly to the control, indicating that the film was
either behaving ideally as a hole-transport mediator or that film coverage was so
inconsistent as to allow the solution-phase mediator unfettered access to the titania
surface.

In order to clarify which was the case, a new solution-phase mediator was
required, one which was incapable of efficient mediation in the absence of a surface film.
During experimentation with the surface passivation of photoanodes, Gregg et al. found

that ferrocene may perform adequately as a mediator only when recombination at the
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Figure 10. Results of iV experiments with (solid) a thick cobalt film, (dashed) a thinner cobalt film and
(dotted) a regular photoanode without a film.

titania surface is inhibited."® These studies utilized silanization or electrochemical
passivation to reduce recombination, but a successfully grown, thin cobalt redox film |
should perform similarly. When used as a mediator with an unmodified photoanode,
ferrocene yields a very distinctive, very poor iV curve. With proper inhibition of
recombination, the iV curve improves dramatically. Therefore, ferrocene is an ideal
solution-phase co-mediator that should clearly delineate between photoanodes with and
without uniform surface modification. Unfortunately, the reduction potential of ferrocene
is not sufficiently negative to reduce a cobalt bipyridine film (0.31 V versus SCE as
compared to 0.22 V, respectively).'® ' Decamethyl ferrocene (DmFc) has similar
electron transfer kinetics and, owing to the ten electron-donating methyl substituents, has
a more negative reduction potential of approximately -0.06 V (versus SCE), rendering it
capable of reducing the cobalt film.

A mediator solution of 0.15 M DmFc¢ and 0.2 M TBP in 1,2-dichlorobenzene was

prepared. The mediator was oxidized to enhance conductivity, but the oxidation
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procedure was altered, as NOBF; is practically insoluble in the solvent. Rather than
adding a measured amount of NOBF; to a large volume of y-butyrolactone and using 250
uL of this solution to dissolve the mediator, a single grain of NOBF4 was added to the
already prepared mediator solution. Although minimally soluble in neat 1,2-
dichlorobenzene, NOBF, was solubilized in the presence of reductant (i.e. the products of
the reduction of NOBF} are soluble in 1,2-dichlorobenzene). The oxidation of DmFc was
readily apparent; the initially yellow solution turned green.

The results of the iV experiments indicated that the cobalt films were not
functioning ideally. The thicker film photoanode exhibited very poor behavior, with only
a small current being generated. The thinner film photoanode proved to be even worse,
behaving identically to the unmodified control photoanode (i.e., no photocurrent was
observed). At least three possible explanations existed (illustrated in Figure 11). Firstly,
the cobalt film, at thicknesses sufficient to insulate the titania from solution-phase
species, was fatally resistive and preventing proper DSSC function. As little could be
done to remedy this problem, it was initially ignored. Secondly, the cobalt film was
uniform across the titania surface but was not grafting from exposed regions of FTO glass
deep within the titania layer. Due to the high electron density at the FTO surface,
perhaps recombination was occurring there at rates great enough to significantly inhibit
cell performance.'® Thirdly, the film was not uniform in coverage on either the titania or
the FTO. XPS confirmed the existence of cobalt film on the macroscopic surface of the

titania layer but offered little information about the condition of the film inside the pores.
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Figure 11, Three possible cobalt film scenarios: (left) film is uniformaly covering all surfaces, (middle)
film is covering titania nanoparticles but not FTO glass, (right) film is non-uniform and exposed regions of
either titania or FTO are present.

If the second situation were the case, the obvious solution would be to passivate
the FTO glass. As the nanocrystalline titania is not electrically conductive until fairly
negative potentials are reached, electrochemical polymerization is a convenient method
to selectively deposit an insulating film onto the FTO surface. Using a procedure
developed by Strein and Ewing and later refined by Gregg et al., an insulating, cross-
linked phenol/2-allylphenol copolymer (PPO) can now be easily grown on exposed
regions of FTO.'® 7 The procedure (described above in detail) was performed on
photoanodes prior to dye sensitization. After a 10 hour polymerization period,
photoanodes were rinsed per usual, characterized with XPS, and evaluated in a iV
experiment. Control photoanodes, with PPO but without cobalt film, were also tested. |
Figure 12 (left side) shows cyclic voltammetry performed with a photoanode working
electrode in a solution of DmFc. The photoanode with PPO film is significantly more
insulating than the photoanode without. As can be seen in Figure 12 (right side), PPO
enhanced overall cell performance for both photoanodes (with and without cobalt film)
when DmFc was used as the mediator. This result is in good agreement with those
previously published by Gregg et al. and is due to the decreased recombination on FTO.'®

However, little difference was observed between photoanodes with and without the
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cobalt film, indicating that performance-inhibiting recombination was also occurring on

regions of the titania not covered with film.
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Figure 12. Cyclic voltammetry (left) and iV experiments (right) with DmFc mediator on photoanodes with
(dashed) PPO treatment only and (solid) PPO treatment with thinner cobalt film.

Scanning electron microscopy (SEM) was used in an attempt to visualize the
cobalt film. Nanocrystalline titania on conducting glass is a reasonably good medium for
SEM, due to the sturdy and electron-conducting nature of the surface, and has often been
imaged with SEM by other research groups as well as our own (Figure 13).% 7376
Photoanodes prepared from typical colloids result in titania spheres with an average
diameter of approximately 10-20 nm. As early ATRP efforts resulted in films barely
detectable to XPS (a much more sensitive technique), it was generally assumed that the
films would not be visible by SEM. However, once XPS no longer detected titanium
photoelectrons from the surface, the film thickness was estimated to be on the order of 10
nm (10 nm is an average photoelectron escape depth through an organic matrix). A 10
nm film, applied evenly to the exposed surface of a 10-20 nm sphere, would yield spheres

of distinctly larger diameter, perhaps so much so that the film’s presence could be visible

by SEM.
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Figure 13. SEM of unmodified nanocrystalline TiO, photoanode. Scalebar is 100 nm.

The resulting SEM micrographs are shown in Figure 14 below. Clearly apparent,
a dramatic change in surface morphology has occurred on photoanodes with thicker
cobalt films. The film appears to cover the entire macroscopic surface of the titania layer
and no pores are visible. The photoanode with a thinner cobalt film, on the other hand,
displays distinct regions of polymer as well as regions with no detectable film
whatsoever, Fortuitously, a remarkably shallow scratch (most likely less than a micron)
was found in the titania layer, allowing for visualization of the inner pore network. No
cobalt polymer was visible, indicating both that the polymerization process was not
occurring below the macroscopic surface of the titania and that the scratch had been
formed after the polymerization reaction. These results strongly suggest that the

polymerization process is one of localized, rapid polymerization events that are quickly

83

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



and irreversibly terminated, occurring over time until the entire macroscopic surface is
covered. It seems unlikely that the process was that of an even, controlled/living

polymerization, where slow, uniform film growth would occur.

Figure 14. SEM images of TiO, photoanodes with (left) a thicker cobalt film and (right) a thinner cobalt
film. Note that only the thicker film appears to fully cover the TiO, surface. Scalebars are both 100 nm.

Nevertheless, the SEM micrographs in Figure 14 may provide a small glimmer of
hope for the utility of cobalt films in DSSCs. Although only a very small fraction of the
total surface area was sampled in the SEM experiments, it appeared that the coverage of
the thicker film on the photoanode was complete, i.e. no significant exposed regions of
titania remained. Revisiting Figure 10, it may be seen that photocurrents were generated
across this cobalt film. While it could be that the film’s inherent resistivity limited DSSC
performance, it could also be that the cell was hampered by a much reduced surface area
due to the unavailability of the inner pore network. The SEM image provides a very
good indication that the latter possibility was the primary (or at the very least, a strongly
contributing) factor. If so, then the obvious solution is to explore ways in which the
cobalt film may be grown within the pores and not just on the macroscopic surface of the

titania layer.
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Recently, several successful methods of growing ordered, mesoporous thin films
of titania have been reported.”®! These methods differ from the conventional method —
which utilizes a titania colloid and results in a random orientation of anatase particles — in
that the pore network may be aligned to enhance electron and mediator transport
throughout the film. Strategies range from the directed growth of titania nanorods and
nanopillars to the ordered stacking of titania nanoparticles. Nearly all employ some type
of structure-directing agent, most commonly Pluronic P123 (a tri-block co-polymer
available commercially) to form an ordered template for titania growth. In some cases,
an additional effect is the enlargement of the pore diameter to truly mesoporous
dimensions (defined as pores with 2-50 nm diameters), resulting in pores of 10-20 nm in
diameter.®> In the case of polymer film growth, a larger pore diameter could increase the
likelihood that the polymer film would penetrate beyond the macroscopic surface into the
inner pore network.’

The method of Zukulova et al. was chosen both for its relative simplicity as well
as for its demonstrated large pore size.” This method utilizes Pluronic P123 to direct the
templating of titania nanoparticles. After only a few attempts, films could be made with
regions of meso-sized pores. However, significant regions remained without

organization — often without any pores whatsoever — and the effort was abandoned.

Conclusions/Future Work

A thin, cobalt redox polymer film was successfully grown in a surface-initiated
polymerization. However, it is unlikely that the polymerization reaction proceeded in a

controlled/living manner or, in fact, that it occurred by way of an ATRP-type mechanism
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at all. SEM and XPS experiments suggest that the polymerization was initiated at the
surface by the dye, but that the active radical was typically not well-deactivated, resulting
in isolated regions of uncontrolled polymer growth. Over time (approximately 10 hours),
these islands of polymer merged, forming a fairly pinhole-free film on the macroscopic
surface of the titania layer. Although reproducible, the film impaired photoanode
performance in DSSC iV experiments. Whether it did so because of a reduced
photoactive surface area or because of an intrinsic electrical resistance on the part of the
polymer remains unclear.

It is recommended that further work in this area proceed along two major
avenues. Firstly, and most importantly, efforts should be directed to refinement of the
surface-initiated polymerization process. The benefits of a controlled/living ATRP
reaction (namely slow, uniform growth with a high degree of control over film thickness)
could likely address many of the deficiencies of the current polymer film. Secondly, the
morphology of the titania layer could be altered to better suit the inclusion of a cobalt
film into the pore network. Template-directed assembly of titania nanoparticles or
nanotubes are particularly promising techniques which are capable of providing larger,
better organized pores to facilitate penetration of polymer into the titania layer.

A variety of strategies for refining the polymerization reaction remain unexplored.
As initiation of the reaction is achieved (apparent by the formation of polymer) but is
seemingly followed by uncontrolled propagation, attention should be given to the
deactivation process. Several suggestions follow.

In most cases, catalyst species for ATRP reactions are prepared in situ and, as a

result, the exact composition and structure of the catalyst are known in only a few
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instances.®*® In the process of activating a dormant radical, a copper catalyst abstracts a
halogen atom while simultaneously undergoing a one-electron oxidation. Commonly, a
change in coordination number accompanies the change in oxidation state for copper
coordination complexes. Accordingly, an initially 4-coordinate copper(I) complex may
incorporate up to two other ligands into its inner coordination sphere upon oxidation.
Free bipyridine in solution could be expected to bind to the copper(II) ion, yielding a
stable complex less easily reduced back to copper(I) and thereby inhibiting radical
deactivation. However, countering this argument is the fact that successfully controlled
ATRP reactions have intentionally been conducted with excess bipyridine.>® 4!- 38
Nevertheless, to guard against possible side effects from excess bipyridine,
preparation and purification of monomer as well as both activator and deactivator forms
of the catalyst prior to their use in the polymerization reaction would significantly reduce
the chance of free bipyridine in solution (the current polymerization technique
deliberately uses excess bipyridine to ensure complete formation of each metal species).
An alternate strategy would be to utilize copper complexes with polydentate ligands
whose coordination geometry precludes the possibility of an additional bidentate ligand.
One way to do this is to utilize a tetradentate ligand which binds in a square planar
geometry. As only axial sites remain available for further coordination, a bidentate
ligand (requiring adjacent binding sites on the metal) cannot chelate to the copper.
Several such copper complexes have been reported to catalyze ATRP reactions, although
they still underperform Cu(bpy)zX.84’ 87,9, %0

Another possibility is that the density of methacrylate groups on the surface is

simply just too high. Although there are only two methacrylate functionalities per
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molecule of dye, the monomer, once bound to the dye, would add up to five additional
methacrylate groups. As the density of polymerizable groups increases, the concentration
of deactivator may become unable to keep the number of active radicals adequately low.
Although an unusually high ratio of activator to deactivator was employed (3:2), it may
be that the absolute concentration of deactivator was still too low (0.2 mM). It has been
found that homogeneous polymerizations conducted in bulk generally result in a
concentration of 1 mM deactivator at steady state. Surface-initiated reactions have been
reported to require deactivator concentrations of 4.3 mM and 12.8 mM for reactions
conducted in bulk and in solution, respectively, in order to achieve controlled/living

conditions.>%*

A possible remedy for this situation would be to reduce the concentration of
methacrylate groups at the surface through alteration of the monomer. A monomer with
fewer methacrylates could easily be prepared. Dialkyl bipyridines with only one alkyl
group containing a methacrylate ester would result in a cobalt species with only three
total polymerizable functionalities when complexed homoleptically. Synthetically more
involved would be the synthesis of a heteroleptic cobalt complex, where two or less
bipyridines contain one or two methacrylate esters. The considerable lability of
bipyridine ligands chelated to cobalt discourages such an approach, however. Still, as the
vast majority of ATRP reactions (both surface-initiated and otherwise) are conducted on
monofunctional monomers, it might be prudent to somehow prepare a monofunctional
cobalt complex, perhaps one which could be crosslinked after the initial ATRP reaction.

An alternative strategy is to grow a straight-chain polymer using the ligand only,

and afterwards cross-link the chains by way of complexation with the metal species. In
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addition to reducing the number of methacrylates per monomer, the concentration of
monomer could be increased, allowing for an increase in deactivator concentration as
well. For solubility reasons, the Co(dMA);3;(ClO4); concentration was not increased
beyond 50 mM, thereby limiting the deactivator concentration since a 100:1 or greater
monomer-to-catalyst ratio is usually desired.”"*? With a change in reaction solvent, the
concentration of the substituted bipyridine could likely be made much higher, allowing
for correspondingly larger concentrations of deactivator. A natural concern with this
strategy is that the introduced cobalt ions would crosslink the polymer at the outer surface
of the film to an extent which would prevent further, deeper penetration of cobalt into the
film. The resulting film would be cross-linked and (more importantly) redox active only
at the outer surface of the film. The cobalt-less inner region of the film would present a
significant barrier to conductivity and likely inhibit cell performance. If this was found
to be the case, the obvious solution would be to grow films by only a very small amount
before cross-linking. A great benefit of the controlled/living nature of ATRP is that
several polymerization/crosslinking cycles could be performed if necessary, allowing for
the growth of polymer films thicker than the penetration depth of cobalt ion.

A further concern with the direct ATRP of cobalt coordination complexes exists.
Cobalt-mediated radical polymerization (CMRP) is another CRP technique, closely
related to ATRP. Instead of reversible halogen transfer, association of a cobalt
coordination complex with the propagating radical is exploited to temporarily deactivate
the growing polymer chain. With their d7 electron configurations, many cobalt(II)
complexes act as a stable radical capable of pairing with the active, chain-end radical on

the propagating chain.”*** Typical cobalt complexes used are cobalt(II) porphyrins and
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variants of bis(acetylacetonate)cobalt(Il). Both types share an obvious similarity to the
cobalt monomers employed in these ATRP studies. Accordingly, it may be that the
cobalt monomer is interacting in some way with the propagating radical or otherwise
interfering with proper deactivator function, limiting control in this system.

There are two reasons to expect this to not be the case. Firstly, CMRP catalysts
require a “vacant” site, in their coordination sphere through which they may interact with
the propagating radical. Porphryns and bis(acetylacetonate) species both bind the cobalt
in a square planar geometry which leaves both axial sites open; tris(bipyridine) species
have no such vacancy. In addition, if the monomer were acting as a radical deactivator, it
would be expected to dramatically slow polymerization as the monomer is present in
large excess. As slow initiation followed by too rapid polymerization seems to be the
case, it is unlikely that the cobalt monomer is behaving in a deactivating capacity.
However, a simple test would be to substitute another metal species for the cobalt and
observe whether the polymerization reaction is altered. A diamagnetic species (unlikely
to interact strongly with free radicals in solution due to a lack of unpaired electrons) such
as low-spin iron(II) would make a logical choice.

Finally, it is worth mentioning that while several possibilities remain for the
controlled growth of cobalt films using ATRP, it is difficult to conceive that such a film
would be of benefit to DSSCs with the current nanocrystalline morphology. Further
study of the current literature, in combination with the results presented herein, indicates
that the chaotic nature of the randomly deposited film (with randomly oriented and sized
pores) is not well-suited for the inclusion of a thin polymer film. Accordingly, it should

be noted that any further research of cobalt films by ATRP (perhaps interesting in their
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own right) should be conducted with other aims or applications in mind — at least until
better morphological control over mesostructured, nanocrystalline films of TiO; is

realized.
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Chapter 3

A Two Electrode Study of Dye-Sensitized Solar Cells with Cobalt

Mediators

Abstract

A suite of DSSC characterization experiments was developed which could be
rapidly performed on a standard two electrode sandwich cell. In combination with a
novel technique for mediator replacement without cell disassembly, this suite was utilized
to probe the influence of a variety of parameters on DSSC functioning in order to
elucidate the processes limiting performance in cells mediated by cobalt complexes. The
results of this study clearly implicate diffusion of cobalt(IlI) to the cathode as frequently

rate-limiting. Strategies to alleviate this condition include increasing the cobalt(III)
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concentration as well as lowering the solvent viscosity. A somewhat unexpected result of
the flow-through study is that TiO, underlayers or TiCly treatments have a surprisingly
small effect on the performance of DSSCs, despite their dramatic effect on dark currents.
This may be a further indication that diffusion of cobalt(III) — and not recombination

across the FTO surface — is performance-limiting in cobalt-mediated DSSCs.

Introduction
Objective

Evaluation of solar cell performance may be accomplished with a variety of
experimental techniques. Some methods characterize a DSSC’s overall ability to deliver
electrical power/current (e.g., iV, IPCE, APCE tests) while others provide insight into
specific cell processes (e.g., flash photolysis, IMVS, IMPS — acronyms are either defined
below or in the List of Symbols and Abbreviations, page x). A combination of both types
is useful for a full analysis of a particular DSSC system. Unfortunately, many of these
techniqlies require specialized equipment and unique cell configurations. In our pursuit
to optimize and understand cobalt-mediated DSSCs, we sought to assemble a suite of
characterization techniques that could be rapidly performed and would yield
complementary information regarding the system. Variation of a multitude of cell

parameters could then yield insight into the rate-limiting processes of such cells.

iV-type experiments

Perhaps the most common method of cell evaluation is to conduct a current-

voltage (iV) experiment, both in the dark and under illumination. In this experiment, the
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cell potential is controlled and the current is measured as the potential is scanned across a
range of voltages. Several important values may be extracted from this experiment, such
as open-circuit voltage (Vo), short-circuit current density (Js), fill factor (FF), and
maximum cell efficiency (n). The standard configuration used when testing DSSCs is
commonly referred to as the “sandwich cell” configuration and consists of two electrodes
clamped together.'® Due to its experimental simplicity in combination with the wealth of
information it yields, the iV experiment was chosen to be the cornerstone of our cell
evaluation process. Therefore, other experiments would ideally also use the same
sandwich cell configuration so that the entire battery of tests could be performed in rapid
succession.

Although iV experiments on DSSCs are generally reported only when conducted
under illumination, they may also be performed under dark conditions. Without light, the
dark experiment provides some information regarding deleterious electron-hole
recombination.* In theory, the greater the overpotential required to pass a reverse current,
the greater the system’s “resistance” to recombination events. However, the usefulness
of this experiment is hampered significantly by the variable resistivity of the
nanocrystalline TiO, layer.* In the dark (i.e., without electron injection from the dye-
sensitizer), the TiO; is highly resistive until potentials are reached which are sufficiently
negative as to allow transfer of electrons into the conduction band of the TiO,.

Therefore, until this point is reached, any reverse current must pass through the exposed
regions of FTO glass. This situation differs greatly from the standard operating
conditions of DSSCs in the light, where recombination may, at least in principle, occur

from the high surface area of the TiO; layer as well as from the FTO surface.
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Consequently, dark curves are infrequently reported in DSSC literature. Nevertheless,
the experiment does provide some insight into the system and, in addition, is easily

conducted in tandem with the light experiment.

IPCE/APCE experiments

Incident Photon-to-current Conversion Efficiency (IPCE) or Absorbed Photon-to-
current Conversion Efficiency (APCE) experiments yield a similar type of information
regarding cell performance, although with a few key differences.>® These two
experiments are essentially i-A experiments wherein the wavelength of illumination is
controlled and varied (by means of a monochromator) and the resulting current is
recorded. This is in contrast to the iV experiment which is generally conducted using full
spectrum (minus the ultraviolet) light from a Xenon arc lamp or similar light source.

Also in contrast, the potential of the cell is held at 0V (i.e., short circuit) throughout the
experiment. With a well-functioning cell, the shape of the output (from either IPCE or
APCE tests) should resemble the absorption spectrum of the dye. Consequently, these

tests are frequently used to evaluate dye performance (e.g., injection efficiency).’

As our cobalt-based systems utilize the standard N3 dye, there was little incentive
to include IPCE or APCE experiments in the battery of tests. In addition, the requirement

of a monochromator further reduced the attractiveness of the test. As a result, these

experiments were not performed.
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QOCVD experiments

Recently, Zaban et al. have developed a new sandwich cell experiment that
specifically targets recombination of photoinjected electrons from the nanocrystalline
titania layer with oxidized mediator.”® Dubbed the Open Circuit Voltage Decay
(OCVD) method, the experimental procedure is fairly simple and — as it also uses the
regular sandwich cell configuration — is convenient to integrate into a standard DSSC
characterization protocol. As its name implies, the OCVD experiment is conducted by
observing the open circuit photovoltage (V) decay over time. The cell, maintained at
Voo, is brought to steady state conditions (usually requiring only milliseconds) under one
sun illumination. After one second, the illumination is ceased. The resulting potential
decay is system-dependent and can require from less than a second to several minutes to
reach zero volts.

Although experimentally simple, the theory underlying the OCVD experiment is
quite complex. As a result, OCVD experiments are capable of yielding significant
insight into recombination processes within DSSC systems. Through detailed analysis,
as many as eight different parameters may be extracted from a single OCVD curve. A
simplified overview of the technique will be presented here (see reference #8 for a more
detailed theoretical description).

At open circuit, a photoinjected electron must remain in the conduction band (CB)
of the anode or transfer to a reducible species such as the photooxidized dye or the
oxidized form of the mediator (i.e., recombine with a photogenerated hole). In
reasonably efficient DSSCs, an overpotential exists for recombination at the anode

surface which greatly slows the recombination reaction (at least at moderate cell
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potentials). As a result, the electron population in the CB will increase when the cell is
illuminated. As the Fermi level of the semiconductor anode is a function of the electron
population in the CB, an increase (negative shift) of the Fermi level will result. This shift
is observed by an increase in cell potential (as V. is the voltage difference between the
Fermi energies of the anode and cathode). The rate of the recombination reaction,
however, is potential-dependent. Accordingly, the DSSC will quickly reach an
equilibrium-state voltage where the rate of photoinjection equals the rate of
recombination. Once illumination ceases, the rate of photoinjection becomes zero. The
change in V. after this point is due solely to recombination, and so OCVD curves
directly measure the recombination characteristics of a particular DSSC system.

Several points of clarification are worth mentioning. Firstly, the OCVD
experiment is essentially a dark experiment as all pertinent data are collected with the
light off. Assuming that the reduction of the oxidized dye by mediator is sufficiently fast,
the OCVD experiment only measures recombination of photoinjected electrons with
oxidized mediator. The assumption of fast dye reduction kinetics is valid in many
efficient DSSC systems and greatly simplifies the theoretical description of the OCVD
experiment. However, systems where slower kinetics are suspected may not be
appropriate for OCVD (e.g., some solid-state systems, particularly dilute mediator
solutions, alternative dyes, etc). Secondly, the theory as developed by Bisquert et al.
assumes all recombination to occur exclusive at the TiO, nanoparticle surface and not on
any exposed FTO surfaces. With I'/I3” as mediator, this is likely a valid assumption but is
not necessarily so for other mediator systems. Thirdly, the OCVD experiment measures

relatively slow phenomena on the time scale of a few milliseconds and longer. Other
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techniques, (e.g., laser or high frequency domain experiments) are required to measure
faster electronic events such as dye injection/reduction.

The rate of recombination measured by OCVD may be reported as an electron
lifetime (or “response time”), 1,. The lifetime of an electron in the CB is potential-
dependent and may be calculated using the reciprocal of the slope of the decay curve (at a

particular voltage) and normalizing by the thermal voltage:

kBT( anc)_'
T,=——0H | —=
e \ at

During a single experiment, V. typically decays by several hundred millivolts while the
lifetime increases exponentially, covering several orders of magnitude. Consequently, T,-
V. data is typically displayed on a log-linear plot and theoretical considerations predict
three distinct regions: (a) a region of constant 1, (b) a region with a linear increase (in

log-linear form) of 1, (c) a region of increasing 1, with a parabolic shape.

-1.0 0.0

oc

Figure 1. Theoretical behavior of 1, as a function of V.. Y-axis is logarithmic, x-axis is linear. (Adapted
from reference #8).
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In region (a), at high potentials, recombination occurs primarily through reaction
of “free” (i.e., mobile, untrapped) CB electrons with mediator. In this region, a
significantly greater portion of excited electrons reside in CB states than in bulk trap
states (vide infra) and are defined by the energy of the lower edge of the CB. As the
Fermi energy of the anode decreases, 1, remains constant as a result of the large
capacitance (high density of states, DOS) of the CB.

In region (b), recombination still occurs primarily through free CB electrons, but
the capacitance of the bulk traps becomes greater than that of the CB states. Bulk traps
are electronic states localized in the interior of the TiO; nanoparticle with energy levels
just below the lower edge of the CB. These states trap and release electrons only to the
CB. As electrons may only react with mediator at the exterior of the nanoparticle,
electrons in bulk traps must first be released to the CB and travel to the nanoparticle
surface (possibly being trapped and released several times en route) before recombining
with mediator. With the majority of excited electrons in bulk trap states, trapping and
detrapping rates determine the observed electron lifetime. These rates‘are mathematically
described with an exponential “tailing parameter” and, as a consequence, T, responds
linearly (in the log-linear format) to decreasing V..

At low potentials, region (c), recombination no longer occurs primarily through
CB states but rather through surface trap states. Surface traps are similar to bulk traps but
with the added feature that electrons in surface traps may be released to mediator species
as well as to the CB (i.e., surface traps are in close enough proximity to the nanoparticle
surface that they may serve as recombination sites). The rate of the recombination

process in this region is therefore dependent on the distribution of surface traps. This
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dependence is borne out mathematically as a reciprocal of a Gaussian distribution, and
hence 1, displays a parabolic shape in this region.

Bisquert et al. found excellent agreement between theoretically predicted behavior
and experimental results with I'/I;" mediated DSSCs. The OCVD method is simple to
perform, strikingly powerful (with appropriate systems), and convenient to include in a
DSSC testing protocol as it is conducted on the standard DSSC sandwich cell. For these

reasons, we decided to include OCVD in the suite of electrochemical tests.

Current transients

Current versus time experiments (“current transients”) are not typically performed
on DSSCs. However, it was noticed early on that tris(bipyridine)cobalt-mediated DSSCs
exhibit an initial burst of unsustainable current upon exposure to light which then drops
to a sustainable level (typically, this level is 50-80% of the initial current) over a few
hundred milliseconds (vide infra). In order to better characterize this phenomenon, a
current transient protocol was developed. Cells, initially in the dark, were exposed to
light for one second while held at short circuit. The illumination was then ceased. The

current was recorded throughout this period.

Flow-through experiments

In order to compare differing DSSC systems (e.g., systems using 0.3 M mediator
with systems using 0.15 M), reproducibility within each system was required.
Unfortunately, DSSCs, made up of a disordered nanocrystalline layer and containing

multiple processes with competing kinetics, are extremely sensitive to a variety of
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factors.” As a result, we typically witness significant variance between identical
experiments, commonly as great as 15-20%. This statistical noise hampers the ability to
detect real differences between DSSC systems. Accordingly, a method was sought to
enhance the reproducibility of DSSCs.

For reasons not fully understood, it is our experience that cell performance
changes every time a cell is disassembled and reassembled, even when the same anode is
used. Furthermore, two anodes, prepared on the same slide and subjected to identical
baking and dying conditions, will not yield identical results. A possible explanation for
these observations may be supposed by considering the disordered nature of the
nanocrystalline titania layer. The nanocrystalline film is essentially a layer of nanometer-
diameter spheres piled randomly on top of one another.'” Within this layer, a network of
randomly-distributed pores results. It is reasonable to expect that the pore network may
affect the performance of the DSSC (due to varying numbers of dead-ends, closed pores,
constrictions, etc...), perhaps by altering the effective mobilities of either the electrons
and/or holes, or by influencing the dye loading, or possibly through some other
mechanism.!! Although it would be expected that these types of differences would, on a
macroscopic level, average out to yield a homogeneous film, perhaps this is not always
the case. If not, it could explain why two otherwise similar anodes yield somewhat
different performances and why a single anode, once reassembled, also results in
differing behavior (due to improbability of illuminating exactly the same area with both
assemblies). Of course, other explanations are possible.

Regardless, it seemed desirable to eliminate this source of error as we strove for

greater reproducibility. Several groups have reported using thin spacers to separate the
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anode and cathode when sandwiched together.® ' > One of the purported rationales for
this is to eliminate any shorts which may develop in the areas where the titania directly
contacts the cathode.® We realized that a spacer could also bestow an ability to replace
the mediator solution in the cell without the need for disassembly. Utilizing capillary
action, a few pLs of new mediator solution could be drawn into the cell using a Kimwipe
placed in contact with the old mediator solution on the other end of the cell. The new
mediator solution was drawn into the cell and the old wicked out by the Kimwipe. In this
way, the illuminated area could be kept constant and the mediator solution changed. As

will be discussed, this turned out to be extremely useful.

Experimental

Synthesis of Co(dth);(ClO,),

Typically, three equivalents of 4,4’-di-fert-butyl-2,2’-bipyridine (“dtb”, obtained
from Aldrich Company) were dissolved in a minimum of methanol using heat. One
equivalent of Co(ClO4); x 6 HO was then added. Although the clear soluﬁon turned
dark brown immediately upon addition of cobalt, the solution was stirred at reflux for 30-
120 minutes to ensure complete complexation. The solution volume was reduced by
approximately 80% using rotary evaporation, followed by addition of diethyl ether to
precipitate the remaining cobalt complex. The precipitate was filtered and dried in a

vacuum oven overnight.
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Bulk oxidation to Co™(dtb)s(ClO,)s

Bulk oxidation of Co(dtb);(C10s), (500 mg, 0.47 mmol) was performed by
addition of a slight excess of NOBF to an acetonitrile solution of the cobalt complex.
The acetonitrile was removed by rotary evaporation. Thin layer chromatography
confirmed the absence of any residual Co" complex. In order to remove the BF; anion,
the complex was redissolved in methanol, a large amount of LiClO,4 was added, followed
by precipitation of the cobalt complex with diethyl ether. The final product was dried

overnight in a vacuum oven.

Preparation of TiO» photoanodes

Photoanodes were prepared using the standard “doctor-blade” technique.’
Fluorine-doped tin oxide conducting glass (FTO) was pre-scored, cleaned
(Kimwipe/acetone wipe, >30 minutes in a base bath followed by rinses with water,
distilled water, and ethanol), dried under a stream of nitrogen, and immobilized using two
strips of Scotch tape. The tape also served as a spacer for the spreading of the titania
colloid (usually obtained from Solaronix company). After spreading, the colloid was
allowed to dry (as judged by the visible change from opaque to transparent) and fired in
an oven. The temperature was ramped to 450 °C over ~15 minutes, held for 30-60
minutes, and allowed to cool slowly to room temperature.

In some cases, the photoanodes were then treated with a 0.2 M solution of TiCl4
in Millipore water in a similar manner to the procedure reported by Nazeeruddin and
coworkers.” A few drops of solution were applied to the surface of the TiO; and the

entire anode was placed in a high humidity chamber to prevent evaporation of the
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solvent. After a variable period of time (specified in the text of the discussion), the anode
was removed from the chamber, rinsed with Millipore water, and baked again at 450 °C
for at least 30 min.

For a few experiments, a thin layer of compact (i.e., not nanocrystalline) TiO, was
applied to the conducting side of an FTO substrate prior to deposition of the
nanocrystalline film. This underlayer was achieved by use of a sol-gel process."* A sol
was prepared in 10 mL 200 proof ethanol. To ethanol was added (in sequence, under
stirring): 250 uLL Millipore water, a few drops HNOj3; (until the pH was approximately 1-
2), and 750 uL titanium (IV) isopropoxide. This last addition was performed with the
ethanol solution at 0 °C in an ice-water bath. The vial was then sealed with parafilm and
allowed to stir at 0 °C for 1-2 hours before being placed in the refrigerator at 4 °C. After
aging at least 24 hours (usually 24-25, never more than 72 hours), the sol was removed
from the refrigerator and stirred briefly before use. The FTO substrate was cleaned as
previously described (base bath, rinsed, dried) and taped on two sides, leaving an exposed
area of roughly 12 cm’. Approximately 1 mL of the Ti sol was applied to the spinning
FTO substrate (900 rpm on a Pine Instruments Analytical Rotator) in a steady stream
over a period no longer than 15 seconds. The substrate was spun for 1 minute, removed
and baked at 450 °C for 30 minutes. Although the thickness of the films was not
measured in-house, the procedure is reported to result in 50-60 nm thick films.'* After
cooling, the substrate was then pre-scored before the titania colloid was applied in the
manner previously described.

Prior to use in a cell, the photoanodes were reheated to 450 °C for only a few

minutes before being allowed to cool to 130 °C. At this point, the still-hot anodes were
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immersed in a saturated ethanol (200 proof) solution of cis-di(thiocyanato)bis(2,2’-
bipyridyl-4,4’-dicarboxylate)ruthenium(Il), commonly referred to as N3 dye. Aftera
variable period of time (vide infra), the anode was removed from the dye solution, rinsed
with ethanol, dried under a stream of nitrogen, and placed in a covered container until use
(great care was taken to ensure that anodes never sat out of dye solution for more than a

couple of hours before use).

Spacers

Flow-through experiments were conducted on DSSC sandwich cells containing
two strips of polyimide tape (with the adhesive removed), one on each side of the cell,
between the cathode and photoanode. The thickness of the polyimide spacers was
measured with a high-precision micrometer and found to be 25 um, a value in close
agreement with the specifications given by the manufacturer (McMaster-Carr). Spacers
of smaller thickness were also attempted. X-ray quality polyester film of 0.00015”
thickness (< 4 pm), obtained from Somar Laboratories, Inc., was cut into strips which
were used in a manner identical to that described for 25 pum spacers. An intermediate
thickness of approximately 8 pm was also attempted by using 4 um spacers which had
been folded back on themselves.

Occasionally in this chapter and more frequently in the following chapters,
DSSCs were assembled for one-time use (i.e., without using a flow-through technique to
exchange mediator solutions) using the 4 um spacer. In these instances, the film was cut
into a single U-shaped piece rather than into two separate strips simply because a single

piece of film is considerably easier to position on the anode. The film was placed on the
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titania half of the photoanode, with the open end of the “U” oriented towards the other
half of the anode (not covered with titania) so that mediator solution could still be

introduced as normal.

Cell assembly

All cell experiments were conducted using a sandwich cell configuration. A thin
spacer (either 4 or 25 um, vide infra) was placed on the photoanode followed by the
cathode (for flow-through experiments, the cathode was platinum-sputtered-on-FTO
glass unless noted otherwise). A few uL’s of mediator solution were applied outside the
gap between the anode and cathode and were subsequently drawn into the interior of the
cell by capillary action. The assembly was then placed into a custom-made cell holder
and fixed with a screw clamp. An FTO extension (with conducting copper tape) was
clamped to the anode to facilitate electrical connection. The aperture on the cell holder

was 0.385 c¢m”.

Instrumental

A 75 W Xenon arc lamp was used as a source of illumination. Wavelengths
lower than 400 nm were removed with a 400 nm high pass filter, but the light was not
collimated. Incident light power was adjusted with the Xenon lamp focus to 1 sun (1000
W m’!, or 100 mW c¢m™). In cases where lower intensity light was desired, neutral
density filters were placed in the light path. A Pentax camera with the back cover

removed was utilized as a one second shutter.
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Cell experiments were performed with a Kiethley 1400 Sourcemeter interfaced to
a personal computer via a National Instruments BNC connector box. All experiments
were conducted\using specially-written LabVIEW software. One program was written to
perform iV experiments (both light and dark) and calculate the cell characteristics (Vo,
Jse, FF, ). Another program was used to perform both the OCVD and current transients.
Controlling the Keithley sourcemeter with these two programs allowed all four
experiments to easily be run in a matter of a couple minutes, greatly facilitating a well-
rounded characterization of a particular DSSC system. In most cases, the tests were

conducted in the following order: current transient, OCVD, dark iV curve, light iV

curve.

Flow-through experiments

Initial introduction of mediator solution was done as customary, with a drop of
solution applied to the edge of the cell and capillary action serving to wick the solution
into the cell. Subsequeﬁtly, the mediator solution was replaced using the procedure
involving a Kimwipe described above where a drop of new solution, similarly delivered
to the edge of the cell, could be drawn into the cell by placing the Kimwipe in contact
with the old mediator solution on the other end of the cell. The absorbent Kimwipe
removed old solution and wicked new solution into the cell from the other side. For
reasons that will be explained, this procedure was repeated three times in succession to

ensure complete conversion to the new mediator solution.
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Figure 2. Diagrams illustrating the flow-through technique. Solution was delivered to the left (side view)
of the cathode and wicked out by a Kimwipe placed on the right (side view) of the anode. The patterned
half of the anode represents the end of the photoanode which is covered by the TiO,; layer (in reality, the
titania is located on the side of the anode facing the cathode).

A few notes are in order to explain the plots from the flow-through study
presented in this chapter (these comments pertain only to the flow-through study
presented in this chapter and are not universally true for any other experiments presented
in this or any other chapter). Except where noted, each figure corresponds to a different
photoanode. In general, each photoanode was used for only one DSSC assembly. This
was done to assist in reproducibility. Most experiments were conducted with a platinum
cathode. Although platinum is not an optimal cathode for cobalt-mediated DSSCs, it is
more rugged and consistent that gold cathodes and was chosen for this reason. Unless
noted otherwise, all data may be assumed to have been taken with a platinum cathode. It
may also be assumed that 25 um spacers were used, unless explicitly stated otherwise, for
reasons to be explained (vide infra). All experiments were performed under one sun (AM
1.5) illumination, i.e., 100 mW cm?.

Within each figure, plot numbqrs generally correspond to mediator substitutions.
For example, plot 1 would be the resulting iV curve after the mediator was replaced
(using the wicking procedure) from plot 0. Exceptions to this system will be made
obvious. In all cases, data were collected in order of ascending plot number. In

situations where data is plotted with discontinuous numbers, it is implicit that unshown
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data was collected between the displayed data (e.g., if plots 1 and 7 are displayed, it is
true that plots 2-6 were collected before plot 7). This is important to note since the
number of mediator substitutions was often a factor in cell performance (vide infra).
Transient experiments (current transients, OCVDs) are displayed with a shifted
X-axis (the time axis) to coordinate the onset of illumination between each experiment.
This is done for ease of visual comparison. With the exception of dark iV experiments,
current densities are displayed which normalize for the size of the illuminated area. Dark
iV experiments, however, monitor current across the entire photoanode surface rather
than just the area illuminated through the cell holder aperture. As this area was not
strictly controlled, currents rather than current densities are displayed. It may be roughly
approximated that cell size was ~1 cm’ (making current equal to current density), but

each DSSC assembled was slightly different.

Results/Discussion

Flow-through experiments

It was first necessary to establish that the flow-through experiment would provide
reliable, reproducible data for valid comparisons between different DSSC systems. To do
this, two criteria needed to be met. First, effective replacement of the mediator solution
had to be demonstrated and second, the performance of a particular mediator solution
needed to be unchanged after replacement with an identical solution (in other words,
reproducibility was required). After some experimentation, it was found that the wicking
procedure previously described (vide supra) was capable of replacing the mediator within

the cell as long as the spacer was sufficiently thick. To ensure complete conversion,
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three “flushes” (i.e., application of a drop of mediator solution followed by wicking) were
performed in sequence. Hereafter, the term “mediator substitution,” or just
“substitution,” will refer to a sequence of three flushes (within this chapter only).

A probable explanation for these two requirements (multiple flushes, thicker
spacer) follows. The mediator replacement operation may be considered as a type of
liquid/liquid extraction. It is unlikely that all of the old mediator solution is replaced by
the new in a single flush. In particular, the solution deep within the pores is almost
assuredly less mobile than the solution in the space created by the spacers between the
two anodes (referred to hereafter as the “bulk” solution). As a consequence, a flush may
replace all or most of the bulk solution but leave that within the pores unchanged.
Diffusion between the pore and bulk solutions partially converts the pore solution, but
another flush or two is required for full conversion. The requirement of a thicker spacer
may be a consequence of the need for a greater volume ratio of bulk/pore solution, or
perhaps bulk solution mobility is simply hampered with thinner spacers.

A 25 um polyimide spacer was found to be sufficient for effective flushing. Both
4 um and 8 um spacers were attempted and found to be insufficient, at least over an
interval of three flushes. The results for a 25 um spacer are shown in Figure 3. In this
plot, a series of iV curves are shown with 5% oxidized cobalt mediator (0.15M), 20%
oxidized cobalt mediator (0.15M), and 10% oxidized Lil (0.5 M). It is immediately
apparent that, although the cell behavior switches cleanly between each mediator
substitution, the cell behavior is not perfectly reproducible between substitutions. Most
dramatic is the steadily increasing V, with each substitution, although I, drops between

some substitutions as well.
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Figure 3. Plot of light iV curves. Plots 0,1,4,5 are 5% Co™", plots 2,3,6,7 are 20% Co'". Plots 8 and 9 are
Lil. Cobalt solutions were 0.15 M cobalt complex, 0.2 M LiTriflate, 0.2 M tert-butylpyridine (TBP). Lil
solution was 0.5 M Lil, 0.05 M L.

Figure 4 shows a flow-through experiment conducted with only Lil (0.5 M, 10%
oxidized). This plot illustrates two important points. Firstly, the increasing Vo, and
decreasing I is occurring in this system as well, indicating that the phenomenon is likely
not unique to the cobalt mediator. Second, the shape of the iV curves are obviously
dissimilar to the shapes of the Lil curves in Figure 3. This phenomenon was repeatedly
observed and warranted further investigation (vide infra).

As the changing V. and I, did not appear to be due to the mediator solution, a
loss of dye was posited. It is frequently observed after cell disassembly that anodes
appear lighter in the areas which were exposed to mediator. This trait has been casually
observed (i.e., not rigorously tested) to be more pronounced with anodes that have been
dyed for longer periods of time (on the order of a days). Although monolayer coverages

are typically assumed, it may be that excessively long dying times result in thicker layers
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Figure 4. Plot of light iV curves. All plots are Lil. Lil solution was 0.5 M Lil, 0.05 M L,.

where outer molecules are less strongly bound. With this hypothesis in mind, flow-
through experiments were performed with anodes which had been dyed for only three
hours. Three hours is generally accepted as a minimum — yet sufficient — time for the
formation of a complete monolayer of adsorbed dye.>'* The results are shown in Figure
5. Quite clearly, shorter dye times did not cease either the V. or I shifts (although the
magnitude of the V shift appears smaller in this plot, this was not consistently
observed). Interestingly, photoanodes dyed for short times (usually 3 hours) did not
generally exhibit the same lightening phenomenon previously described. Accordingly,
the three hour dying procedure was continued in subsequent studies.

Treatment of photoanodes with a solution of TiCls has been reported to have
performance-enhancing effects.” !> The effect of this treatment on reproducibility was
examined next. Figure 6 displays the results with cobalt. Short circuit current is
dramatically more stable, although V,, still increases with each mediator substitution.

Also noteworthy is the phenomenon that simply waiting two minutes between each series
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Figure 5. Plot of light iV curves. Plots 0,1,2,6 are 5% Co™, plots 3,4,5,7,8 are 20% Co™. Cobalt solutions
were 0.15 M cobalt complex, 0.2 M LiTriflate, 0.2 M TBP.
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Figure 6. Plot of light iV curves with TiCl-treated anode. Plots 0-5 are 5% Co'™", plots 6-11 are 20%
Co™. Even numbered plots are initial iV scans, odd numbered are after two minutes. Cobalt solutions
were 0.15 M cobalt complex, 0.2 M LiTriflate, 0.2 M TBP.

of tests (although not all results are shown, the full test protocol was conducted each
time) resulted in slightly increased currents. During the wait period, the cell was not

under illumination — although it was not rigorously shielded from indirect room lighting.
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The current increase occurred irrespective of whether the cobalt solution was 5% or 20%
oxidized. Figure 7 displays the corresponding current transients. Although in all cases
the initial currents are very similar, currents after one second vary significantly. Most
notably, 20% oxidized solutions lose current much more gradually than 5%. The two
minute wait period also resulted in a slightly larger current after one second. The
corresponding OCVD curves of 5% and 20% oxidized solutions are shown in Figure 8;
however, the curves recorded after the two minute wait period are omitted as they
without exception overlaid the original curves. Note that, although V, steadily increases,
the shape of the OCVD curve is unchanging with either substitution or percent of

oxidized cobalt (in contrast to the current transients).

Current Density (mA/cm 2)

15 25
Time (s)

Figure 7. Plot of current transients with TiCl,-treated anode. Plots 0-5 are 5% Co™™, plots 6-11 are 20%
Co™. Even numbered plots (on left) are initial iV scans, odd numbered (on right) are after two minutes. X-
axis has been shifted arbritrarily for each plot. Cobalt solutions were 0.15 M cobalt complex, 0.2 M
LiTriflate, 0.2 M TBP.
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Figure 8. Plot of OCVD curves with TiCly-treated anode. Plots 0,2,4 are 5% Co"", plots 6,8,10 are 20%
Co'™, Cobalt solutions were 0.15 M cobalt complex, 0.2 M LiTriflate, 0.2 M TBP.

As briefly covered in Chapter 1, 4-tert-butylpyridine (TBP) is commonly used as
an additive to mediator solutions (iodide or cobalt-based) due to its tendency to increase
Vo' ¥ Our standard procedure utilizes 0.2 M TBP in the mediator solution of the cell.
Although this concentration should provide a great excess of TBP, the possibility that
successive flushes were resulting in increased deposition of TBP (resulting in continually
changing performance) was explored. Flow-through experiments were performed on
regular (i.e., untreated with TiCly) anodes using cobalt mediator solutions not containing
TBP. Figure 9 presents data collected on regular anodes without TBP in the mediator
solution. Quite clearly, reproducibility of I is quite good while V. steadily increased.
Once again, the current increased consistently after a two minute wait in the dark. The

corresponding current transients are shown in Figure 10.
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Figure 9. Plot of light iV curves with no TBP. Plots 0-4 are 5% Co', plots 5-10 are 20% Co'". Plots
2,4,6,8,10 were collected after two minute wait. Cobalt solutions were 0.15 M cobalt complex, 0.2 M
LiTriflate.
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Figure 10. Plot of current transients with no TBP. Plots 0-4 are 5% Co'", plots 5-10 are 20% Co'". Plots

2,4,6,8,10 were collected after two minute wait. Cobalt solutions were 0.15 M cobalt complex, 0.2 M
LiTriflate.

Figure 11 shows a more complete flow-through survey with cobalt (5%, 20%,
and 30% oxidized) and iodide mediators, all without TBP. Although the increasing V. is

still not understood, reproducibility of the I was sufficient that the following may be
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safely concluded. Current density increases as the percentage of oxidized cobalt
increases. A large increase is observed between 5% and 20% at all voltages. In contrast,
the increase is much smaller between 20% and 30%, being manifested primarily at
voltages closer to V, (alternately, it may be stated that FF rather than J is improved).
This plot also illustrates the change in iodide behavior mentioned previously. As readily
seen, the iV curve shifts from high Ji, and moderate V. to moderate Jc and high V..
This occurrence is consistently observed. Figure 12 displays the dark iV curves
collected immediately prior to each respective light curve. The iodide before and after
voltages differ by nearly 200 mV at identical currents. As dark curves primarily measure
reverse (recombination) current through regions of exposed FTO, it seems apparent that
the FTO surface is being altered in some unobvious way by cobalt mediator solution.
From the OCVD transient plot (shown in Figure 13) it is likely that recombination across

the surface is affected.
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Figure 11. Plot of light iV curves. Plots 1,2 are 10% Co™, plots 3,4 are 20% Co™™, plots 5,6 are 30%
Co™. Plots 0,7 are Lil. Cobalt solutions were 0.15 M cobalt complex, 0.2 M LiTriflate. Lil solution was
0.5 MLilL, 0.05 M L.
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Figure 12. Plot of dark iV curves. Plots 0,7 are Lil. Lil solution was 0.5 M Lil, 0.05 M I,. Y-axis is
current rather than current density.
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Figure 13. Plot of OCVD curves. Plots 0,7 are Lil. Lil solution was 0.5 M Lil, 0.05 M L,.

A flow-through study using only iodide was performed next. Figure 14
illustrates the iV curves. As before (Figure 4), the V. increased and the I decreased

with each substitution. However, in contrast to results with cobalt (Figures 6 & 9), the
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iV curves were unaffected by two minutes without illumination. The behavior of the
corresponding dark iV curves (Figure 15) matches that of the light iV curves with respect

to consistently increasing voltages with each substitution.
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Figure 14. Plot of light iV curves. All plots are Lil. Plots 2,4 are after two minute wait. Lil solution was
0.5 M Lil, 0.05 M I,.
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Figure 15. Plot of dark iV curves. All plots are Lil. Plots 2,4 are after two minute wait. Lil solution was
0.5 M Lil, 0.05 M L,. Y-axis is current rather than current density.
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To further investigate this phenomenon, a flow-through study was conducted on a
photoanode without the N3 dye. As can be seen in Figure 16, each mediator substitution

increased the observed voltage by a magnitude comparable to that of a dyed anode.
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Figure 16. Plot of dark iV curves. All plots are 5% Co™. Cobalt solutions were 0.15 M cobalt complex,
0.2 M LiTriflate, 0.2 M TBP.

As previously mentioned, dark iV curves primarily measure recombination
current through exposed FTO surfaces. Accordingly, modification of the FTO surface
would be expected to alter the dark response. Treatment with TiCly solution deposits a
thin layer (a few nanometers or less) of TiO, over the entire anode, including the FTO.
Similarly, layers of compact (i.e., not nanocrystalline) TiO, may be deposited prior to
fabrication of the nanocrystalline TiO; layer using sol-gel and spin-coating techniques.
The effects of both TiCl, treatment and compact TiO, underlayers on the dark iV
behavior is displayed in Figures 17 and 18, respectively. Note that, in both cases,
although the overpotential for reverse current has been shifted negatively by as much as

150 mV, the voltage continues to increase negatively with each substitution. Also of
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note, Figure 17 demonstrates that the two minute wait in the dark does not affect the dark
iV curve. Recall that the light iV curve of this DSSC (Figure 6, discussed earlier)

showed a reproducible current increase after the wait period.
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Figure 17. Plot of dark iV curves on TiCls-treated anode. Plots 0-5 are 5% Co'L, plots 6-11 are 20% Co',
Even numbered plots are initial iV scans, odd numbered are after two minutes. Cobalt solutions were 0.15
M cobalt complex, 0.2 M LiTriflate, 0.2 M TBP. Y-axis is current rather than current density.
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Figure 18. Plot of dark iV curves. Plots 2,3 are with regular anode; plots 6,7 are with a TiO, underlayer.
All plots are 20% Co™. Cobalt solutions were 0.15 M cobalt complex, 0.2 M LiTriflate, 0.2 M TBP. Y-
axis is current rather than current density.
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As the voltage was clearly shifted in the dark iV curves (relative to unmodified
anodes), one would expect a concomitant shift in the V. of the light curves. Oddly, this
is not clearly the case (Figures 6 and 18). Although in all cases (inclusive of those not
shown), the V. is greater with underlayered or TiCly treated anodes, the magnitude of the
effect is much more subtle and is not obviously larger than the normal variation between
anodes. This is especially surprising given the degree to which the OCVDs are altered
(Figure 20). The extracted electron lifetimes are shown in Figure 21. At all voltages,

photoanodes without exposed FTO have lifetimes which are greater by approximately an

order of magnitude.
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Figure 19. Plot of light iV curves. Plots 2,3 are with regular anode; plots 6,7 are with a TiO, underlayer.
All plots are 20% Co™l, Cobalt solutions were 0.15 M cobalt complex, 0.2 M LiTriflate, 0.2 M TBP.
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Figure 20. Plot of OCVD curves. Plots 2,3 are with regular anode; plots 6,7 are with a TiO, underlayer.
All plots are 20% Co'™l. Cobalt solutions were 0.15 M cobalt complex, 0.2 M LiTriflate, 0.2 M TBP.
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Figure 21. Plot of calculated electron lifetimes for OCVD curves of Figure 20. Note that the Y-axis is a
logarithmic scale.

Neither the use of a compact underlayer nor the TiCl4 resulted in a reproducible
flow-through cell. Although Ji was typically steady, V. consistently increased with
each successive substitution. Nevertheless, the experiments may provide an important

clue as to the rate-limiting step in cobalt-mediated DSSCs. The large shift in both the
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dark iV curve and the OCVD was unaccompanied by a proportionately large increase in
Vo or Jsc. This may indicate that although recombination through exposed regions of
FTO occurs in cobalt-mediated DSSCs, it is ultimately not the performance-determining
process in these cells. Another ramification of the FTO recombination pathway is that it
precludes further analysis of the OCVDs. The theory, as developed by Bisquert et al.,
relies on the assumption that the primary recombination pathway is through the titania
nanoparticles. At this point, even with underlayers or TiCly treatment, it is unclear that
that is indeed the case. Consequently, the same type of extensive analysis of OCVD

curves was not attempted.

Viscosity effects on current transients

Although the origin of the incessantly creeping V. remains a mystery, a large
volume of experiments demonstrate that the concentration of oxidized cobalt has a
pronounced effect on cell performance. Current transients suggest that in many systems,
a lack of reducible mediator at the cathode hinders cell performance. This conclusion
stems from two main observations. One, the cell initially delivers much higher currents
than it can ultimately sustain and a drop in current over time results. Two, the sustainable
current is improved by higher cobalt(III) concentrations. Slow diffusion of cobalt(III) to
the cathode is the obvious first assumption. Initially, cobalt(IIT) concentrations at both
electrodes would be identical to bulk concentrations, but once photocurrent begins to
pass, slow diffusion of cobalt(IIT) would polarize the mediator solution.

If one assumes diffusion-limited transport of cobalt(IlI) as the rate-limiting step in

cobalt-mediated DSSCs, altering the viscosity should have an observable effect. This
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may be accomplished in a number of ways. We chose two: by varying the solvent and
by heating the mediator solution. Controlling the viscosity through the use of solvents
with inherently different viscosities is perhaps the most straightforward method to
adjusting the viscosity in a controlled and semi-quantifiable manner but is not without its
drawbacks. First, the viscosities of the resulting mediator solutions are only semi-
quantifiable as the high concentrations of mediator and additives certainly alter the
viscosity from that of the neat solvent. In most cases, this effect is observable by simple
visual inspection and so must be considerable. Second, substitution of the solvent affects
more than just viscosity. Solvent-specific parameters such as the degree of solvation,
Marcus reorganization energy (A), or reduction potential of the cobalt complex may all be
affected to varying degrees. Nevertheless, DSSCs assembled using a selection of
appropriate solvents can provide corroborative evidence for a diffusion-controlled
system. Similarly, heating a system so heavily dependent on a multitude of competing
kinetic processes — each possibly temperature dependent — is fraught with the possibility
of altering more than just the viscosity of the solvent. Here again, only results consistent
with a diffusion-controlled system may be hoped for.

Frequently in our research with cobalt mediators, it has been observed that cell
performance improves after continuous exposure to one sun illumination (e.g., Figure
22). Out of habit, this exposure is generally conducted with the cell held at short circuit,
although cells maintained at open circuit experience similar improvements. Illumination
periods as short as two minutes can have considerable effect. The origin of the cell
improvement is not fully understood, although a reasonable supposition is that it stems

from a temperature increase of the cell due to the illumination. Accordingly, illumination
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experiments were conducted in tandem with the temperature experiments in an effort to

verify or disprove this hypothesis.
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Figure 22. Plot of li%ht iV curves before and after two minute period of illumination at short circuit.
Mediator was 5% Co'", 0.15 M cobalt complex, 0.2 M LiTriflate, 0.2 M TBP. Anode had a TiO,
underlayer.

Solvent effects on current transients

Figure 23 displays the current transients for a flow-through cell with three
different mediator solutions. Solutions were identical except for the solvents used. In
addition to our standard mediator solvent (y-butyrolactone, GBL), propionitrile (PN) and
propylene carbonate (PC) were used for their widely varying viscosities (at 25 °C): 1.9
cP, 0.294 cP and 2.4 cP, respectively. Comparing the current at one second after
exposure (typically equal to the steady state current, although in the case of PC this may
not be the case), a clear trend with viscosity emerges. High viscosity resulted in lower
sustainable currents, supporting the hypothesis that mass transport of cobalt (III) can be

rate-limiting in DSSCs.
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Fi%ure 23. Plot of current transients with solvents of varying viscosity. All mediator solutions were 5%
Co™ 0.15 M cobalt complex, 0.2 M LiTriflate, 0.2 M TBP.

Also worthy of note, the behavior of the dark iV curves matched that seen
previously, with voltage shifting negatively with each substitution. This observation is
particularly perplexing as it further confounds attempts to decipher the shifting voltage.
The dark iV curve shifts irrespective of mediator (cobalt/iodide), dying time, lithium ion,
tert-butylpyridine, or solvent. Although difficult to rationalize, it appears the voltage

shift may be due to the flushing process itself.

Temperature effects on current transients

Temperature experiments were conducted with both heating and cooling of the
DSSC. For these experiments, conditions were deliberately chosen to maximize the size
of the initial current spike relative to the steady state current. Accordingly, the
photoanode was treated with TiCly for six hours and a nearly saturated solution of cobalt

was used (0.3M - noticeably more viscous than 0.15 M solutions) with only a small
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M a5 the standard 5%

amount of oxidized complex (2.5% - an equal amount of Co
oxidized 0.15 M solution). Heating was accomplished using a heatgun for a period of
roughly 15-20 seconds (not strictly controlled). Insertion of the DSSC (still in the cell
holder) into a dewar of liquid nitrogen, with the cell holder just touching the N, surface,
was used to cool the cell. Although temperatures were not rigorously controlled nor
recorded, the experiment was intended to yield only qualitative results. Accordingly, this
relatively simple manner of conducting the temperature studies was adequate.

Figure 24 displays the resulting current transients. As can be seen, the behavior
of the cell could be cycled between large, sharp current spikes at low temperature and
smaller, broader peaks at high temperature. Figure 25 displays the cell behavior when
the cell was left to cool on its own. With time (and presumably slow cooling), the cell
slowly reverted back to the initial performance. As can be seen, liquid N, accelerated
this process. Similar behavior resulted when the cell was treated with one sun
illumination for two minutes, irrespective of whether the cell was held at short or open
circuit (Figure 26).

As mentioned briefly in the temperature experiments, 0.3 M solutions of cobalt
complex typically exhibit a greater drop in current over time. Figure 27 displays a
comparison between six different DSSCs (six different anodes), three prepared with a
solution of 0.3 M cobalt complex and three with a 0.15 M solution. Note that in these
cells, a 4 um spacer was used (rather than the standard 25 pum polyimide spacer) and that
the anodes were prepared with a different colloid than the previous studies in this chapter
(vide infra). In both solutions, the concentration of cobalt(III) was kept roughly constant

~ only the concentration of cobalt(Il) differed (however, this assertion warrants some
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Figure 24. Effect of heat on current transients. Plot 0 is initial, plots 1,3 are after heating, plots 2,4 are
after cooling with N,. Mediator solution was 2.5% Co™ 0.3 M cobalt complex, 0.2 M LiTriflate, 0.2 M
TBP. Anode was TiCly-treated. A 4 um spacer was used.
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Figure 25. Effect of slow cooling on current transients. Plots 4,8 are after cooling with Ny, plot S is after
heating, plots 6,7 are after ~1 minute wait period (each). Mediator solution was 2.5% Co™, 0.3 M cobalt
complex, 0.2 M LiTriflate, 0.2 M TBP. Anode was TiCls-treated. A 4 um spacer was used.
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Figure 26. Effect of illumination on current transients. Plot 0 is initial, plots 1,3 are after 2 minutes of
illumination, plots 2,4 are after cooling with N,. Mediator solution was 2.5% Co™, 0.3 M cobalt complex,
0.2 M LiTriflate, 0.2 M TBP. Anode was TiCly-treated. A 4 um spacer was used.

amount of skepticism as cobalt(II) concentration was determined through stoichiometric
addition of NOBF, to the mediator solution — a method which is considerably less
trustworthy than the method used in the other studies presented here). As cobalt(Il) was
present in large excess in both solutions, presumably the primary functional difference
between the two solutions was in their viscosities. Although this assumption may not be
perfect, the advantage of this experiment was that the viscosity could be adjusted without
the side effects inherent in the previous viscosity studies (which varied solvent and
temperature). The results clearly indicate that the DSSCs with more concentrated

mediator solutions were more prone to large current spikes.
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Figure 27. Effect of cobalt concentration on current transients. Plots 0-2 are 0.3 M cobalt complex, plots
3-5 are 0.15 M cobalt. Both solutions were 0.015 M Co™ (5% and 10% oxidized, respectively), 0.2 M
LiTriflate, 0.2 M TBP. Anodes were TiCly-treated. A gold cathode and no spacers were used.

Effect of the TiO, layer

For the sake of argument, let us assume that diffusion between the two electrodes
of the sandwich cell is rate-limiting in cobalt-mediated DSSCs. In experiments with a
plastic spacer, there are two distinct regions within the DSSC: the area between the
cathode surface and the exterior (or macroscopic) surface of the titania layer, and the
network of pores within the nanocrystalline titania layer. Presumably, diffusion through
one or both of these regions could be rate-limiting.'® Two principle differences exist
between these two regions. The random network of nanometer-sized pores introduces
significant tortuosity for a molecule traveling within the titania layer, whereas the path
from the exterior of the layer to the cathode is essentially unobstructed. On the other
hand, the entire titania layer is on average only 4 um thick — in contrast, the distance

between the surfaces is on the order of 25 um (the thickness of the polyimide spacer).
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Consequently, it is difficult to predict through which region cobalt complexes would take

the longest to travel. e

There are a few indications which suggest that diffusion through the porous titania
network is at least partially (if not primarily) responsible for the mass-transfer limitation.
As previously mentioned, TiCly treatment has been found to exacerbate the magnitude of
the current spike. TiCly treatment deposits a fine layer (on the order of a few nanometers
or less) of TiO; onto all surfaces of the photoanode (the nanocrystalline TiO; as well as
any exposed regions of FTO). Any deposition within the TiO, layer should result in
slightly decreased pore sizes which in turn could, in theory, hamper mobility of
electrolyte within the porous network. Although the deposited layer is thin, the
constricting effect could be non-negligible as the pore/particle dimensions within the
TiO; layer are also on the nanometer scale. Supporting this idea is the fact that Barbé and
coworkers found that TiCl, treatment reduces the surface area by roughly 15% on
average.'’

A second observation also lends some credence to the hypothesis that diffusion
within the titania layer can be rate-limiting. A study was conducted to determine what
conditions were optimal for our DSSCs, both those using iodide and cobalt. In the case
of iodide mediated DSSCs, anodes from a colloid prepared by the research group of
Professor Carlo Bignozzi were found to be preferable to those prepared from a Solaronix
colloid. In contrast, photoanodes prepared from the Solaronix colloid were superior
when cobalt complex was used. Scanning electron microscopy (SEM) indicated that the
average particle diameter was larger in TiO; films prepared from the Solaronix colloid.

The micrographs are shown in Figure 28. As pore size should correlate with particle
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Figure 28. SEM images of titania films prepared from (top) a Solaronix colloid and a (bottom) colloid
from the Bignozzi research group. The scale bar is 100 nm for both images.
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size, it can be inferred that the pores were also larger on average. Consistent with this
finding was the observation that the Solaronix films were visibly less dark when dyed
(larger particles should yield films with less total surface area, resulting in less dye

adsorption which in turn would render the anode less dark).

Effect of the spacer

While there are indications that the titania layer may affect mediator diffusion
through the cell ar rimes, it may well be that the thickness of the spacer also influences
cell performance. Initial spacer experiments utilized a polyester spacer of 4 um
thickness. Figures 29 and 30 show the iV curves and current transients, respectively, of
DSSCs assembled with and without the spacer. The differences in current are within
typical variation for assembled and reassembled cells and indicate that mass-transfer

across the 4 um gap has little or no effect on the maximum current deliverable by the cell.
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Figure 29. Effect of 4 um spacer on light iV curves. Mediator solutions were 10% Co™ (oxidized by 0.03
M NOBF,), 0.3 M cobalt complex, 0.2 M LiTriflate, 0.2 M TBP. A gold cathode and 4 um spacers were
used.
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Figure 30. Effect of 4 um spacer on current transients. Mediator solutions were 10% Co' (oxidized by
0.03 M NOBF,), 0.3 M cobalt complex, 0.2 M LiTriflate, 0.2 M TBP. A gold cathode and 4 um spacers
were used. (1 sun).

Of particular interest is the fact that, even without a spacer, current still drops to a
lower steady state value after a few hundred milliseconds. However, in cells with 25 um
spacers, the current drops over a longer timescale, often as great as one second or more.
If the drop in current is assumed to be due to mass transport limitations with respect to
cobalt(II), then the current would be expected to drop as the diffusion layer (the region
where analyte concentrations are altered from their bulk values) grows thicker. In thin
cells (such as the DSSC), the current decrease should continue until the diffusion layer
reaches the opposite side of the cell, at which point the current will reach a steady state
value. The fact that the current stabilizes after a greater length of time with larger spacers
is consistent with the supposition that diffusion is performance limiting in cobalt-
mediated DSSCs.

Furthermore, three electrode experiments (detailed in the following chapter) were

performed using cells which were identical but for the thickness of the spacer. In all
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cases, cells with 25 pm spacers gave reduced currents. This finding supports the
assertion that diffusion is performance-limiting in 25 pm cells but unfortunately may also
indicate that the design of the flow-through study presented in this chapter introduced (or,
at the very least, exaggerated) a mass transport limitation which may or may not be

present in thinner cells. This idea is further discussed below.

Conclusions

The flow-through study presented here provides insight into cobalt-mediated
DSSCs with a degree of rigor not previously possible. A multitude of processes must
coordinate within DSSCs for successful light conversion and the kinetics of each are
impacted by an incredible number of factors in oftentimes subtle and not so obvious
ways. Accordingly, it is important to remove as many variables as possible when making
comparisons. Flow-through mediator replacement provides a manner in which to remove
the inescapable performance changes which occur upon disassembly and reassembly.
Coupled with the suite of four complementary sandwich cell evaluation techniques, the
flow-through study has yiclded information as to the limitations of cobalt-mediated cells
and offered suggestions for how to improve them.

The most unambiguous result from these studies is that diffusion of cobalt(III) is
often rate-limiting in cobalt-mediated DSSCs. Methods to alleviate this include
increasing the cobalt(III) concentration as well as lowering the solvent viscosity. The
latter strategy may be accomplished by any number of methods, including application of
heat or light as well as through selection of solvent. Consistent with Murphy’s Law,

utilization of both strategies in tandem is complicated by the solubility characteristics of
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cobalt(IIl) complexes. Propionitrile, a solvent with low viscosity and reasonably low
vapor pressures (important in unsealed cells), reaches saturation at relatively low
cobalt(IIl) concentration (approximately 0.01 M, or ~7% of a 0.15 M cobalt solution).
Few other solvents with low viscosities have been attempted. The results of this study,
however, suggest that a more extensive solvent search might be warranted.

Although diffusion of cobalt(III) clearly limits performance in DSSCs with 25 pm
spacers, it is less certain that this is the case in DSSCs with either thinner or no spacers.
As previously discussed, 25 um spacers appear to limit maximum attainable currents.
There are a few signs, however, that diffusion is still a problem in thinner cells. Firstly,
as demonstrated in Figure 30, current spikes are still observed in these cells. In addition,
the curreﬁt spike and overall cell performance (as measured by a light iV experiment) can
be improved with two minutes of illumination in DSSCs with 4 um spacers (data not
shown). In fact, in these cells illumination is often capable of removing the current spike
altogether.

A somewhat unexpected result of the flow-through study is that TiO, underlayers
or TiCly treatments have a surprisingly small effect on the performance of DSSCs.
Considering the large voltage shifts observed in the dark iV curves, one would expect a
marked improvement in the light iV curves, at least with V. and perhaps FF. However,
this is not the case. Light iV curves did not significantly improve with either technique.
This may be a further indication that diffusion of cobalt(IlT) — and not recombination
across the FTO surface — is performance-limiting in cobalt-mediated DSSCs.

Other behaviors were observed during the course of the flow-through study.

Although their origins at the moment are less well understood, they provide hints as to
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other phenomena within the cell and may serve as a guide for future attempts to design
DSSCs. The observation that Lil behavior is altered when an anode is exposed to cobalt
mediators is particularly interesting. The dramatic increase in V. and decrease in Jg are
consistently observed. As the dark iV curve is affected, one would initially suspect a
mechanism involving exposed regions of FTO. Yet TiCly treatment does not alter the
effect of cobalt mediators on Lil behavior in any way. Regardless, it would appear that
the cobalt mediator itself is responsible for the altered Lil behavior. If so, adsorption of
the cobalt complex (or a decomposition product) is likely as the effect remains once the
cobalt solution is removed. As Lil currents were significantly decreased, it may be that
cobalt adsorption onto a surface limits the maximum current deliverable by the cell.
Although only speculation is possible at this point, it seems clear that a better
understanding of how cobalt complex alters the cell could assist efforts to improve
cobalt-mediated DSSCs.

The tendency of Jg to decrease and V. to increase with flushing is also curious.
As the V. increase occurred in all situations, it can only by deduced that it is somehow a
consequence of the flushing process itself. On the other hand, it was possible to
eliminate the change in Ji by either TiCly treating the photoanode or removing tert-
butylpyridine from the mediator solution. Initially, it would seem that a continual
increase in TBP adsorption with each flush was responsible for the Js; decrease. Either
removing TBP or modifying the anode surface with TiCl, treatment (presumably altering
TBP’s tendency to adsorb, in this scenario) would then be sensible solutions to the
problem. Inconsistent with this scenario, however, is the fact that the J;. decrease was

also observed in DSSCs mediated by a Lil solution not containing TBP.
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Lastly, the reproducible increase in currents after a two minute period without
illumination is odd. This occurred in cells with or without TBP, with or without TiCl,4
treatment. Only current was affected — Vo, OCVDs and dark iV curves were unaffected
— and no such increase was observed with Lil mediated cells. Furthermore, current
transients indicated that steady-state currents and not initial currents were improved.
This observation may indicate that either a change in viscosity or cobalt(III)
concentration is somehow occurring. A plausible explanation for how or why has yet to

be found.

Future Experiments

At this point, the flow-through survey has likely yielded as much information as it
can. Three possible exceptions exist. As will be discussed in Chapter 4, platinum is not
an ideal cathode for use in cobalt-mediated DSSCs. Although DSSCs with platinum
cathodes exhibit similar Js; and V. characteristics, the FF is consistently worse than for
DSSCs with the best gold cathodes. The extent to which platinum is affecting the results
of the flow-through survey is unknown at this time. Conceivably, it could be useful to
repeat the experiments using a gold cathode. The danger of such an endeavor is that the
integrity of the gold cathode may well be subject to change during the course of the
study. Unfortunately, the electron transfer kinetics across gold surfaces to cobalt
complexes seem to be strongly influenced by factors not currently understood, making
their behavior seem erratic. Nevertheless, it might be a good idea to try.

As alluded to earlier, there currently exists a limit to the concentration of

cobalt(III) attainable with our common DSSC solvents. With higher viscosity solvents,
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this limit is around 30% (maybe slightly greater). With propionitrile, it is much lower. It
very well could be worth the time to find a relatively low viscosity solvent in which
cobalt(Ill) complexes are more soluble. Very likely, a change in the counterion
(currently ClOy") could increase the solubility of the cobalt complex. Once a more
soluble mediator system was found, flow-through experiments would be advisable.

It also might be valuable to adapt the flow-through experiment so that a thinner
spacer could be used. Although 4 um and 8 um spacers were found insufficient for
complete mediator substitution (vide supra), it would be of benefit to conduct flow-
through studies with a spacer which did not introduce or exacerbate diffusion limitations
within the cell. Possibly, the number of flushes could be increased (most probable with
the 8 um spacer), although this would exaggerate the phenomena within the cell which
appear flush-dependent (increasing V., decreasing Js in certain conditions, etc...). It is
also possible that a more creative solution could be found.

It may be worth attempting XPS or other surface-sensitive experiments to try and
determine how cobalt complexes could be altering the DSSC (as discussed with Lil
changing iV behavior).

Finally, future research into DSSCs may well include the development of novel
mediator systems. Flow-through experiments are clearly useful in comparing mediators

and should be used to evaluate these novel systems.
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Chapter 4

Development and Results of an Improved Thin Cell, Three Electrode

Experiment

Abstract

A novel three electrode DSSC experiment, modified from two existing
techniques, was devised and implemented in order to study cathode behavior in cobalt-
mediated DSSCs. The new experiment incorporated a split photoanode in conjunction
with a customized potentiostat circuit to allow for simultaneous monitoring of cathode
potential, photoanode potential and cell current while still maintaining the thin electrode
separation of the standard sandwich cell configuration. Interestingly, DSSCs with poor

cathodes, characterized by decreased photocurrent and/or fill factor, exhibited only
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modest charge transfer overpotentials (or none at all) on the cathode. Even more
perplexing, mass transfer overpotentials were not observed, even in clearly diffusion-
limited cases. Whether these results are due to a deficiency in the experiment or are a
consequence of the DSSC system being extremely sensitive to very small overpotentials

is still uncertain.

Introduction
Objective

The standard electrochemical DSSC evaluation technique is the iV experiment
conducted under light conditions.!® While very useful for describing overall cell
performance, it yields little information on cathode or electrolyte behavior.* Specifically,
the existence of an overpotential on the cathode (due to either cathode or electrolyte
limitations) cannot be detected with iV experiments as only two electrodes are used.*
Introduction of a third electrode with a constant potential (i.e. a reference) into the system
allows the potentials of both the photoanode and cathode relative to the reference to be
recorded throughout a iV scan, enabling the detection of an overpotential on the
cathode.*> Although non-trivial to perform, a three electrode experiment was considered
valuable as both mass transfer and charge transfer overpotentials were suspected with

cobalt-based mediator systems in DSSCs.

Energetic description of iV experiments

In order to understand iV experiments (two or three electrode), a brief discussion

of the thermodynamics within a DSSC during the scan is in order. Figure 1 (left) depicts
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an energy diagram overlaid onto a physical representation of a DSSC in the dark.
Without illumination, the cell passes no current and is therefore at equilibrium.6 The
potential (i.e. the Fermi energy) of both electrodes is determined by the concentration

ratio of oxidized/reduced mediator in accordance with the Nernst equation, shown

below.>¢

E = E° - —Ig-ln C’f
nF Co

where E is the measured potential of the electrode or redox couple, E is the formal
potential of the couple, R is the ideal gas constant, T is temperature, #» is the number of
electrons transferred per redox reaction, F is the Faraday constant, C" is the bulk
concentration of the oxidized or reduced species (denoted by the subscript).

Upon illumination, equilibrium conditions no longer exist and the potential of the
photoanode may be varied independently of the mediator solution. On the other side of
the cell, if ideal conditions are assumed (described below), the cathode will remain fixed
at the potential of the mediator, which in turn will deviate only minimally (if at all) from
the dark potential.6 At all times, the cell potential (E.) is dictated by the difference
between the cathode and photoanode Fermi energies.

The relative energies within an illuminated DSSC at open circuit are shown in
Figure 1 (right). At open circuit, no current is allowed to flow between the cathode and
photoanode. Photoinjected electrons will remain in the conduction band of the

photoanode (encompassing the conduction bands of both the titania or fluorine-doped tin
oxide (FTO) layers) until recombining with either the oxidized dye or oxidized mediator.”

As the Fermi energy of the photoanode (strictly speaking, a quasi-Fermi energy) is

determined directly from the population of electrons in its conduction, the Fermi energy
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Figure 1. Energy diagrams of: (left) a DSSC in the dark, (right) an illuminated DSSC at open circuit.

will initially rise as electrons are injected into the conduction band.” The rate of
recombination, which is driving force dependent, will increase as the Fermi level rises
until the cell reaches its maximum potential, at which point the rates of photoinjection
and recombination are equal.® The difference between the photoanode and cathode
potentials at this point is the open circuit potential (V).

During an iV experiment, the cell potential is scanned from open to short circuit.
Ideally, the cathode potential will remain virtually constant and it will be the photoanode
potential that changes (Figure 2, left).’ At short circuit, the Fermi energies of the
photoanode and cathode are equal (Ec.y = 0) and the cell is passing its maximum current.
If electrolyte or cathode behavior is not ideal, an overpotential (#) at the cathode may
exist when the cell passes current (Figure 2, right), resulting in a negative shift of the
Fermi energy of the cathode.” Either a charge transfer (yct) or a mass transfer (gumr)
overpotential is possible (vide infra) and would negatively affect DSSC performance by

decreasing the observed fill factor (FF) and usually the short circuit current (1) as well.
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Figure 2. Energy diagrams of a DSSC midway through a iV scan where: (left) the cathode functions
ideally, (right) a cathodic overpotential exists.

Unfortunately, without a reference electrode, an overpotential at the cathode is
impossible to detect as there are numerous causes for a low FF or I.. However, if a
reference with a constant — and ideally a known (although this is not strictly required) —
potential is introduced to the system, detection of a cathodic overpotential becomes
possible.*’ Figure 3 depicts the situation for two systems where the potential of the
reference is equal to V. of the photoanode (any constant potential is acceptable, but the
reasons for picking this potential will become clear later in the chapter). In both cases, as
the potential of the photoanode is varied from open to short circuit, its potential relative
to the reference (Epa rer) changes from zero to a large and positive number (in contrast,
Ecei changes from a large and positive number to zero). In the ideal case (left), the
potential of the cathode relative to the reference (Epc ref) is positive and constant
throughout the scan. However, in a non-ideal cell (Figure 7) Epc s will be less positive
when current passes than at open circuit due to the overpotential at the cathode. A plot of
electrode potential (Epa rer and Epc rer) versus cell potential is shown in Figure 9 (right)

for both an ideal and non-ideal DSSC.
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mediator cathode

Figure 3. Energy diagrams of a DSSC containing a reference electrode where: (left) the cathode functions
ideally, (right) a cathodic overpotential exists.

Cathodic overpotentials in DSSCs

A suitable mediator/cathode combination requires, first and foremost, sufficiently
fast electron transfer kinetics so as to allow for moderately large currents with little or no
overpotential (7). According to Butler-Volmer theory, in the absence of mass-transfer
effects (i.e. the surface concentrations of each redox species are equal to the bulk

C C

concentrations, OC("TO) = 12'?0) = 1), the ability of a redox-active species/electrode
0 R

system to deliver large currents is directly proportional to both the charge transfer (or
“kinetic”) overpotential, (#cr), and the exchange current, i, — which is in turn dependent

on the standard heterogenous rate constant, k° — of the system.”

CO():=0) e ¥ _ CR(Ji=0) e /n i|

c, C;

i = i

In a DSSC, overpotentials at the cathode are undesirable as they represent a voltage loss
within the cell. Therefore, an ideal mediator will have a high £° on its respective cathode,

allowing the system to be able to supply large currents at small overpotentials. Although
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the £° of a specific mediator on a particular cathode can be determined experimentally
outside of a DSSC sandwich cell, it is difficult to know what value of &° is sufficient to
ensure ideal performance under operating conditions. A three electrode measurement is
an ideal method for directly elucidating whether or not a kinetic overpotential exists at
the cathode and requires no estimation of ideal &° values.

There exists another mechanism by which an overpotential at the cathode could
occur. Butler-Volmer theory also predicts that even in the case of large exchange
currents, a concentration (or “mass transfer”) overpotential (7,r) could arise if the system
reaches the mass-transfer-limited current.’ In this situation, mass-transfer limitations will

cause the ratio of oxidized/reduced species (O/R ratio) to shift at the surface of the

CO(x.—.O) CR(x:O) . . . g
electrode ( e # o # 1 in the above equation), due to the lack of availability of
(0] R

one of the redox species (O, in the case of reduction at the cathode). As electrode
potential is dependent on the concentration of oxidized and reduced species, a change in
the O/R ratio at the cathode will be accompanied by a Nernstian shift in potential at that
electrode. Although the sandwich cell geometry is specifically designed to minimize #yr,
the tortuosity of the mediator’s path through the highly chaotic and porous photoanode
cannot be avoided. In addition, viscosity may play a role as most mediator solutions are
saturated with electrolyte. It is, therefore, desirable to ascertain the extent to which a

concentration overpotential exists.

Previous three electrode experiments with DSSCs

The standard cell configuration used for iV experiments is commonly referred to

as the “sandwich cell” configuration and consists of two electrodes clamped together.'”
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The distance between electrodes is thus on the order of microns and is intentionally kept
small to minimize the effects of molecular diffusion on cell performance (i.e. minimize
nur).” While this geometry may be optimal for cell performance, it does not allow for
easy integration of a reference electrode.*

Nevertheless, several groups have sought to determine the actual potentials
present in the cell under operation in light conditions.* > %! The most common strategy
involves using a spacer to increase the distance between electrodes, allowing for
inclusion of a reference electrode.” '*'? Tubing is used to connect the cell chamber (the
region between electrodes) to an exterior electrolyte chamber in which a reference
electrode is placed. As implemented by Meyer et al., data was collected “manually”
using a variable resistor, two voltmeters and an ammeter.” While this procedure
successfully allows for simultaneous monitoring of both the cathode and photoanode
potentials relative to a reference, it is slow and requires large volumes of redox mediator.
In addition, the spacer alters the regular dimensions of the cell by dramatically increasing
the distance between electrodes.

Zaban et al. developed an ingenious approach to this experiment by splitting the
photoanode lengthwise into two, electrically isolated halves.* One half is connected to
the working electrode of a potentiostat and behaves as a normal photoanode. The other
half is connected to the reference electrode. As the potentiostat prohibits current from
flowing through the reference, this half of the photoanode is maintained (under
illumination) at the cell’s V, and acts as a reference. The drawback to this method is
that conventional potentiostats do not output the potential of the auxiliary electrode. As a

result, two separate current-voltage curves must be collected in sequence (one

159

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



incorporating the reference and one without it) and compared. Any dissimilarity between
the shapes of the two iV curves indicates that an overpotential exists. Unfortunately,
quantification of the overpotential is impossible with this method. In addition, two
separate scans are required and it must be assumed that the cell behavior is the same for
each scan. The benefits of this approach are that the thin sandwich cell configuration is

maintained, standard electrochemical instrumentation is used, and only small amounts of

mediator are required.

Experimental

Spacer experiments

Photoanodes were prepared according to a standard procedure. Fluorine-doped
tin oxide (FTO) conducting glass was cleaned for >30 minutes in a base bath, rinsed with
H,O0, distilled H,0, and 95% ethanol, and dried under a stream of nitrogen. The titania
colloid (obtained from Solaronix Co.) was spread using a doctor blade method and
subsequently fired in an oven at 450 °C for at least 30 minutes. At this point, the
photoanodes were allowed to slowly cool to room temperature (generally requiring 4-5
hours). Individual anodes were partitioned from the batch photoanode and were reheated
to 450 °C before immersion in the N3 dye solution.

The Teflon® spacer was machined to the following dimensions: 25 mm X 13 mm
X 3 mm. A 10 mm diameter circle was cut into the bottom half, running through the
entire thickness of the spacer. Two enclosed 1.5 mm channels were bored from the top of
the spacer down to the circle. Modification of the Teflon® surface was performed to

promote surface adhesion of a plastic layer to both the front and the back side of the
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spacer. The spacer was brought into an inert atmosphere glovebox and immersed in a
solution of anthracene and sodium metal in THF for approximately 30 seconds. The
previously white Teflon® spacer, surface now reduced, appeared dark brown. After
drying, the spacer was removed from the glovebox, placed between two poly(ethylene)
sheets and clamped between two glass microscope slides. The assembly was heated
moderately with a heatgun until the plastic on both sides appeared smooth. The assembly
was placed under a stream of water which both cooled the glass slides and disrupted any
adhesion between the slides and the plastic. Once the excess poly(ethylene) was cut
away, the laminated spacer was fitted with two 2” Teflon® plastic tubes, the opposite
ends of which had been previously heat-sealed onto a dulled hypodermic needle. The

tubing was inserted into the 1.5 mm channels (from the top) and glued into place with

Torr Seal® two-part epoxy.

. i Front View
Side View (Expanded)

Figure 4. Diagram of the spacer experiment. A — Photoanode, B ~ Cathode, C — Spacer, D ~FTO
extension for anode, E — Teflon® tubes (needles not shown). Dotted lines represent features not visible on

the surface.

Current-voltage experiments were performed as follows. An expanded DSSC

was assembled by sandwiching the spacer between the photoanode and cathode. Once
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clamped together, an enclosed chamber was created by the spacer between the
photoanode and cathode that was only accessible by the 1.5 mm channels. An open
syringe barrel was inserted onto one of the spacer needles. A second syringe (with
plunger), filled with mediator solution, was inserted onto the other. Mediator solution
was pumped through the cell carefully (so as to minimize the formation of air bubbles)
until overflow was observed in the first syringe barrel. Finally, a reference electrode was
placed into the overflow syringe.

Initially, data collection was performed according to the method of Meyer et al.,
using a variable resistor, amperometer, and two voltmeters (or one voltmeter used twice
per resistor setting).” Later measurements, however, were taken with a more
sophisticated, computer-integrated system that enabled faster data collection and digital
output. The cell potential was controlled by a PAR Model 175 Universal Programmer in
conjunction with a PAR Model 173 Potentiostat. Data was recorded by a computer
equipped with a National Instruments PCI-6014 DAQ board, outfitted with a BNC-2110
connector block and controlled by a custom-designed Labview 6.1 software program.
The potential of the photoanode relative to the reference (Epa rer) and the current were
output from the potentiostat. The potential of the cathode was monitored by directly
wiring the cathode to the BNC connector block. Although effective, the cathode
potential is not directly controlled in the experiment and can reach voltages significantly
greater than the maximum voltage tolerated by the data acquisition system.
Consequently, the system is at some risk in this configuration — indeed, one input was

ruined during the course of this experimentation.
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Split photoanode experiments

Photoanodes were prepared as previously described (Chapter 3), utilizing the
standard doctor blade technique. After baking at 450 °C and cooling to room
temperature, a linear groove roughly bisecting the photoanode area was cut through the
TiO; and FTO layers using a small grinding wheel mounted in a Dremel tool affixed to a
solid support. The photoanode was then guided underneath the spinning Dremel tool in a
fashion analogous to a wooden board being cut on a table saw. The height of the Dremel
tool was carefully adjusted to yield a gap depth on the order of a few hundred microns.
The resistance across the resulting gap was consistently greater than 350 MQ. The
photoanode was then either TiCl, treated (vide infra) or heated once again to 450 °C,
cooled to ~120 °C, and immersed in N3 dye solution.

Later experiments also employed a “TiCl4 treatment,” which was performed after
the photoanode was split. This treatment, modeled after a procedure developed by Barbé
et al., consisted of the following procedure.’* Once the photoanode had cooled, several
drops of a 0.2 M solution of TiCly in water were applied to the surface of the TiO,
portion of the photoanode. The photoanode was then allowed to sit in a high relative
humidity chamber for at least 12 hours. During this period, it was important that the
solution on the anode surface not evaporate to dryness. Afterwards, the photoanode was
rinsed with Millipore water, blown dry under a stream of N», and baked at 450 °C for 30
minutes.

A split extension for the photoanode was constructed using regular (i.e. not FTO

or other conducting glass) and two strips of copper tape. The two strips were applied to
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either side of the glass piece and, once clamped onto the photoanode, allowed for both

halves of the photoanode to be connected to the potentiostat with alligator-type clips.

Front View Side View In Cell Holder

Figure 5. Three views of the split photoanode. Front View — split anode only. Side View — assembled
with cathode and split FTO extension. In Cell Holder — illustrating the area under illumination, A - split
anode, B — cathode, C — insulating gap, D — split FTO extension.

Initially, split photoanode experiments were conducted in the manner of Zaban et
al., using a conventional potentiostat system with two output signals.* A PAR Model 173
potentiostat with a PAR Model 175 Universal Programmer was used in either two- or
three—electrode mode to control the voltage across the cell. Current and voltage signals
were recorded with a custom-designed Labview 6.1 software program using the same
computer data acquisition system as previously described in “Spacer Experiments”.

Later, current-voltage curves were measured using a locally constructed
operational amplifier potentiostat circuit, designed to directly control the potential
difference between the cathode and photoanode. The instrument was configured
similarly to a conventional (élbeit much simplified) potentiostat, save that the auxiliary
electrode feedback loop consisted of a single 1000 Ohm resistor and did not include the

reference electrode. The reference electrode potential was still monitored with a voltage
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follower and referenced to instrument ground (see Figure 6 for the complete wiring
diagram). This allowed direct control of the potential across the cell (auxiliary versus
working electrode) while still allowing for determination of electrode potentials versus
the reference. A PAR Model 175 Universal Programmer was used to vary the potential
across the cell (scan rate was 50 mV/s unless otherwise noted). Use of the same
computer data acquisition system previously described in “Spacer Experiments” allowed
photoanode potential (Epa rer), cathode potential (Epc ref), cell potential (Ecen = Epa — Epc),
and current to be recorded simultaneously at all points throughout a single scan.

Some experiments also employed the use of thin (on the order of microns) spacers
to keep electrical shorts to a minimum. As most experiments did not utilize a spacer,
their use will be explicitly stated. Two different thicknesses (4 pm and ~25 pm) were

used, each of which is described in detail in the experimental section of Chapter 3.

"
I S
<

Cell

Figure 6. Schematic of custom-designed potentiostat circuit used for three electrode experiments. All
resistors are 1000 Ohms. Note that the cell directly controls the potential of the cathode (T-shaped
electrode in cell) versus the photoanode (circular electrode in cell); the latter electrode is held at instrument
ground. The arrow electrode is the reference half of the photoanode.
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Four electrode experiments

A variation of the split photoanode experiment was performed. In addition to a
split photoanode, the gold counter electrode was also divided into two halves using a
Dremel tool. Experiments were conducted exactly as with the split photoanode
experiments previously described, but with one additional feature. The arrangement of
the three electrodes used (working, reference, and auxiliary electrodes) could be easily
altered, without cell disassembly, by simply changing the wiring of the cell. For
example, the cathode half opposite the photoanode could be used as the auxiliary,
creating a relatively efficient sandwich cell. Alternatively, the other cathode half
(diagonally across from the photoanode) could be used to impose a massive solution
resistance/mass transfer condition on the cell. Similarly, the location of the reference

could be varied.

Osmium-complex cathode modification

FTO electrodes modified with dichloro-bis(4,4’-dicarboxylic acid-2,2’-
bipyridine)osmium(II) were prepared by first soaking the FTO electrodes in a KOH-
saturated isopropanol base bath for 20 minutes. The electrodes were then rinsed with tap
water, de-ionized water, and 95% ethanol and dried under a nitrogen stream. The
electrodes were placed in a solution of Alconox® in de-ionized water in an ultrasonic
cleaner for 15 minutes, rinsed with millipore de-ionized water, and dried under a nitrogeﬁ
stream. Next, the electrodes were soaked in electronics-grade isopropanol, placed in the
ultrasonic cleaner for 15 minutes, and dried under a nitrogen stream. Finally, the

electrodes were cleaned with an air plasma for 45 minutes. Osmium modification of the

166

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



patterned electrodes was accomplished by placing them in a solution of dichloro-bis(4,4’-
dicarboxylic acid-2,2’-bipyridine)osmium(Il) in absolute ethanol. The Petri dish
containing the electrodes and osmium complex was sealed with parafilm, wrapped in
aluminum foil, and agitated overnight on a Lab-Line Maxi Rotator 4631. The osmium-
modified electrodes were then rinsed with absolute ethanol and dried under a nitrogen
stream.

Unmodified FTO electrodes underwent a cleaning procedure identical to the

osmium-modified electrodes.

Mediator solutions

Cobalt complexes and mediator solutions were prepared as described previously
(Chapter 3), except in a limited number of cases. Where specified, the desired ratio of
oxidized-to-reduced mediator was achieved through the stoichiometric addition of an
oxidizing agent (NOBF,) to the mediator solution. In all other cases, it may be assumed
that the ratio of oxidized-to-reduced mediator was determined using previously bulk

oxidized cobalt(IIl) complex (as described in Chapter 3).

Glassy carbon counter electrodes

The counter electrode, purchased from Alfa Aesar, was 3 mm thick, Type 2 glassy
carbon, cut into an rectangle of approximately 1 cm by 2 cm. Immediately prior to each
use, the electrode was polished on 600-C grit sandpaper (lending a dull, obvious
scratched appearance to the previously glassy carbon surface). Performances of thusly

polished carbon electrodes were found to be improved over either unpolished glassy
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carbon (dramatically worse) or alumina polished glassy carbon (still retaining a glassy
appearance). When assembled in DSSCs, an insulating plastic spacer (~1mm thickness)
was placed on the back side of the electrode (between the sandwich cell and the clamp of
the cell holder) to prevent shorting of the cell to the cell holder and did not affect cell

performance in any other way.

Development of the Three Electrode Experiment

Sbacer experiments

Three electrode experiments were conducted utilizing the previously described
Teflon® spacer between the electrodes and mediated by the I'/I5” redox couple in an effort
to reproduce previously published results.” Initially, the experiment was performed as
described by Meyer et al., with cell potential being controlled through the manual
adjustment of a variable resistor connecting the cathode and photoanode. Although this
method worked, data collection was slow. Consequently, a computer-controlled system
was devised which dramatically decreased the time required to perform the experiment
while yielding significantly more data points.

The resulting data are shown in Figure 7. These data are in good agreement with
the results of Meyer et al. and indicate that the experiment was functioning properly. As
can be seen, the cathode potential (Epc rer ) is roughly constant while the photoanode
potential steadily decreases (becomes more negative) as the cell potential increases.
Todide is therefore behaving well as a mediator in these cells. It is apparent, however,
that Epc ref is not perfectly constant, being considerably more negative (by ~150 mV) at’

short circuit than at open circuit (Ecey = 671 mV), indicating that an overpotential exists.
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Figure 7. Results of a three electrode experiment performed using the Teflon spacer. In addition to the
spacer, the cell consisted of a platinum cathode and a N3-dyed photoanode. The mediator comprised 100
mM Lil and 25 mM I, in acetonitrile.

Considering the increased thickness of the cell with a spacer (3 mm), this is likely due to
a mass transfer limitation within the cell.

Further investigation with spacers in the cell was discontinued for several reasons.
Firstly, the increased thickness of the cell is obviously a poor simulator of typical
sandwich cell conditions and almost certainly contributes to a mass transfer limitation
within the cell.* Even worse, preliminary experiments performed by our collaborators in
Italy indicated that the solution resistance of such a large cell was likely to be
considerably greater for cobalt-based mediators than with I7I;."* Secondly, the
experiment requires large volumes of mediator which would have been practically
prohibitive for many of our cobalt-based mediators which are synthesized in-house on

relatively small scales.
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Solit photoanode experiments

The split photoanode approach developed by Zaban et al., was adopted for its
crucial advantage: the sandwich cell configuration is maintained. This allows for a
realistic distance between electrodes and drastically smaller volumes of mediator to be
used.* However, while data collection was considerably easier than with the spacer
experiment, interpretation of data was problematic, as electrode potentials were not
recorded directly and therefore had to be inferred from iV curve shape (explained below).
The experimental procedure was as follows. A iV experiment was performed with the
potentiostat in two-electrode mode followed by a iV experiment in three-electrode mode.
The two-electrode mode of a potentiostat is attained by shorting the reference and
auxiliary electrode wires together. In this mode, the potentiostat behaves like a
sourcemeter and simply biases the working electrode against the auxiliary electrode
(which is also acting as the reference electrode). Conducting the experiment in two-
electrode mode was equivalent to conducting a standard iV light experiment. In three-
electode mode, the reference wire of the potentiostat was connected to the non-
operational side of the photoanode and the instrument behaved as a typical potentiostat.
After adjusting for the difference in reference electrode potential, the two iV curves were
compared. Any difference in shape between the two- and three-electrode mode curves
indicates that an overpotential exists at the cathode (vide infra).

Zaban et al. found that with I7/15", the two electrode mode consistently yielded
lower photocurrents throughout the scan, a phenomenon which they attributed to “a
negative shift of the counter electrode with respect to the open circuit conditions.”™

Although this explanation is likely valid when comparing a poor cathode to a better
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cathode, it is difficult to understand why a change in reference potential should affect the
maximum current deliverable by the DSSC. However, it is logical that an overpotential
at the cathode should affect the FF (i.e., the shape of the iV curve) observed between
two- and three-electrode modes. The reason for this is that the three-electrode curve is a
plot of current vs. photoanode potential rather than cell potential. The opposite is true in
the case of the two-electrode curve (i.e., the standard two-electrode iV curve is a plot of
current vs. cell potential).

The fact that 2- and 3-electrode mode iV curves utilize two different potentials for
their x-axis is directly responsible for the differing iV curve shapes (when overpotentials
are present at the cathode). If a cathodic overpotential is required to pass current, then
any change in cell potential that is accompanied by a change in current will result in a
change in the potential of both electrodes. Consequently, for a given change in current,
the photoanode will experience a potential change that is /ess than the change in Ecey.
This effect will only be manifested in regions where a change in Ec results in a change
in current and will be most dramatic at voltages close to open circuit. In these regions,
larger current gains with smaller potential changes will result in better FFs. Hence, three-
electrode mode iV curves are predicted to have better FFs than two-electrode mode
curves in DSSCs where cathodic overpotentials are present, with the magnitude of the
difference being roughly proportional to the size of the overpotential.

The results of a split photoanode experiment with iodide are shown in Figure 8.
Once the potential axis of the three-electrode curve is shifted arbitrarily to allow for easy
visual inspection, it can be seen that the three-electrode curve displays a slightly higher

current between 150 and 400 mV. The difference is extremely small, however, indicating
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Figure 8. Results of a three electrode experiment using a split photoanode and a standard potentiostat:
(left) the original iV curves as collected, (right) the three electrode curve has been shifted so that the two
open circuit potentials match. The cell consisted of a platinum cathode and a N3-dyed photoanode with a
TiO;, layer of “2 scotch” thickness (~6 pm) and a compact TiO, underlayer. The mediator comprised 0.5 M
Lil and 0.05 M [, in y-butyrolactone. No spacers of any kind were used in this experiment.

that the overpotential at the platinum cathode is negligible for all practical purposes.

Note that currents rather than current densities are reported. The location of the
insulating gap within the illuminated area (see Figure 5) was not possible to reliably
control; ergo the area of the photoanode was not constant nor easily calculated.
Accordingly, all split photoanode iV curves will be displayed with current (unadjusted for
area) and comparison of currents between different cells is generally not possible.

At this point, a new instrumental setup was designed which would both simplify
the operation of the experiment as well as yield quantitative information about the
magnitude of any overpotentials present on the cathode. The computer-integrated data
collection system developed for the spacer experiment was implemented so that data
could be plotted in the same manner and quantitative values for 1 could be realized. The
customized potentiostat circuit shown in Figure 6 was utilized. The primary motivation
for the new apparatus was to eliminate any possibility that instrumental complexity was

complicating the experiment in some unforeseen way. However, an added benefit of the
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new potentiostat circuit was that the cell potential could be directly controlled — as
opposed to before when some amount of calculation was required to ensure that the
potential scan (of Epa ref) encompassed the proper range of potentials for Ece; — which
made performing the experiment faster and more facile.

In order to evaluate the new instrumental setup, an overpotential at the cathode
was simulated by introducing a variable resistor into the circuit. The resistor was placed
in series between the cathode and the potentiostat. Increasing the resistance results in an
increasing potential drop across the resistor (at a given current) and should mimick the
effects of either ner or nyr. In addition to confirming the design of the new instrument,
this experiment provided insight into how cathodic overpotentials would affect cell
performance. Figure 9 (left) shows how the iV curve was affected by added resistance.
The FF was affected most dramatically, although short circuit current (I;) was also
lowered somewhat. Figure 9 (right) displays the behavior of the electrode potentials
during the 1V scans. Added resistance resulted in a potential drop at short circuit (y-
intercept) as compared to open circuit (Ecey =456 mV). In accordance with Ohm’s Law,
the potential drop doubled when the resistance doubled. Also of note, the greatest
changes in cathode potential occurred in the regions of greatest current change. As
expected, the electrode potentials at V,c were unchanged by added resistance. Although
none of these observations are surprising, the experiment was helpful in confirming that

the instrument was functioning properly.

One surprising phenomenon was noticed, however, during the course of these
(and other) experiments. It was found that the x-intercept of the Epa ref curve

(corresponding to V. of the cell) did not always correlate with the V,; as measured in the
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Figure 9. Resuits of added resistance (1 kQ and 2 kQ) on cell performance. A gold cathode and a two
week old (note the low currents) N3-dyed photoanode were used. The mediator solution comprised 0.15 M
cobalt complex (10% oxidized by NOBF,), 0.2 M lithium triflate, 0.2 M TBP.

iV experiment. This unexpected behavior was subsequently explained when a voltage
difference was measured between the reference and photoanode halves of the DSSC
(using a voltmeter while the cell was under illumination), indicating that V. was not the
same for each half. Subsequent investigations indicated that the inhomogeneity of the
incident light beam was responsible. The beam was not collimated nor defocused in any
way, resulting in an uneven distribution in light power across the illuminated area.
Localized “hot spots™ existed and resulted in a slightly increased V. (generally only
higher by 30 mV or less). As a test, the split cell was rotated such that the two halves of
the anode were exposed to different parts of the light beém. A concurrent shift in V.
was observed with each change in orientation, confirming the existence of local hot spots.
If the reference and photoanode open circuit potentials are not identical, the x-
intercept of the Epa (¢ curve (vs. Ecqr) no longer corresponds to V. for the cell. Although
not a significant problem, compensation for this effect was desired for ease of
interpretation and so that comparisons could be made between cells. Accordingly, all
plots of electrode potential versus cell potential have had their y-axis shifted so that the x-

intercept matches V, for the photoanode. Effectively, this shift simply means that all
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electrode potentials are versus the open circuit potential of the photoanode half and not
that of the reference half. Validating this claim is that the magnitude of the vertical axis
shift corresponds to the potential difference measured between the two halves at open
circuit (in cases where this potential was measured). In fact, initially the y-axis was
always shifted by the measured value, but it was soon realized that the V. of the iV
curve was consistently identical (without exception) to the x-intercept of the electrode
potential curve after the y-axis shift. Hence, for all curves shown here, the y-axes were
simply shifted by an amount corresponding to difference in V. values (i.e. the difference
in potentials was not measured) so that the x-intercepts matched.

A variation on the split photoanode experiment (as described above) was designed
with the intent of ascertaining the extent to which a mass transfer overpotential would
affect the measured cathode potential. The cathode was also divided in half (electrically),
resulting in a sandwich cell with four electrodes. This “four electrode experiment”
allowed standard split photoanode experiments (using only three of the four electrodes) to
be conducted with several different electrode arrangements. The idea behind the
experiment was to artificially impose a mass transfer condition on the cell and monitor

the response, thereby testing the system in a new but analogous fashion as the variable

resistor test.

Figure 10. Four possible electrode configurations for a four electrode DSSC (not to scale).
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The three configurations tested are shown pictorially in Figure 10. Arrangement
A results in a relatively efficient DSSC with minimal mass transfer effects. The
reference electrode is the other half of the photoanode, making this situation basically
identical to that of the “standard” split photoanode (with regular cathode) experiment just
presented. Arrangement B is similar but the location of the reference has been switched
to the gold electrode not being used as a cathode. Arrangements C and D have serious
mass transfer/solution resistance problems between the anode and cathode. The
difference between the two arrangements is in the location of the reference. In
Arrangement C, the reference is once again the other half of the photoanode. In
Arrangement D, the reference has been switched to be the other half of the gold cathode.
Although the potential of this reference is not identical to that of the photoanode
reference, it should still be constant throughout the experiment which is all that is
required. After adjusting for the different reference potential (by shifting the y-axis so
that the x-intercepts match) comparisons between experiments conducted in any of the
arrangements can be readily made.

A series of experiments were conducted on a single four electrode DSSC, wired in
each of the arrangements described. The cell was not disassembled in any way between
each wiring configuration, and care was taken to disturb the cell as little as possible
during the rewiring. The results are shown in Figure 11. It is immediately apparent that
mass transfer/solution resistance effects are severely hampering the cell when the cathode

and photoanode are not directly opposite each other (Arrangements C and D). It can also
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Figure 11. Results of four electrode experiments with a split gold cathode and a split N3-dyed photoanode.
Plot titles refer to the arrangements as described in the text. A 4 um spacer was employed. The mediator
solution was composed of 0.15 M total cobalt complex, 10% cobalt(IIl), 0.2 M lithium triflate and 0.2 M
TBP.

be seen that the location of the reference makes little difference when the current-
carrying electrodes are opposite (Arrangements A and B).

Interestingly, when the current-carrying electrodes are not directly opposite, the
location of the reference impacts the observed electrode behavior to very large degree.
The likely reason for this is that, in Arrangements C and D, the location of the reference
drastically changes which electrode is nearest the reference. Electrodes opposite the
reference are significantly closer than those on the same side of the cell. As solution
resistance may be modeled as a resistor across the cell from anode to cathode (see Figure
12), it makes sense that the potential drop across the resistor depends on where along the
resistor the measurement is made (in a manner analogous to the way a simple variable
resistor operates). In Arrangement C, the reference is very close to the cathode and little
potential drop (overpotential) is registered. In Arrangement D, however, there is a large
difference in potential between the cathode and the reference as the reference is much
closer to the photoanode (i.e. significantly more solution resistance lies between the

reference and the cathode).
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Figure 12. Representation of effect of reference placement in a system with significant solution resistance.
Arrow C models Arrangement C, Arrow D likewise models Arrangement D.

Unfortunately, it is not clear how useful the results of these experiments are. In
the case of large solution resistance, reference electrode placement is clearly important.
Yet the standard three electrode split photoanode experiment places the cathode directly
opposite the photoanode — an arrangement that results in very little solution resistance.
Perhaps noteworthy is the observation that the cathode is aiso directly opposite the
reference in a standard split photoanode experiment, meaning that the reference is closer
to the cathode than the photoanode. On the other hand, neither ncr nor nyr can be
modeled as a resistor across the cell, so the location of the reference should not impact

the ability of the system to measure overpotentials.

Results/Discussion

Reproducibility test

The principle reason for designing a three electrode experiments was to ascertain
the effect of overpotentials at the cathode on cell performance. To do this, comparisons
were needed between DSSCs with various types of cathodes and various cell thicknesses.
Unlike comparisons between differing mediator solutions, the cells would have to be

disassembled and reassembled in order to change the conditions (cathode, thickness of
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spacer, etc...). Unfortunately, it has been our observation that cell behavior typically
changes somewhat every time the cell is reassembled. A reproducibility test was
performed to gauge the magnitude of this effect.

Figure 13 (left) shows the iV curves from split photoanode experiments
performed with identical conditions. The same photoanode, cathode, and cobalt mediator
solution were used for each curve, although a new spacer was used with each assembly
(all were 4 um in thickness and all were cut from the same original sheet of polyester —
ostensibility lending greater confidence that all spacers were the same thickness). With
each disassembly, the photoanode and cathode were rinsed with acetonitrile and dried
with GUST dusting spray. The DSSC was assembled and a new drop of the same cobalt
mediator solution was applied and wicked into the cell. The location of the insulating
gap within the aperture (determining the relative areas of the photoanode and reference
halves) was reproduced as closely as possible, with the area of the photoanode occupying

approximately two-thirds of the total aperture and the reference occupying the remainder.

12 05

Current (mA)
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Figure 13. Results of a series of five assemblies with a single photoanode and a gold cathode. The
mediator solution was 0.15 M total cobalt complex (20% cobalt(III)), 0.2 M lithium triflate without any
TBP. A 4 pum spacer was employed.
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As can be seen, Vo and I changed over time in a manner consistent with the
changes observed in the two electrode, flow-through experiments (Chapter 3), i.e. Voc
increased after two assemblies and I, probably decreased (an approximation, as changes
due to varied areas of illumination are certainly also present). Figure 13 (right) shows
the behavior of the electrodes during each scan. Initially, significant (~30 mV)
overpotentials occurred at short circuit (Ece = 0 mV) and then decreased after two
assemblies to smaller drops of ~5 mV. Oddly, no such change in overpotential was
observed in the experiments which are described in the following. Consequently, it is

difficult to lend much weight to this trend.

Cell thickness survey

A series of split photoanode experiments was conducted on cobalt-mediated
DSSCs of varying thicknesses. The intent was to gauge the extent to which mass transfer
effects alter cell behavior, with the assumption that mass transfer overpotentials would be
larger for DSSCs with thicker spacers (see Chapter 3). Representative results are shown
in Figure 14. The open circuit voltage is similar for the first two assemblies (as
expected), but rather than increasing with the third assembly, V. declines somewhat.
This contradicts the baseline V. shift expected from the reproducibility studies described
above, but can perhaps be explained by the fact that no spacer was used in this assembly.
Accordiﬁgly, electrical shorts — occurring at points of contact between the two electrodes

— may have existed and could have served to lower V..
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Figure 14. Typical results when the spacer thickness is varied. A gold cathode was used. The mediator

solution was 0.15 M total cobalt complex (20% cobalt(11)), 0.2 M lithium triflate without any TBP.

The lower current passed with the 25 um spacer is worthy of note. Several
surveys were performed (with Au and Pt counter electrodes, with and without TiCly
treatment) and significantly lower currents (generally about half of thinner cells) were
consistently observed with the 25 pm spacer. Although the photoanode area was not
strictly controlléd, it was kept very similar (and certainly was never half of the normal
area). In addition, were the phenomenon due to unintentional variations in anode area, it
would not have always occurred — which it did. The logical conclusion is that the 25 pm
spacer lowers the photocurrent, due most likely to increased mass transfer problems or
solution resistance. Consequently, one would expect to see a mass transfer overpotential
in the cell. Oddly, no such overpotential was observed (Figure 12, right). In all three
cases, the potential at short circuit was only 2-3 mV less than at open circuit. This

confusing result is particularly difficult to explain and warrants further discussion (vide

infra).
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Cathode surveys

The performances of four different cathode materials in cobalt-mediated DSSCs
were evaluated with a series of split photoanode experiments. The survey was conducted
twice, with a different photoanode for each survey. A 4 um spacer was employed and the
cells were disassembled and reassembled as before. The iV curves are shown in Figure
15 (left). In addition to the expected increase of V, with each cell assembly, it can be
seen that the platinum counter has a notably worse FF. Glassy carbon and gold have
similarly shaped profiles and FTO is, as expected, terrible. Looking at the plot of the
electrode potentials (Figure 15, right), only the FTO electrode has significantly alter
behavior. The overpotentials at short circuit are 4, 3, 0, and 191 mV for gold, platinum,
carbon, and FTO cathodes, respectively. Considering that in the simulated overpotential
experiment (vide supra), a decrease in FF was observed in conjunction with a significant
overpotential at the cathode (~150 mV per 1 kQ added resistance), it is surprising that no

overpotential was observed with the Pt cathode and its significantly worse FF.
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Figure 15. Results of the cathode survey with cobalt mediator. A 4 pm spacer was employed. The
mediator solution was 0.15 M total cobalt complex (20% cobalt(II)), 0.2 M lithium triflate without any
TBP.
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The glassy carbon cathode behaved very similarly to gold. In standard two
electrode 1V experiments (of controlled area), the carbon cathode resulted in light 1V
curves of qualitatively very similar shape but less current (by approximately 10%, Figure
16). This effect (also seen in carbon cathode DSSCs mediated by iodide, vide infra) is
attributed to a lack of back-reflected light in these cells due to the much higher light
absorbance by the black carbon electrode rather than suboptimal electrode transfer

kinetics at the carbon surface.

—sGC
—pGC
— Pt
— Au

Current Density (mA/cm 2)

-0.6 -0.5 0.4 -0.3 -0.2 -0.1 0
Cell Potential (V)

Figure 16. Results of a two electrode cathode survey with cobalt mediator. Two different glassy carbon
electrodes were used, one sanded with 600-C grit sandpaper (sGC) and the other polished with alumina
powder (pGC) immediately before use. A 4 um spacer was employed. The mediator solution was a three
day old 0.15 M total cobalt complex (20% cobalt(III)), 0.2 M lithium triflate with TBP added that day.

A brief cathode survey was also conducted on DSSCs mediated with I'/15".
Typically, only platinum cathodes are used with iodide as very few other conductors
exhibit sufficient electron transfer kinetics for the reduction of I3~ and are stable in the
presence of I,. Nevertheless, comparisons between iodide and cobalt mediators were
desired and so a brief cathode survey was conducted on Pt, glassy carbon, and FTO
cathodes. The glassy carbon electrode — fabricated for the cobalt studies — was included

in the survey as a few studies have shown carbon to be a potentially useful cathode
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material in DSSCs. The experiments were conducted as with the cobalt mediators; the
results are shown in F igﬁre 17. Platinum and glassy carbon counter electrodes
performed very well, exhibiting low cathodic overpotentials. FTO, on the other hand,
proved to be an almost ideal “worst case scenario” for reduction of I3°, with basically all
of the potential change during the scan associated with the change in potential of the

cathode (~346 mV overpotential).
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Figure 17. Results of the cathode survey with iodide mediator. A 4 pm spacer was employed. The
mediator solution was 0.15 M Lil, 0.015 M I, (resulting in 10% oxidized), 0.05 M lithium triflate without

any TBP.

Osmium-modified cathodes

In research conducted by group members other than myself, it has been
discovered that FTO or ITO (indium/tin oxide transparent conducting glass) electrodes
become catalytic towards the oxidation and/or reduction of tris(bipyridine) cobalt
complexes when their surfaces are modified by certain transition metal coordination
complexes.'*!” This effect has been exploited to develop transparent cathodes for use in
cobalt-mediated DSSCs, either singly or in optical tandem (i.e. stacked).!” Stacked cells

provide the opportunity to increase photocurrent through decreased electron diffusion
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pathlength as well as through increased light absorption due to the use of two spectrally-
complimentary, dyed photoanodes.

Osmium bipyridine complexes possess a reduction potential sufficiently negative
so as to be capable of reducing cobalt(III) bipyridine complexes, even when adsorbed
onto the surface of FTO glass (approximately as a monolayer). Such osmium-modified
cathodes appear to function well in cobalt-mediated DSSCs. The split photoanode
experiment was conducted in order to more quantitatively evaluate their performance.
Experiments were performed on a single photoanode, disassembled and reassembled as
before — except that less effort was made to reproduce the relative areas of the reference
and photoanode with each assembly. Figure 18 (left) displays representative iV curves
of cells with gold, osmium-modifed, and regular FTO cathodes incorporating a 4 um
spacer. As before, unmodified FTO yields very little current. After osmium
modification, however, the cell yields currents very comparable to that of cells with gold.
It can be seen that the fill factor was slightly worse with the osmium-modified cathode, a
feature which was repeatedly observed. Figure 18 (right) shows the electrode behavior
throughout the course of each scan. The gold cathode required very little overpotential
(<1 mV), whereas the osmium-modified cathode displayed a slight overpotential of 10
mV. The difference in FF observed between gold and osmium-modified cathode iV
curves would lead one to expect 1 to be greater for the latter cathode, but considering the
range of overpotentials commonly observed for a single cathode material, it is difficult to
say if an overpotential of 10 mV is experimentally significant in this case. Of course, the
difference in behavior between modified and unmodified FTO is quite striking,

underscoring the dramatic surface dependence of cobalt bipyridine complexes.
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Figure 18. Results of a cathode survey including an osmium-modified FTO cathode. A 4 um spacer was
employed. The mediator solution was 0.2 M cobalt complex (10% oxidized by NOBF,), 0.2 M lithium
triflate and 0.2 M TBP.

Conclusions

A novel three electrode DSSC experiment, modified from two existing
approaches, was devised and implemented in order to study cathode behavior in cobalt-
mediated DSSCs. The new experiment incorporates a split photoanode in conjunction
with a customized potentiostat circuit and allows for simultaneous monitoring of cathode
potential, photoanode potential and cell current while maintaining the thin electrode
separation of the standard sandwich cell configuration. Extensive testing of the system
was conducted (with alternative four electrode geometries, utilizing resistors to simulate
overpotentials as well as by selection of cathodes known to have both slow and fast
heterogenous electron transfer kinetics) and the results were in good agreement with
theoretical predictions (presented in the introduction). Once deemed to be functioning
properly, the new technique was used in a systematic study of cobalt mediator behavior

in DSSCs with different cathode materials and variable spacer thicknesses.
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Unfortunately, the impact of this study is uncertain, due primarily to two
surprising observations. Firstly, a clear trend was observed where 25 um spacers lowered
currents in the cells, almost certainly due to mass transfer limitations imposed by the
greater distance between electrodes. Surprisingly, however, no significant overpotential
was observed on the cathode. Secondly, platinum cathodes consistently performed worse
in cobalt-mediated DSSCs, evidenced primarily by a decreased fill factor. As slower
electron transfer kinetics are almost surely to blame, it was again surprising that no
overpotential was measured on the cathode. Given these two observations, it would
appear that the three electrode experiment is incapable of detecting either mass transfer or
charge transfer overpotentials (nyr or 1cr, respectively), except in cases where 1y is
extremely large, such as with FTO cathodes.

Any explanation for this apparent failure of the three electrode experiment must
lie in one of two categories: either the experiment is incapable of detecting subtle
overpotentials or the aforementioned phenomena occur without a corresponding change
in cathode potential. All things considered, each conclusion would be completely

unexpected and, accordingly, both warrant further discussion.

Experimental flaws

Considering the success of the control experiments, coupled with the fact that
overpotentials can be reliably observed on FTO cathodes, it seems unlikely that the three
electrode apparatus is not functioning properly. Extensive effort was made to preclude
easy-to-overlook sources of error, such as improper grounding or poor electrical

connections. The use of a custom-made, simplified potentiostat circuit not only allowed

187

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



for straightforward control of cell potential but was also intended to reduce the chance of
any unexpected quirk in the circuitry of a conventional potentiostat/galvanostat (e.g.,
PAR 173) from interfering with the experiment in some unforeseen way. Therefore,
considering the care with which this much-simplified instrument has been examined and
utilized, the only possible problem with the experiment must be in its design. In
particular, the arrangement of the electrodes within the electrochemical cell (in this case,
within the DSSC) could be a source of error.

In any sort of electrochemical experiment, the location of the reference electrode
is of utmost importance.9 As observed with the four electrode experiments, the location
of the reference drastically impacted the measured cathode behavior. Specifically, it was
confirmed that the reference electrode is much closer to the surface opposite than to the
surface laterally proximal (i.e., the surface on the same electrode but on the other side of
the insulating gap). In the case of the normal three electrode setup, this fact means that
the reference electrode is significantly closer to the dark cathode than to the photoanode.
However, it is difficult to understand what sort of influence this arrangement should
have. As the photoanode is also directly opposite the cathode, no significant solution
resistance is expected as the distance across the cell is very small (4 um across the spacer
plus ca. 4 um through the titania layer). Accordingly, the variable resistor arguments
presented in the case of the four electrode experiments should not apply. In addition, the
fact that overpotentials are observable (in the case of FTO) strongly suggests that the cell

geometry is not fundamentally flawed.
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Unusual electrochemistry

The second possibility is that neither mass transfer nor charge transfer
overpotentials of any significant size occur in cobalt-mediated DSSCs, even with large
spacers or suboptimal cathode materials. Although this result runs counter to standard
Butler-Volmer type theories of electrochemical behavior, in the absence of any design
flaws in the experiment (an assumption, for now), there is no other option.

Unsurprisingly, rationalizing how mass transfer and charge transfer resistances
may exist without corresponding overpotentials is not a simple task. Despite significant
effort, few reasonable hypotheses have been found. As will be discussed in the next
chapter, it may be that surprisingly small overpotentials strongly affect cell performance
yet are too small to be reliably detected by the split photoanode experiment. This
explanation is still not completely satisfactory, but for the moment is about all that can be
said. Clearly, an answer exists, but finding it will require further research, creativity, and

time.
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Chapter §

A Consideration of the Origins of Mass Transfer Limitations in Dye-

Sensitized Solar Cells Mediated by Cobalt Complexes

Abstract

The possibility of mass transfer limitations in typical cobalt-mediated DSSCs was
examined from a theoretical standpoint. Although conventional electrochemical models
do not predict mass transfer of cobalt(III) to be a problem, actual DSSCs are likely more

complicated than standard models of relatively simple systems. Two hypotheses were

developed and examined. The first supposed that catalytic “islands” on the cathode were
responsible for observed photocurrents but were simply not sufficiently numerous to
provide adequate surface area for cobalt(III) reduction. However, experiments using
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cathodes intentionally fabricated to behave in this manner (catalytic gold nanoclusters on
relatively inert FTO glass) did not support this hypothesis. The second hypothesis
reasoned that diffusion of cobalt(III) through the mesoporous titania layer of the cell was
hampered by the layer’s small pore size, tortuosity, or both. Preliminary experiments
using a modified rotating disk electrode indicate that this is very likely the case.
Although further research is required to accurately quantify the effect, initial
considerations and results suggest that the effective diffusion coefficient (uncorrected for
porosity) of cobalt bipyridine complexes through mesoporous titania films is on the order

of 1 x 107 cm® s™! or less.

Introduction

By far, the most substantial result of the flow-through, two electrode study
presented in Chapter 3 was that a mass transfer limitation exists at the cathode in cobalt-
mediated DSSCs. Unfortunately, this conclusion was not supported by the results of the
three electrode experiment detailed in Chapter 4, although some confusion still lingers as
to the interpretation and validity of the data. While attempting the difficult task of
reconciling mass transfer limitations without a concurrent 1y, it was realized that
standard electrochemical theory predicted that mass transfer should not be a problem in
DSSCs of 4 um thickness with 0.03 M cobalt(III). The purpose of this chapter will be to
describe two possible models that may explain this behavior and to present results from
preliminary experiments designed to evaluate the validity of each. Further experiments

will also be suggested.
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Formulation of the problem

The passage of current at an electrode is governed by the concentration profile of
the redox active species in solution.! In the absence of convection and migration
(conditions which are true in an unstirred electrochemical cell with excess supporting
electrolyte — typically the case), the flux of a redox active species may be described by
Fick’s laws of diffusion.! Fick’s first law relates the flux of a species O to the
concentration gradient along a 1-dimensional axis perpendicular to an electrode surface:

oC, (x,t
-Jy(x,t) = D, _0(’_6_’__)_
Ox

where J,(x,¢) is the flux of an oxidized species through point x at time ¢ per second per

cm? of area normal to the x-axis. Dy is the diffusion coefficient (units of cm? ) of the

. . oC, (x,t) . . ) ) . . .
oxidized species and —Oai——l is its concentration gradient, with x increasing away from

the electrode surface.

As cell currents are known and the thickness of the DSSC may be approximated,
it is possible to calculate a concentration gradient of cobalt(IIT) under steady state
conditions by assuming a linear gradient across the cell during steady state. Using an
experimentally obtained value of 5 mA cm? for the current density, assuming a relatively
small and conservative value of Do of 4 x 10, approximating the distance between
cathode and anode to be 4 um (accurate with regards to the 4 um spacer, but neglecting

the complicated matter of diffusion within the titania layer of the photoanode), and
keeping in mind the relation that flux (Jp) is equal to FIA— for a one electron reduction (i

is current, A4 is area, and F is the Faraday constant), it can be estimated that the cobalt(III)
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concentration should only change by 0.005 M across the entire distance of the cell. As
one cobalt(II) will be generated at the photoanode for every cobalt(III) reduced at the
cathode, the concentration of cobalt(II) at the cathode will be reduced by the same
amount that it is increased at the photoanode, meaning that the estimated cobalt(III)
concentration change will be shared by both cathode and photoanode. Accordingly, the
cobalt(III) concentration at the cathode will only drop by one half of 0.005 M, or 0.0025
M.

This is a very interesting result. In a 20% oxidized DSSC with 0.15 M total
cobalt concentration, a drop of 0.0025 M is only a change of ~8%. In order for the
current to be mass transfer limited, the cobalt(III) concentration must be driven down to
practically zero at the cathode surface (i.e., a drop of 100%).2 Even in the case of 5%
oxidized solutions, the calculated concentration drop is still only a 33% decrease. Of
course, these calculations only considered diffusion across the 4 pm gap created by the
plastic spacer. In an actual DSSC, some degree of diffusion within the titania layer is
required, although to what extent is difficult to ascertain (vide infra). However, even if
cobalt(IIT) were required to diffuse through the entire thickness of the layer (typically 4
um), the drop in concentration would only be greater by a factor of two. Even in this
case, the decreases in cobalt(III) concentration would only be 16% and 66% (for 20% and
5% oxidized solutions, respectively), which is s#ill not great enough to result in a
diffusion-limited current. Consequently, these quick calculations predict that cobalt-

mediated DSSCs should not exhibit a mass transfer limitation (see Figure 1 on page

199).

195

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



Hypotheses

Considering that initial spikes in the current transients are consistently observed,
the above calculation presents something of a conundrum. All explanations for this
dilemma must lie in one of two categories: either the model used for the calculations is
flawed or the initial current spike is not due to mass transfer limitations. The latter
possibility seems unlikely, given the results of Chapter 3 and the difficulty of finding
other reasonable hypotheses. Furthermore, Nusbaumer et al. observed similar current
transient behavior with DSSCs mediated by their cobalt complex, which they likewise
ascribed to diffusion limitations.>* An alternative explanation has been proposed for
qualitatively similar behavior in another type of DSSC, although its relevance to cobalt-
mediated DSSCs is unlikely, given the differences in cell components, observed behavior
(the current declined over ~15 minutes as opposed to hundreds of milliseconds) and the
nature of the hypothesis proposed.’

Therefore, if the assertion that mass transfer issues exist in cobalt-mediated
DSSCs is correct, it must be that the situation within the DSSC is decidedly more
complex than the simple model originally considered. One likely factor, initially
neglected for simplicity’s sake, is the diffusion of cobalt(III) within the nanocrystalline
titania layer. Considering the high degree of tortuosity within the mesoporous titania
layer, it is reasonable to believe that diffusion of cobalt(IIl) is hindered to a significant
degree within this layer. One study, conducted on the smaller I5” ion, found that the
effective diffusion coefficient through a similar (although not identical) pressed and

sintered titania membrane was nearly an order of magnitude smaller than the diffusion
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coefficient through bulk solution.® Interestingly, another study found that the effective
diffusion of charge through the nanocrystalline layer was not significantly hindered in I’
/13" mediated DSSCs, perhaps indicating that this system conducts holes in a manner more
complicated than simple diffusion.”

Unfortunately, consideration of diffusion within the titania layer is extremely
complex. As illumination occurs from the photoanode side of the cell and the light
intensity is significantly attenuated across the cell, it may be expected that the
concentration of photogenerated holes (i.e., oxidized dye molecules) is highest in the
interior of the titania layer (closest to the FTO substrate and farthest from the cathode).?
Nevertheless, holes will be generated, to some degree, throughout the entire thickness of
the titania layer, ostensibly requiring mass transport of cobalt(III) throughout the entire
titania layer.” In reality, the average diffusion length of the cobalt(III) complex is
probably a balance between several factors. For example, it could be expected that
cobalt(IIl) generation (by oxidation of cobalt(II)) would be weighted towards the interior
of the titania layer due to the distribution of oxidized dye, thereby increasing the average
cobalt(III) diffusion distance to the cathode. On the other hand, the tortuosity of the
titania layer and the greater pathlength for cobalt(Il) to reach the interior may
counterbalance the oxidized dye distribution and decrease the average diffusion length of
cobalt(Ill). Accordingly, determining the impact of the titania layer on mediator
performance is no simple matter.

Papageorgiou et al. developed a method for evaluating the effective diffusion
coefficient of I;” within DSSCs which should be generally applicable to any redox

mediator.” Unfortunately, the technique relies heavily on calculation and theory in
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conjunction with experiment. Accordingly, a few assumptions are necessary and may
greatly impact the final result. Nevertheless, the technique could yield a valuable
estimate as to whether mass transfer through the titania is the rate-limiting factor in
cobalt-mediated DSSCs.

Although this experiment has not been performed with cobalt tris(bipyridine)
complexes to date, an approximate diffusion coefficient may be estimated by considering
the sustainable currents in a DSSC without a plastic spacer (without a spacer, the
photoanode and cathode are pressed directly against each other and therefore the distance
between them is negligibly small). This is tantamount to assuming that, even with a
spacer present, the bulk of the concentration change occurs within the titania layer (i.e.,
the gradient is much larger in this layer). Using Fick’s first law as before, but this time
assuming a linear concentration gradient of 0.06 M over 4 um (a typical titania film layer
thickness) and solving for Do, a value of approximately 3 x 107 is calculated for DSSCs
with maximum currents densities of 3-5 mA cm. This number is about an order of
magnitude smaller than typical values for diffusion through bulk solution, in agreement
with the results of the I;” diffusion study (Kebede/Lindquist) previously mentioned.®
However, it is only a very crude estimate, especially given the unlikely assumption of a
linear concentration gradient throughout the entire thickness of the titania layer.

Nevertheless, the hypothesis that mass transfer through the titania layer may be
rate-limiting in cobalt-mediated DSSCs appears to have significant merit. In particular, it
allows for the concentration gradient at the cathode to be smaller than expected while
simultaneously allowing the absolute concentration of cobalt(III) to be driven down to

nearly zero. Barring any unforeseen effects at the cathode (vide infra), Fick’s first law
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should hold and the cobalt(Ill) concentration gradient must be close to that calculated
earlier for typical current densities (5 mA cm). With a significantly smaller effective
diffusion coefficient through the titania layer, the concentration gradient may be
dramatically larger than would otherwise be the case. As illustrated in Figure 1, this
allows the cobalt(III) concentration to be driven down to practically zero at the cathode,

which is required if the diffusion of cobalt(III) is to be rate-limiting in these cells.

Co'" Concentration Colll Concentration
0.061 [pL3 0.06-F |
0.03 - |13 0.03+ |
9 By :
oL A

Figure 1. Diagrams illustrating possible concentration profiles of cobalt(III) in DSSCs if (lef?) the
effective diffusion constant is continuous throughout the cell and (right) the effective diffusion constant is
dramatically smaller through the TiO, layer. Left figure: profile in the dark (dotted line), during operation,
according to Fick’s law estimate (dashed line), required gradient for mass transport limitations during
operation (dotted/dashed line). Right figure: estimated profile, note that the concentration gradient at the
cathode is the same as in left figure (dashed line), but the concentration is much lower. Both figures:
concentration axis is in molarity.

An alternative hypothesis is that the cathode surface is not uniform with regards
to the reduction of cobalt(III) complexes. Fick’s first law assumes a planar, uniform

electrode surface so that only diffusion away from the cathode (i.e., along the x-axis)

needs to be considered.! If, however, the surface is not uniform, then diffusion along the
y- and z-axes may be relevant and may contribute to mass transfer effects which would
not otherwise be predicted. As mentioned in the introductory chapter, a variety of

observations have indicated that the electrochemical reduction of cobalt(III) bipyridine
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complexes may be best thought of as a catalytic process. If true, then the inhomogeneity
of the cathode surface may be manifested as regions which are highly catalytic towards
the reduction of cobalt(III) complexes (characterized by very fast heterogeneous electron
transfer characteristics) and regions which are much less catalytic. The end result of
which may be that the effective surface area of the cathode is much smaller than the
actual surface area, a situation which could certainly lead to mass transfer limitations
even in configurations with small interelectrode distances.

Although this hypothesis was originally conceived as a thought experiment, there
are reasons to suspect that only a small portion of the cathode is actually catalytic to
cobalt(IIl) reduction. Firstly, as discussed at length in the introductory chapter, the
electrochemical behavior of cobalt complexes is notably unconventional and clearly
surface dependent. Indeed, if their behavior were not so unusual, cobalt complexes
would almost certainly be very poor mediators in DSSC. Accordingly, it makes little
sense to treat the cathode as a traditional electrode surface a priori when considering
cobalt(II) behavior. Furthermore, preliminary experiments using a novel laser scanning
system to probe localized iV characteristics in DSSCs (somewhat analogous to scanning,
electrochemical microscopy, or SECM), performed by Scott and coworkers, indicate that
the current profile across the illuminated area is often not uniform when gold cathodes
are used in cobalt-mediated DSSCs.® In particular, regions of significantly more current
were frequently found. While it was not possible to deconvolute the influence of the
photoanode from that of the cathode in this scanning laser expertment, it certainly
provides credibility to the possibility that the cathode is not uniformly catalytic to

cobalt(IIl) reduction.
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Reduced surface area experiments

One approach to evaluate whether catalytic zones on the cathode can result in the
DSSC behavior typically observed with standard cathodes is to intentionally fabricate
cathodes with such characteristics. If these cathodes, with deliberately reduced surface
areas, behaved similarly to standard gold cathodes, then it would seem highly likely that
the surface of standard gold cathodes is also only partially active.

Fortunately, the research group of Professor Prieto contains expertise with a
standard technique for controllably depositing gold nanoclusters onto silica surfaces.
With this technique, gold nanoclusters (with an average diameter of ~30 nm) are
electrostatically attracted to a thin film of poly(lysine) previously applied to the silica
surface. The electrode is baked in an oven to remove the organic componenents, leaving
a silica surface with nanometer-sized regions of gold. Depending on conditions used, the
coverage of the surface may be easily varied from 1-2 nanoclusters per micron to a
maximum of 10-15. Assuming that the poly(lysine) would likewise adhere to the oxide
surface of FTO (a very probable assumption), this technique presented a route to FTO
cathodes with surfaces comprising large regions of FTO on the surface (inactive to
cobalt(IIT) reduction) and small, catalytic islands of gold. This provided an ideal

platform for testing the possibility that the surface of standard gold cathodes are only

partially active.
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Electrochemistry through titania films

In order to investigate the possibility that diffusion of cobalt(III) through the
titania film was unusually slow and thereby limiting DSSC performance, a means of
characterizing the effective diffusion constant through the film was desired. Multiple
electrochemical techniques are, at least in principle, well-suited for the task and, in some
cases, may yield very accurate, quantitative values for the diffusion coefficient. Initially,
however, a relatively simple experiment was desired which would qualitatively indicate
whether or not diffusion through the film is hindered with respect to free stream diffusion
through bulk solution. Rotating disk electrochemistry was chosen.

Rotating disk electrochemistry is a hydrodynamic (i.e., utilizing stirring)
technique which uses a rotating disk electrode (RDE) to both stir the solution and act as
the working electrode.! Its primary advantage lies in the fact that laminar flow across the
RDE surface occurs upon stirring and results in a undisturbed layer of solution between
the electrode surface and the bulk solution (the “hydrodynamic boundary layer”) of
predictable thickness. The hydrodynamic boundary layer thickness, 9, is a function of
rotation rate and as such may be reliably controlled. When the surface of an RDE is
covered by a electrochemically inert, permeable membrane (such as a nanocrystalline
titania film at positive potentials), two unstirred layers result: the region within the film
and a region outside the film known as the hydrodynamic boundary layer. Ifachange in
potential at the RDE is accompanied by a change in the equilibrium concentrations of an
electroactive species (e.g., species O is reduced to R), current will pass and a diffusion
layer will grow from the RDE surface. Once the diffusion layer reaches the stirred

solution (traversing across both the film and the hydrodynamic boundary layer), steady-
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state conditions will develop as the bulk concentrations of O and R are maintained within
the stirred solution. The time for the system to reach steady-state therefore depends on
both the titania film thickness and . If both thicknesses are known, then the time for an
RDE system to reach equilibrium can yield valuable information about the rate of

diffusion across both layers.

Experimental

Gold nanocluster cathodes

FTO electrodes (approximately 2 cm? in area) were rigorously cleaned using the
following procedure. They were soaked for 30-60 minutes in a base bath, rinsed with
distilled water, sonicated in an aqueous solution of Alconox detergent for 15 minutes,
rinsed with Millipore water, sonicated in electronics grade isopropanol for 15 minutes,
blown dry with a stream of nitrogen and finally treated with an air plasma for 45 minutes
or greater. Once clean, poly(lysine) (Poly-L-Lysine, 0.1% w/v, Ted Pella) was applied
using a drop-coating type procedure. A few drops of poly(lysine) solution were delivered
to the horizontal FTO substrate, allowed to stand for one minute and carefully removed
by diluting with distilled, deionized water and subjecting the substrate to a gentle stream
of nitrogen. The FTO substrate was allowed to stand for at least five minutes until fully
dry. A few drops of a colloidal dispersion of gold nanoclusters in water (30 nm average
diameter, 0.24 nM, Ted Pella) was applied and allowed to stand for a variable period of
time, ranging from approximately 5 seconds to 10 minutes. Although the relationship is
clearly not linear, longer periods of time generally result in increased gold loading on the

surface, although saturation apparently does occur as no further increases were observed
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in periods greater than 10 minutes. After the appropriate time, the gold colloid was very
gently blown off of the substrate using a light nitrogen stream. Finally, the cathodes were
baked at 450 °C for 1 hour. Characterization of the cathodes before and after the bake

was performed using scanning electron microscopy (SEM).

Testing of cathodes

Testing of cathodes was done by performing a series of experiments on a DSSC
sandwich cell utilizing the cathode, a standard titania photoanode, a 4 um spacer and a
mediator solution containing Co(dtb)3(Cl04), (oxidized to either 5% or 20% using
previously oxidized-in-bulk Co(dtb);(ClOs);) and 0.2 M lithium triflate. Photoanode

fabrication, cell assembly, and testing were all conducted as described in Chapter 3.

Rotating disk elecrode (RDE) fabrication

A RDE, modified so as to comprise a typical 4 um titania layer and an
electroactive FTO surface (see Figure 2), was fabricated in the following manner. A
standard photoanode (prepared as described in previous chapters, but broken to minimize
the area of the uncovered “half”) was covered with a thin (~15 um) piece of
polyethylene, sized to cover the entire titania layer but with a hole cut in the center
(roughly circular with a diameter of approximately 5 mm). A piece of Teflon® non-
adhesive tape (Saunders Corp. Teflon® Tape 5-111, 0.005” thick) was placed over the
anode (to prevent adhesion of the polyethylene to the microscope slide), covered by a
microscope slide, and the whole assembly (anode-polyethylene-Teflon®-glass) was

clamped together and placed in an oven at ~190 °C for 5-10 minutes. Afterwards, the
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assembly was removed from the oven and taken apart. The photoanode, with the melted
polyethylene firmly affixed and covering all but the center of the titania, was glued to a
commercially-made RDE (Pine Instruments) using Torr Seal® high vacuum grade, two-
part epoxy. A small wire was attached to the FTO portion of the anode using conductive
silver paint and Torr Seal® was used to cover all of the exposed conductive surfaces at the
anode (excepting the circular region of titania in the center of the anode). The other end
of the wire was attached to the upper contact of the RDE using silver paint and the entire
wire was wrapped securely to the RDE shaft using standard, “pipe-thread type” Teflon®

tape.

FTO
Tio, —

sy «——————— polyethylene
H_/
epoxy

Side View End View

Figure 2. Two views of the tip of the modified RDE.

RDE experiments

RDE experiments were conducted using a Pine Instruments Analytical Rotator
with modified and unmodified rotating disk electrodes (Pine Instruments). A specially
designed electrochemical cell (previously made in-house’), containing two chambers

separated by a glass frit, was used to prevent reduced material at the platinum counter
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electrode from contaminating the working electrode (RDE). The cell also contained a
fixed silver wire for use as a quasi-reference. The electrolyte solution consisted of 0.1 M
TBAPFs and approximately 0.25 mM Fe(terpy)2(ClO4),, where TBA = tetra(n-
butyl)ammonium and terpy = 2,2°:6°,2°’-terpyridine. A BAS 100 B Potentiostat-
Galvanostat controlled by BAS 100 W software on a personal computer was used to

perform cyclic voltammetric and chronoamperometric experiments.

Results/Discussion

Reduced surface area experiments

Cathodes were prepared which possessed a significantly reduced surface area of
gold in order to examine whether the surface of regular gold cathodes is only partially
active towards the reduction of cobalt(IlI). Cathodes consisting of gold nanoclusters
sporadically distributed across a FTO substrate were fabricated with two different gold
loadings: “light” (average of 1-2 clusters per 1 pm?) and “heavy” (approximately 10
clusters per um?). Very roughly, light loadings correspond to 0.3% of the total surface
being covered by gold, with heavy loadings estimated at approximately 1.4% surface
coverage. Figure 3 shows a typical SEM micrograph of a heavily loaded cathode.

DSSC cell experiments were conducted using these cathodes and cobalt
mediators. Representative iV curves are shown in Figure 4 (left). Quite clearly,
photocurrents are much reduced in the cells with the gold nanocluster cathodes in
comparison to the cell with a regular gold cathode. The corresponding current transients
are also shown for these cells (Figure 4, right). As can be seen, the height of the initial

current spike relative to the steady state current was approximately the same in all cases.
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Figure 3. SEM micrograph of a “heavily” loaded FTO cathode with gold nanoclusters. The gold
nanoclusters are the white spheres in the image. Scalebar is 1 pm.
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Figure 4. Results of DSSC experiments with gold nanocluster cathodes. Cobalt solution was 0.15 M
total cobalt complex (5% oxidized) and a 4 um spacer was employed.

Two major points are clearly illustrated by these experiments. Firstly, even when
the active area of the cathode is reduced to 0.3% of normal, the cell current is only
reduced by a factor of 2 or 3. The remarkably disproportionate current decrease may

indicate that the surface of regular gold cathodes (completely covered by gold) is actually
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only partially active in the reduction of cobalt(IIl). Alternatively, it may be that cell
currents are typically so low that only small active areas are needed, meaning that
reductions in surface area must be particularly dramatic to display any effect whatsoever.
Secondly, if the current spike is caused by insufficient cathode surface area, decreasing
the surface area would be expected to exacerbate the effect. Clearly, this is not the case,
as the current spike is unchanged by lowering the active surface area. Considering these
two points, it seems most likely that the current spike is not due to a scarcity of active
cathode area, regardless of whether or not the typical gold cathodes are active on their

entire surface.

Split photoanode experiments

As the reduced area cathodes presented an intermediate case (less photocurrent
than gold cathodes but more than bare FTO) not previously available, three
electrode/split photoanode experiments were conducted using the lightly loaded gold
nanocluster cathode. These experiments were conducted exactly as described in Chapter
4, using a 4 pm spacer, 0.15 M total cobalt complex (5% oxidized) and 0.2 M lithium
triflate. The results are shown below in Figure S.

As previously observed, photocurrents were reduced with the gold nanocluster
cathode by a factor of approximately two (keeping in mind that the area is not strictly
controlled). Interestingly, the potential difference between short and open circuit (i.e.,
the overpotential on the cathode) is only ~15 mV, surprisingly small considering the
dramatic effect of the cathode on current. In agreement with previous results, the regular

gold cathode experienced no potential change during the experiment.
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Figure 5. Split photoanode experiments using a reduced area gold nanocluster cathode (AnNc¢) and a
regular gold cathode (Au). “AuNc-1” and “AuNc-2” refer to the first and second cell assembly using the
same AuNc cathode. All assemblies used the same photoanode and were conducted in the order; AuNc-1,

Au, AuNc-2.

Although the discussion presented in the previous chapter still stands, these
experiments, in conjunction with the results of bare FTO and osmium-modified FTO,
may suggest that surprisingly small overpotentials (< 15 mV) greatly affect the current
characteristics of the DSSC. In the case of platinum (which generally exhibits a poorer
FF), the overpotential may be so small as to be beyond the detection limit of the
experiment, perhaps due to the electrode arrangement within split photoanode cells.
Further confounding the issue is that, so far, only charge transfer overpotentials (specific
to the cathode material) seem to be at all observable. Mass transfer overpotentials still
seem completely undetectable to the split photoanode technique, as no mass transfer
limited cases (cells with 25 um spacers and presumably most cells with gold cathodes,
vide infra) have displayed any overpotential in these experiments. The reason for such

selectivity remains in question.
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Diffusion through titania films

Given the findings of the reduced area cathode experiments, the most probable
explanation for the apparent mass transfer limit in cobalt-mediated DSSCs was that
diffusion through the mesoporous titania was rate limiting. In order to lend credénce to
this hypothesis, RDE experiments were conducted in an effort to qualitatively evaluate
whether the diffusion constants of metal bipyridine species are suppressed within titania
films.

A modified RDE was constructed which was essentially a spinning photoanode
possessing a reduced area of titania-covered FTO — all other conductive surfaces were
covered by an insulating material. In order to properly measure the diffusion coefficient
through the film, it was necessary to ensure that the electroactive species traversed the
entire thickness of the film. In our system, this was easily accomplished by selectively
using positive potentials so that only the FTO surface (or regions of the titania film very
close to it) was electrochemically active (titania is insulating except at potentials negative
of its flatband potential).'®'* However, it was necessary to replace the cobalt complex
with another metal species of comparable size but faster heterogeneous electron transfer
kinetics on FTO (cobalt mediators are practically inert on FTO). Fe(terpy)s;(ClOy), is
fairly close in size — admittedly, it is lacking the bulky fert-butyl groups of the
Co(dtb)3(ClO4), — and exhibits very reversible (i.e. fast) electron transfer kinetics on
FTO. Hence, this iron complex was chosen.

RDE experiments with an unmodified, glassy carbon RDE were performed for
comparison purposes. Two cyclic voltammograms using this electrode are shown in

Figure 6. The stirred solution voltammogram is nearly identical to that of the unstirred
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solution for the first part of the scan (beginning at 500 mV until ca. 1100 mV) but then
deviates significantly. The deviation is due to the point in time where the diffusion layer
had crossed the hydrodynamic boundary layer and reached the stirred solution. At this

point, a steady-state concentration gradient was reached and the faradaic current leveled

off (ignoring charging current).

——900 rpm
~~-Unstirred

Current (mA)

T T T T L -0.25
1700 1500 1300 1100 900 700 500
Potential (mV)

Figure 6. Cyclic voltammograms of stirred (at 900 rpm) and unstirred RDE experiments using an
unmodified glassy carbon disk working electrode and Fe(terpy);(ClO,),. Scan rate was 1000 mV s™'.
Potentials have been shifted to account for the drifting potential of the silver wire quasi-reference.

The time elapsed from onset of faradaic current (occurring at approximately 900
mV) to the point where the slope of the stirred solution voltammogram begins to deviate
from the unstirred (~1135 mV) can be calculated by dividing the voltage change (235

mV) by the scan rate (1000 mV/s). The resulting time (0.235 seconds) can be used to

estimate the thickness of the hydrodynamic boundary. Using the one-dimensional

211

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



random-walk model (“ the drunken sailor problem”), the thickness of the diffusion layer

can be estimated by the root-mean-square equation:
[ =~2Dt

where / represents the diffusion layer thickness, D is the diffusion coefficient in units of
em? s, and ¢ is time in seconds.’ Using the observed time of 0.235 seconds and a
standard diffusion coefficient of 1 x 10” (a reasonable assumption as the diffusion
coefficient for Co(dtb);(ClO4), has been experimentally determined to be very nearly this
value'?), a value of 22 um is calculated. Although the root-mean-square equation is not
exact, it provides a good approximation for the thickness of the diffusion layer when it
came into contact with the stirred solution.

This value should also correspond to 3, the thickness of the hydrodynamic
boundary. Accordingly, a calculation of § can serve to cross-check the previous
calculation by using the equation:

5=1.61D) ' w"?*v"¢
where D is the diffusion coefficient of species O, w is the angular frequency of rotation
(s") and v is the kinematic viscosity of the solvent (cm? s).! Using the same value for D
as before, 0.0045 for the kinematic viscosity of acetonitrile with 0.1 M supporting
electrolyte and converting the stirring rate (900 rpm) into angular frequency (o =
21900/60), a value of 21 pm is obtained. This is in good agreement with the value
calculated by the root-mean-square approximation and demonstrates the usefulness of
cyclic voltammetry with a RDE to estimate diffusion layer characteristics.

Figure 7 displays cyclic voltammograms collected using the modified RDE at the

same stir rate as before (900 rpm). As can be seen, very little difference exists between
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the stirred and unstirred voltammograms (excepting the periodic noise in the stirred
voltammogram due most likely to suboptimal electrical contact with the RDE), indicating
that the diffusion layer did not extend past the hydrodynamic boundary layer on the
timescale of the experiment. In these voltammograms (stirred and unstirred), the scan
rate was 500 mV s, As the onset of faradaic current is at roughly 900 mV and the
positive sweep ended at just over 1600 mV, 1.4 seconds elapsed (700 mV divided by 500

mV s™') without the diffusion layer reaching the stirred solution.

0.02

- 0.00

- -0.02

- -0.04

- -0.06 — 900 rpm

L .0.08 ---- Unstirred

Current (mA)

r-0.10

- -0.12

- -0.14

T T T T T '0.16
1700 1500 1300 1100 900 700 500
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Figure 7. Cyclic voltammograms of stirred (at 900 rpm) and unstirred RDE experiments using a modified
titania-on-FTO working electrode and Fe(terpy);(ClO,),. Scan rate was 500 mV s™'. Potentials have been
shifted to account for the drifting potential of the silver wire quasi-reference.

This is a very noteworthy result. For a rotating electrode with a non-electroactive,
porous film covering an electroactive surface, steady state should be reached once the

diffusion layer reaches a thickness equal to the film thickness plus 8." In this case, the
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titania film thickness was 4 pm and & was approximately 21 pm, assuming that the
modified electrode surface (not perfectly planar) behaved similarly to the more nearly
ideal unmodified RDE. Therefore, in comparison to the unmodified RDE, the diffusion
layer of the modified RDE at steady state should be about 25% larger. Accordingly,
everything else being equal, the time to reach steady state should have been increased by
56% (la "2 in the root-mean-square equation). As steady state was reached in 0.235
seconds for the unmodified RDE, only 0.37 seconds should have been required for the
modified RDE. Instead, even after 1.4 seconds, the modified RDE had still not attained a
steady state. Clearly, this indicates that something is different with this electrode.

Barring any unforeseen and undesirable effects of the slightly less-than-ideal
electrode surface (vide infra), this result almost certainly indicates that the diffusion
constants of metal polypyridine complexes inside the mesoporous titania film are
significantly less than in bulk solution. After all, the thickness of the diffusion layer is a
function of time and diffusion constant only — so any variations in the thickness must be
due to variations in the diffusion constant. Although the experiment is not rigorous
enough to confidently extract a value for the diffusion constant, it qualitatively indicates
that the actual value within the mesoporous film is significantly lower than in bulk
solution. Furthermore, this experiment lends support to the hypothesis that mass transfer
of cobalt(III) is frequently rate-limiting in operating DSSCs.

Admittedly, the surface of the modified electrode was not perfectly planar (crucial
to predictable laminar flow characteristics), but it is unlikely that conditions were so far
from ideal as to so dramatically alter the time needed to reach steady state. Nevertheless,

it must be remembered that the polyethylene insulator was approximately 15 pum thick
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originally (after baking at 190 °C, the plastic appeared to have melted and thinned
somewhat). As the hole in the plastic was roughly 5 mm in diameter, it is likely that the
insulator only significantly increased the hydrodynamic boundary layer at the edges, but
it clearly would have had some effect (Figure 8). Also potentially problematic is the fact
that, at the edge of the electrode, Torr Seal® disrupted the otherwise smooth surface,
protruding by as much as a few millimeters past the electrode surface. Although the flow
appeared laminar (no obvious bubbles, vortex, or disturbance) at the electrode surface, it
is difficult to estimate the degree to which the Torr Seal® irregularity disrupted the

normally very predictable flow profile.

RDE—>
FTO—
Tio,—

Meniscus

Polyethylene Epoxy

Figure 8. Side view of the tip of the modified RDE showing possible influences on the flow profile across
the surface. Note that this is not to scale. Actual thicknesses were approximately: TiO, (4 pm),
polyethylene (10-15 um), epoxy (2-3 mm).

For the sake of argument, it could be assumed that the non-ideal surface of the
RDE was completely responsible for the delay in reaching steady state due to an
unexpectedly large hydrodynamic boundary layer thickness. In this case, the actual
thickness of the film plus & can be estimated. In an effort to better quantify the time
needed to reach steady-state, voltammetry experiments were conducted at slower scan

rates. Unfortunately, although the effects of stirring could be seen at low scan rates (250

mV s or less), it was difficult to reliably determine the point when the diffusion layer
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reached the stirred solution. Probably, this is due to a non-uniform thickness of 8 across
the electrode surface caused by the slight protrusion of the polyethylene layer.
Nevertheless, a lower limit for the hydrodynamic boundary layer thickness can be
estimated by assuming that steady state would have been reached just after the region
observed in the cyclic voltammogram shown in Figure 7. In this case, assuming an
unaltered diffusion coefficient and that the time needed to reach steady state was 1.4
seconds or greater, d must have been 53 pm or greater.

This result is only a factor of two larger than the value predicted for an ideal RDE
system and is therefore not wholly out of the realm of possibility, especially given the
imperfect surface of the modified RDE. However, this is a lower limit to the possible
thickness. Furthermore, assuming a meniscus-shaped hydrodynamic boundary layer (due
to the polyethylene layer, Figure 8), the calculated distance of 53 pm corresponds to the
thinnest portion of the layer, the point the diffusion layer would have reached first. Lying
in the center of the exposed titania film, this point is least likely to have been affected by
the polyethylene film and therefore least likely to deviate dramatically from the predicted
hydrodynamic boundary layer thickness.

Considering these two points, it seems unlikely that the imperfections of the RDE
are great enough to offset the experimental result that diffusion through mesoporous
titania is dramatically slow. An upper boundary to the diffusion constant can be
approximated by again using 1.4 seconds (from Figure 7) and assuming that the
hydrodynamic boundary layer thickness was the same as observed with the glassy carbon
RDE, which required 0.235 seconds for the diffusion layer to traverse. With the modified

RDE, the extra time needed to reach steady state (~1.15 s) is due to the movement of the
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diffusion layer through the 4 pm thick titania film. Inserting 1.15 s and 4 pm into the
root-mean-square equation, a diffusion constant of 7 x 10°® cm?® s™' is calculated. As the
time to reach steady state was a lower estimate, 7 x 10 is an upper estimate to the

diffusion constant of metal polypyridines through the mesoporous titania layer.

Conclusions/Future Work

After further consideration and experimentation, the results detailed in this
chapter support the hypothesis that the mass transfer of cobalt(IIl) complex may
frequently be limiting the performance of DSSCs mediated by cobalt compounds. As
described in Chapter 3, the current spike commonly witnessed in current transients of
cobalt-mediated DSSCs is clearly affected by solution viscosity and cobalt(III)
concentration, consistent with this hypothesis. Although a mass transfer limitation would
not be expected for a simple thin layer cell of 4 pm under the same conditions, further
work has shown that the mesoporous nature of the titania film very likely complicates
diffusion across this layer. In particular, preliminary experiments conducted using a RDE
modified to comprise an electroactive FTO surface covered by a mesoporous titania film
indicate that diffusion is dramatically slowed for metal polypyridine complexes, perhaps
by as much as 2-3 orders of magnitude. Qualitatively, this result agrees with the work of
Kebede and Lindquist, who found that the diffusion constant of I3 is decreased by about
an order of magnitude through roughly similar titania membranes.® Furthermore, it has
been demonstrated in this chapter that a mass transfer limitation arising from a lack of

catalytic sites on the cathode is unlikely.
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Additional experiments are warranted in order to quantify and further substantiate
the mass transfer limitation of cobalt-mediated DSSCs. The RDE experiments detailed in
this chapter were only preliminary. In particular, questions remain regarding the flow
profile across the irregular and non-planar surface of the modified RDE. As discussed, it
appears unlikely that the profile was altered to the extent that the conclusions regarding
the diffusion coefficient are wrong, but extraction of a reliable value from the data is
likely not possible at present. The estimated value of 7 x 10 (an upper limit) is
relatively close to that predicted by the consideration of actual currents observed in
DSSCs (3 x 107) as discussed in the introduction to this chapter. Considering that the
latter number was arrived at under the assumption of a linear concentration gradient
across the titania layer (unlikely, as discussed), the two numbers are actually in fairly
good agreement. Nevertheless, future work should be directed towards electrochemical
experiments designed to more accurately determine the value of the effective diffusion
coefficient through mesoporous titania films.

Several methods may be envisioned. Obviously, initial efforts should be directed
towards the fabrication of a more planar RDE. The rotating disk experiment has been
shown to be promising in this regard and if the flow profile can be improved, then it
should be possible to more reliably extract a value for the diffusion coefficient.
Alternatively, thin cell experiments offer an conceptually simpler method by which to
control the thickness of the unstirred portion of the bulk solution (i.e., the thin layer cell
equivalent to the hydrodynamic boundary layer thickness). Through the use of a spacer
and a regular (or modified) DSSC sandwich cell configuration, the two thicknesses of the

titania and bulk solution layers may be easily controlled. In point of fact,
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chronoamperometry on a thin layer cell was briefly attempted before switching to the
RDE experiments. For reasons not entirely clear (possibly due to less than ideal electron
transfer kinetics on the titania-covered gold electrode), the experiments were not
successful. Future work on thin layer cells is advised, as they could very well provide a
second reliable means to confirm future values for the diffusion coefficient of metal
polypyridine complexes. Thirdly, the experimental/theoretical technique developed by
Papageorgiou and coworkers provides a method to more accurately account for the
influence of porosity on the effective diffusion coefficient and is therefore also
recommended.’

Lastly, in the event that mediator transport is proven to be rate-limiting, the
challenge will be to alleviate the problem. As proposed in Chapter 3, finding a less
viscous solvent in which cobalt(III) complexes are soluble is an obvious first approach.
Other strategies are less obvious. In principle, creation of a thin cobalt layer on the
surface of the photoanode (serving to control the electron transfer kinetics at the titania
surface) could allow for the use of a second redox couple, one with faster diffusion
through mesoporous titania, to shuttle the photogenerated hole through the film to the
cathode. However, as detailed in Chapter 2, creation of a thin cobalt layer on the
photoanode surface is a formidable challenge. Another strategy is to alter the
morphology of the nanocrystalline titania in such a way as to facilitate faster ionic
transport through the film. Ordered mesoporous films and titania nanorods offer two
ways in which the pores may be aligned to provide more direct, less tortuous paths
through the titania layer.”*'® Increasing the average pore size may also increase the

effective diffusion coefficient through the film.
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Whatever the best solution turns out to be, the cobalt-mediated DSSC is clearly a
very complex system with a variety of parameters which have not yet been optimized.
With so many variables and so many possibilities, it is impossible to say whether this
type of solar cell will ever become commercially viable. But clearly, regardless of the
outcome, much can be learned from its study regarding surface-dependent electron
transfer kinetics, diffusion through porous films, and thin layer electrochemistry in

general.
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