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Abstract

Photovoltaic (PV) technologies attract a lot of attention as a result of the increasing energy demand
and environmental concerns stemming from the conventional energy resources. Accordingly, the
power conversion efficiency (PCE) values of various solar energy harvesting units continue to in-
crease, targeting the Shockley-Queisser limit. However, the commercialization and integration of
these photovoltaic devices in various applications depend on several criterions such as cost, ease of
fabrication and reliability of the materials employed. Regarding their cost-effective and multifarious
manufacturing possibilities, and short energy-payback times we can foresee dye-sensitized solar
cells (DSCs) as proper candidates to become widespread power-supply devices.

In a DSC system, the open circuit potential (Voc) is determined as the difference between the quasi-
Fermi level of the semiconductor and redox potential of the electrolyte. By employing redox media-
tors with more positive redox potentials, the dye regeneration overpotentials can be reduced and
Voc outputs can be increased. During the course of this PhD study, we investigated Cu(1I)/Cu(l)
coordination complexes with bipyridine ligands holding methyl groups on the 6,6 positions as redox
mediators in DSCs. As revealed by DFT calculations, steric hindrance of the methyl groups provid-
ed proper geometries (tetrahedral for Cu(I) and distorted tetragonal for Cu(Il)) for minimizing the
reorganization energy for electron transfer. Thus, successful dye regeneration even with 0.1eV driv-
ing force became feasible without compromising photocurrent densities. We achieved high photo-
voltages of over 1.0 V and PCEs over 10%, using the organic Y123 dye under 1000 Wm™> AM1.5G
illumination by the series of copper complexes.

After this initial study, we concentrated on the complications associated with the soft nature and the
instability of the coordination sphere of copper species. Firstly, we showed that the Cu(Il) species
synthesized via CuCl, precursor exhibit different electrochemical behaviors in comparison to Cu(I)
counterparts. Hence, we proposed three procedures that leads to neat Cu(Il) species: chemical oxi-
dation of Cu(l), electrochemical oxidation and changing our precursor to Cu(TFSI),. Secondly, we
studied the effect of the 4-tertbutyl pyridine and similar base additives in the electrolyte medium.
With bases, the coordination sphere and the geometry of the complexes were different in compari-
son to the ones presumed without a base. We studied the effects of this occurrence to the dye regen-
eration and charge recombination reaction rates in detail in reference to the Marcus Theory.

We demonstrated [Cu(tmby),]*""" (tmby = 4,4',6,6'- tetramethyl-2,2'-bipyridine), as an effective
hole transport material (HTM) in solid-state DSCs (ssDSCs). With this HTM, we circumvent the
pore filling problems occurring in conventional ssDSCs. Therefore, we could use thicker TiO; films
to achieve better light harvesting efficiencies. Furthermore, for the same redox mediator we demon-

strated that the DSCs show remarkable PCE values at ambient lighting. Under illumination from a
fluorescent light tube (1000 Iux) we achieved PCE values of 28.9%.



All our findings indicate that the DSCs employing copper complexes can be utilized as power
sources for low capacity electronics (such as portable devices and wireless sensor networks) and
open up a new industrialization path for this scientifically well-established technology.

Keywords

Dye sensitized solar cell, copper redox mediators, copper complexes, charge recombination, dye
regeneration, copper electrolyte
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Résumeé

Les technologies photovoltaiques attirent beaucoup d’attention en raison de la forte augmentation
de la consommation énergétique mondiale mais aussi a cause des conséquences inhérentes li¢es a
I’utilisation des sources conventionnelles d’énergies. De ce fait, 1’efficacité énergétique (EE) de ces
diverses technologiques photovoltaiques ne cesse de s’améliorer avec pour but d’atteindre la limite
théorique de Shockley-Queisser. Cependant, la commercialisation et I’intégration de ces unités pho-
tovoltaiques dans domaines divers et variées de la vie de tous les jours, dépend de plusieurs facteurs
tels que les colits de fabrication, la facilité de production et la durabilité des mati¢res premiéres. La
technologique des cellules solaires a colorants (CSCs) se présente comme une sérieuse candidate a
la conversion généralisée d’énergie solaire en énergie ¢électrique notamment grace a leurs faibles
colits de production ainsi qu’a la facilité de fabrication.

Dans une CSC, la tension a circuit ouvert (Vco) va dépendre de la différence entre le quasi niveau
de Fermi du semi-conducteur ainsi que du potentiel d’oxydoréduction de couple redox présent dans
I’¢lectrolyte. Ainsi, en utilisant des couples redox ayant un potentiel d’oxydoréduction trés positif, il
est possible de réduire la force motrice pour la régénération du colorant et par conséquent augmen-
ter la tension a circuit ouvert. Dans cette thése, nous avons étudié des complexes de coordinations
basés sur le couple Cu(Il)/Cu(I) ayant pour ligand deux pyridines connectées aux positions 2,2’ et
possédant aussi deux groupes méthyl aux positions 6,6’. Ces complexes organométalliques ont été
utilisés en tant que couple redox dans les CSCs a électrolyte liquide. La théorie de la fonctionnelle
de la densité a permis de prouver I’important role que jouaient les groupes méthyls. Ces derniers
arrivent en effet a stabiliser les complexes de cuivres par effets stériques ce qui fournit une géomé-
trie de coordination adéquat pour les atomes de cuivre : tétraédre pour le Cu(l) et tétragone défor-
mée pour le Cu(Il). L’optimisation de ces géométries permet a ces complexes de cuivre de posséder
des énergies de réorganisation pour le transfert d’électron selon Marcus minimales. En effet, il est
possible de régénérer efficacement le colorant avec une force motrice de 0.1 eV seulement, sans
affecter les densités de courants produites. Nous avons ainsi pu fabriqué des cellules solaires ayant
une EE supérieur a 10% en utilisant le colorant organique Y123 sous une illumination de 1000
W-m™.

Ensuite, nous nous sommes concentrés sur les complications liées a la nature des complexes de
coordinations & base de cuivre. Nous avons dans un premier temps montré que les complexes de
Cu(Il) synthétisés a partir de CuCl, avaient différents comportements électrochimiques comparé a
leurs analogues de Cu(I). De ce fait nous avons développé trois procédures permettant de produire
des complexes de Cu(Il) : I’oxydation chimique de complexes de coordination de Cu(I), I’oxydation
électrochimique de complexes de coordination de Cu(l) et finalement la synthése chimique en utili-
sant un le précurseur Cu(TFSI),. Nous avons ensuite étudi¢ ’effet de I’additif basique 4-tertbutyl
pyridine ainsi que d’autres composées similaires sur les performances des CSCs. Nous avons ob-
servé que ’ajout d’une de ces bases, modifie la géométrie de coordination des complexes et affect
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de ce fait la régénération du colorant ainsi que la vitesse de recombinaison des charges selon la
théorie de Marcus.

Nous avons aussi découvert que les complexes [Cu(tmby),]*”"" (tmby = 4,4,6,6'-tetramethyl1-2,2'-
bipyridine), pouvaient servir de couche de transport de trou dans les cellules solaires a colorant a
électrolyte solide. Grace a ces matériaux, nous avons pu résoudre les problémes causés par les rem-
plissages des pores qu’il y avait dans les cellules solaires a colorant a électrolyte solide convention-
nelles. Ceci nous a ainsi permis d’utiliser des films de TiO, plus épais et ainsi nous avons pu amé-
liorer les EE. De plus en utilisant le méme couple de complexes de cuivre dans des CSCs a électro-
lyte liquide, nous avons pu atteindre une EE de 28.9% en illumination avec une source de 1000 lux.

Mots-clés

Cellule solaire a colorant, couple redox de cuivre, complexes de coordination de cuivre, recombi-
naison de charge, régénération du colorant, électrolyte a base de cuivre.
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Abbreviations

ACN Acetonitrile

AM Air Mass

bpy bipyridyl

bpy-pz 6-(1H-pyrazol-1-yl)-2,2'-bipyridine

bpyPY4 6,6'-bis(1,1-di(pyridin-2-yl)ethyl)-2,2'-bipyridine

BTBP 2,6-bis-tert-butylpyridine

CR Charge Recombination

CB Conduction Band

CE Counter Electrode

CPE Constant Phase Element

D5 3-(5-(4-(diphenylamino)styryl)thiophen-2-yl)-2-cyanoacrylic acid
D35 (E)-3-(5-(4-(bis(2',4'-dibutoxy-[1,1'-biphenyl]-4-yl)amino)phenyl)thiophen-2-yl)-2-cyanoacrylic acid
D45 (E)-3-(5-(4-(bis(2',4'-dimethoxy-[1,1'-biphenyl]-4-yl)amino)phenyl)thiophen-2-yl)-2-cyanoacrylic acid
DFT Density Functional Theory

dmby 6,6'-dimethyl - 2,2'-bipyridine

dmp bis(2,9-dimethy-1,10-phenanthroline)

dpphen dpphen = 2,9-diphenyl-1,10-phenanthroline

DR Dye Regeneration

DSC Dye-sensitized Solar Cell

EIS Electrochemical Impedance Spectroscopy

eto 4-ethoxy-6,6'-dimethyl-2,2'-bipyridine

FF Fill Factor

FTO Fluorine-doped tin oxide

GW Gigawatt

HOMO Highest Occupied Molecular Orbital

HTM Hole Transport Material

IoT Internet of Things



IPCE Incident-Photon-to-Current-conversion Efficiency

I-v Current-Voltage

J-v Current density-Voltage

LED Light Emitting Diode

LEG4 3-{6-{4-[bis(2',4'-dibutyloxybiphenyl-4-yl)amino- ]phenyl}-4,4-dihexyl-cyclopenta-[2,1-b:3,4-b']dithiophene-2-yl} -

2-cyanoacrylic acid

LHE Light-Harvesting Efficiency

LiTFSI Lithium bis(trifluoromrthylsulfonyl)imide)
LS Low Spin

LUMO Lowest Unoccupied Molecular Orbital
MCU Microcontroller Units

MLCT Metal to Ligand Charge Transfer

MOP 4-methoxypyridine

NOBF, Nitrosonium tetrafluoroborate

NOP 4-(5-nonyl)pyridine

OTf trifluoromethanesulfonate

PCE Power Conversion Efficiency

PEDOT poly(3,4-ethylenedioxythiophene

PDTO 1,8-bis(2'-pyridyl)-3,6-dithiaoctane

phen 1,10-phenanthroline

PIA Photoinduced Absorption Spectroscopy
PN Propionitrile

PV Photovoltaic

SEM Scanning electron microscope

SHE Standard hydrogen electrode

spiro- 2,2'7,7"-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spirobifluorene
MeOTAD

ssDSC Solid-state Dye-sensitized Solar Cell
TAS Transient Absorption Spectroscopy

TBP 4-tert-butylpyridine

TCO Transparent Conductive Oxide

TC-SPC Time-Correlated Single-Photon Counting
TFSI bis(trifluoromrthylsulfonyl)imide)

tmby 4,4',6,6' — tetramethyl - 2,2' - bipyridine



™ Terawatt
uv Ultraviolet

UNFCCC United Nations Framework Convention on Climate Change

WSN Wireless Sensor Networks
XRD X-ray Diffraction
XY1 (E)-3-(4-(6-(7-(4-(bis(2',4'-bis((2-ethylhexyl)oxy)-[ 1, 1'-biphenyl]-4-yl)amino)phenyl)benzo[c][ 1,2,5]thiadiazol-4-yl)-

4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']dithiophen-2-yl)phenyl)-2-cyanoacrylic acid

Y123 3-{6-{4-[bis(2’,4’-dihexyloxybiphenyl-4-yl)amino-]phenyl}-4,4-dihexyl-cyclopenta-[2,1-b:3,4-b’]dithiphene-2-yl} -
2-cyanoacrylic
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Symbols

DX]

EO
ECB

eV

Hag
Jo

Jmax

Ncp

Absorbance

Capacitance

Concentration

Diffusion Coefficient

Extended Circuit Element
Elementary Charge

Formal Redox Potential
Conduction Band Edge Potential
Elektronvolt

Faraday Constant

Oscillator Strength

Electronic Coupling

Exchange Current Density

Current density at maximum power
Short Circuit Current Density

Rate constants

Boltzmann Constant

Density of electrons in the conduction band
Density of states in the conduction band
Input Power

Maximum Power Output
Elementary charge

Extracted charge

Gas Constant

Resistance

Spatial separation of the donor and acceptor
states

Temperature
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Pinj
(I)CC

cI)reg

Te

Tir

Potential at maximum power
Open Circuit Potential
Measure of barrier height

Center-to center distance

First vertical excitation energies

Reaction free energy

Free energy of activation
Solar cell efficiency
Reorganization energy
Wavelength

Injection quantum efficiency
Charge collection efficiency
Regeneration efficiency
Photon flux

Electron lifetime

Electron transport time

Frequency
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Chapter 1 Introduction

The section on ‘1.6. Copper Redox Mediators for DSC applications’ is adopted from the following article:

Postprint version of the submitted review paper: ‘Metal coordination complexes as redox mediators in regenerative dye-sensitized
solar cells’ by Yasemin Saygili, Marko Stojanovic, Natalie Flores-Diaz, Shaik M. Zakeeruddin, Nick Vlachopoulos, Michael Gratzel,
and Anders Hagfeldt. (Submitted to Inorganics)

My contribution: Writing the section related to copper redox mediators for DSC applications

1.1 Rise in Energy Demand

The growth in earth population and economy brings about a drastic increase in energy demand. Ac-
cording to U.S. Energy Information Administration the world energy consumption is expected to
rise 28% between 2015 and 2040. ' Similarly, the energy consumption rate at 2050 is predicted to
be 27.6 TW considering the moderate projections on global population, globally averaged domestic
product per capita and globally averaged energy intensity values. > Until now the greater part of the
energy sources were carbon based fossil fuels. > Unfortunately, the energy production via these car-
bon-based materials brings about problems of environmental pollution and carbon dioxide (CO,)
emission. In particular, increase in the atmospheric CO, concentration severely affects average
mean global temperature and climates. The consequent global warming appears as a common con-
cern of human-kind, which irreversibly threatens all ecosystems and biodiversity.

In order to satisfy the future energy demand without damaging the environment, non-CO, emitting
and carbon neutral energy technologies should be advanced and adopted. Sustainable life-
styles/consumption patterns should be supported and a public awareness should be raised together
with the technologic progress and technology based enforcements. According to the Paris Agree-
ment *, (which was adopted under the United Nations Framework Convention on Climate Change
(UNFCCCQ)), the global temperature rise should be limited below 2 °C. Thus, the delegate countries
are responsible to take effective measures until 2020.

In 2017, 8.4% of the global electricity production was sustained by renewable energy sources in-
cluding the energy obtained by wind, geothermal, solar, biomass and waste conversion. It was re-
ported that the share of power generation by renewables have been raised 6.1% since 2007.° Con-
sidering the rising awareness on the urgent threat of climate change, policy and regulation ameliora-
tions, the share of renewable energy on global energy production is expected to rise further.

1.2 Sunlight as an Energy Source

Our sun has an enormous potential to fulfill the global energy demand. Only in one-hour the sun
provides more energy to earth in comparison to the energy consumed globally in a year. The sun
can be considered as a blackbody at a temperature around 5800 K, which emits light with a range of
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frequencies. However, this irradiation is highly affected by absorption by the molecules in Earth’s
atmosphere (mainly O3, H,O and CO,), scattering effects and the optical path length through the
Earth’s atmosphere. The properties of the radiation striking to earth’s surface depends on its own
optical length. Therefore, the spectral irradiance is defined with an air mass coefficient, that takes
into account the path length of light. The air mass can be estimated by 1/cos(e¢) where o is the zenith
angle. Air Mass 0 (AM 0) corresponds to the solar spectrum outside of the atmosphere. Air Mass 1
(AM 1) corresponds to the spectrum of the sunlight that travels through the atmosphere till the sea
level when the sun is at zenith. In this spectrum, the absorption of O3, H,O and CO; causes dips at
certain wavelengths. Air Mass 1.5 (AM 1.5) is the solar irradiance when ¢ is equal to 48.2°. This
spectrum represents an overall yearly average radiation for mid-latitudes when the optical path is
equal to 1.5 times of the atmosphere thickness. AM 1.5 Global (AM 1.5G) is the standard spectrum
used for photovoltaic device characterization. The AM 1.5G spectrum includes the diffuse light
components arising from scattering, whereas the AM1.5 Direct (AM 1.5D) does not. Integration of
AM 1.5G over wavelength gives the energy received from the sun per unit area and per unit time as
1000 W m™. The spectral irradiance of AM 0, AM 1.5G and AM 1.5D are given in Figure 1-1.
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Figure 1-1 Spectral irradiance of AM 0, AM 1.5Global and AM 1.5Direct Spectrums (ASTM G173-03).

In theory, 60 TW of power can be generated by installing solar farms with 10% efficiency in view
of the input energy flux through earth’s atmosphere. ¢ Thanks to the rising awareness on the harm-
ful effects of fossil fuels and governmental subsidies, the solar-to-energy implementations are in-
creasing. According to the International Energy Agency, during 2017, the PV(photovoltaic) market
has grown 29%. This constitutes a 98 GW installed and grid-connected capacity globally for 2017
and thereby the total installed capacity became 402.5 GW by the end of 2017.” The further exten-
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sion of solar energy will depend on the availability of efficient and low-cost PV technologies and
effective energy storage technologies in terms of batteries and hydrogen. ®

Currently, 90% of the PV market is constituted by the silicon monocrystalline and polycrystalline
modules.” Based upon the historical generation and maturity, the silicon wafer technology is re-
ferred as the first generation of solar cells (together with GaAs cells). Second generation of solar
cells consists of thin-film technologies such as amorphous silicon, CdTe, CIGS cells that constitute
the rest of the PV market. Each of these technologies have several advantages, however, certain
disadvantages such as high-cost and the scarcity of the employed materials makes PV market in the
quest for new technologies. Third generation solar cells target to achieve cheaper solar cells either
by lower material consumption or by employing inexpensive and simpler materials. Third genera-
tion solar cells include novel or advanced thin film technologies such as organic, quantum dot solar
cells, multi junction cells, hot-carrier collection, thermo-photovoltaics, and dye-sensitized solar
cells. ’

1.3 Dye Sensitized Solar Cells

The dye-sensitized solar cell (DSC) technology has attracted a lot of interest in the last 30 years for
conversion of solar energy to electrical energy. Originally, this technology was based on the con-
cept of sensitization of semiconductors in the interest of silver halide photography and electropho-
tography. In photographic science, photoelectric experiments in liquid state devices and theoretical
studies on the corresponding processes were carried out by Becquerel'® and Gurney&Mott'!, re-
spectively. Following Vogel’s'? research on sensitization of silver halide emulsions for the photog-
raphy field, Moser'” applied the sensitization concept on photochemical cells by using the erythro-
sine dye on silver halide electrodes to achieve light to electrical conversion. Similar sensitization
studies in the 1960’s were carried out by Gerischer and several researches on ZnO crystals.'*"” In
these periods, importantly, the mechanism of the initial step that is following the light absorption
unveiled to be an electron transfer process rather than an energy transfer. '® It was recognized that
for maximum efficiency, dye molecules should be packed closely as a monolayer. *° In order to
increase light harvesting efficiencies, the efforts were later concentrated on the development of high
surface area oxides and sensitizers with better anchoring abilities. ***' Moser and Gritzel* investi-
gated the sensitization of colloidal TiO, by adsorbed eosin molecules in terms of electron injection
and electron recombination kinetics. In this study they demonstrated that the injection rate of elec-
trons from the photo-excited dye is orders of magnitude faster than the recombination of the oxi-
dized dye and TiO, conduction band electrons. Eventually, Brian O’Regan and Michael Graetzel”
demonstrated DSCs employing high surface area mesoporous titania film and a trimeric ruthenium
complex sensitizer. This embodiment reached power conversion efficiency (PCE) values above 7%.
Since this achievement, the DSC technology draws attention due to its potential for being commer-
cialized as a low cost photovoltaic system and therefore component development and integration
studies are carried out worldwide. These studies mainly concentrate on developing dye, working
electrode, and electrolyte materials providing high efficiency values and long term stability for
DSCs.
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1.3.1 Components of DSC and Working Principles

Dye-sensitized solar cells are photo-electrochemical devices that are eligible for direct sunlight-to-
electricity conversion. The main DSC components can be classified as a photoanode, a counter elec-
trode and an electrolyte/redox system for a liquid-state device. The photoanode consists of a meso-
porous semiconductor material (typically TiO,), and dye molecules that are attached to this mesopo-
rous material. Upon light absorption, the dye molecules get photoexcited and inject electrons to the
conduction band of the semiconductor. The oxidized dye molecules are regenerated by the electro-
lyte while the electrons follow an external circuit. The cycle is completed by the reduction of oxi-
dized redox species at a catalyst loaded counter electrode surface. A schematic of a DSC is given in
Figure 1-2.

In the dark, the quasi-Fermi level of TiO, and the redox potential of the electrolyte are equal and
therefore, no net current flows. Upon illumination, the electron concentration in the TiO; increases
and the quasi-Fermi level of TiO; shifts up. The open circuit potential (Voc) of a DSC is determined
by the difference of potential between the quasi-Fermi level of electrons in TiO, and the Nernst
potential of the redox mediator under illumination, according to Equation 1-1. The Nernst potential
of the redox mediator is given in Equation 1-2, where E is the formal redox potential of the redox
couple, R is the gas constant, T is temperature, n is the number of electrons transferred in the reac-
tion and C is the concentration of oxidized and reduced species. The quasi-Fermi level of electrons
in TiO; can be expressed by Equation 1-3, where Ecg is the conduction band edge potential of TiO,,
kg is the Boltzmann constant, q is the elementary charge, ncg is the density of electrons in the con-
duction band, and Ncg is density of states in the conduction band of TiO,. The main parameters that
are determining the photocurrent of a DSC can be listed as light harvesting efficiency, charge injec-
tion efficiency and charge collection efficiency.

Voc = EF,TiOZ'EF,redox 1:1)
., RT C
EF,redox =E° 'ﬁ n (Croe);) (1: 2)

kgT n
Errio, = Ecp- Z In (£> (1:3)
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Figure 1-2 Schematic diagram of a DSC.

1.3.2 Processes in Dye Sensitized Solar Cells

The working principle of a DSC is based on the electron transfer processes occurring mainly on the
oxide/dye/electrolyte interfaces. In order to obtain higher photovoltaic performance, all the process-
es should be optimized in terms of the kinetics and the energy levels (driving forces). The main pro-
cesses involved in a DSC system can be simply illustrated as in Figure 1-3.
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Figure 1-3 Main processes in a DSC device.



Chapter 1

Under illumination, the dye molecules (D) absorbs photons and become photoexcited (D*) (process
1). In other words, the electron energy in the sensitizer becomes excited from the HOMO (highest
occupied molecular orbital) level to the LUMO (lowest unoccupied molecular orbital) level. Fol-
lowing this process, the photoexcited dye molecules either inject electrons to the conduction band
of TiO; (process 3) or relax back to the ground state (process 2). The injection quantum efficiency
(pinj) 1s an important parameter, which affects device performance, as calculated by Equation 1-4,
where kinj and kqecay are the rate constants for electron injection and decay of the excited dye, respec-
tively. Several groups reported electron injection timescales in femtosecond to picosecond range for
the dye-coated films in an inert solvent. >’ According to these studies, the electron injection pro-
cess is orders of magnitude faster than the radiative/non-radiative decay of the excited dye (which
occurs in a nanosecond time scale). Therefore, competition of electron injection and dye relaxation
is normally not considered as a limiting factor in terms of achieving better photovoltaic perfor-
mance. However, the measurements carried out in the presence of electrolyte additives (ex. 4-tert-
butylpyridine (TBP), Li") resulted in slower electron injection halftimes due to conduction band
shifts of TiO,. **Consequently, the competition of electron injection and back decay becomes a fac-
tor that is limiting the DSC photovoltaic conversion efficiencies.

kinj

e 1:4
kinj + kdecay ( )

Pinj =

Photoinduced electron injection follows the regeneration of the oxidized dye molecules by a redox
mediator (process 4). The regeneration efficiency (®r,) can be described as in Equation 1-5, where
Kreg and k. are the rate constants for dye regeneration and pseudo-first order rate constant for the
recombination of electron in TiO, and oxidized dye (process 5), respectively. The dye regeneration
with iodide occurs in ps timescale * with regeneration efficiency values reaching unity.’ For seve-
ral one-electron cobalt complexes the regeneration is reported to occur in ps timescale.*® The rege-
neration efficiency depends on the driving force for regeneration (difference between redox poten-
tial and oxidation potential of the dye), the re-organization energy of the molecules upon redox
reaction and mass transfer limitations arising from slow diffusion.

krey

o = —
red kreg + krec

(1:5)

Recombination of the conduction band electrons with the oxidized dye molecules (process 5) and
redox species (process 6) are the particular unwanted processes that occurs in a DSC system. The
recombination process depends on the electron density in the conduction band and accordingly the
light intensity. Electron lifetime (t.) is described as the time for recombination of TiO, electrons
and electrolyte, whereas electron transport time (1) is defined as the time interval for electrons to
transport through the TiO; layer. The charge collection efficiency (@) shows the competition be-
tween the electron transport and electron recombination, as calculated by Equation 1-6.

o = 1
cc — ‘[i
1+Te

(1:6)
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The mesoporous TiO; film consists of nanoscale crystalline particles. Owing to the small size of
these particles, a built-in electric field throughout the TiO, network is not possible. Therefore, the
electron transport cannot be sustained by an electrical potential gradient (drift), instead it is ex-
pected to be dominated by diffusion. *' Electron transport in the mesoporous network becomes fast-
er with increasing incident light intensities.’> This behavior is explained by the multiple trapping
model.**?> According to this model, the electrons are mostly trapped in localized states below the
conduction band. However, with thermal activation they become free to move. With higher light
intensities, the electron concentration and Fermi level increase and in the same way the driving
force for diffusion is also increased.

1.4 Marcus Theory

The simple electron transfer reactions (where no chemical bonds are broken or formed), in a sur-

rounding solvent, between molecules can be analyzed with Marcus Theory*®>*

of Marcus Theory can be given as in Equation 1-7

H, 52 < (AG° + A)2>
= p -

k ex
" [anik,T 42k T

where Hag’ is the electronic coupling, A is the total reorganization energy (including changes in

. The basic equation

a7

bond lengths and angles as well as solvent reorganization) and AG°is the reaction free energy. The

electronic coupling term can be expressed as;
H,z* = H,%expPT (1:8)
where r is the spatial separation of the donor and acceptor states and fis a measure of barrier height.

According to this theory, electron transfer rates are highly dependent on the electronic coupling
between the donor and acceptor (i.e. the overlap of the populated orbitals of the donor and empty
orbitals of the acceptor), reorganization energies and reaction free energy. Figure 1-4a represents
the potential energy-nuclear configuration curves of the reactant encounter pair and product encoun-
ter pair. The free energy of activation AG* is given in Equation 1-9. Marcus Theory predicts that the
free energy of activation decreases (rate of electron transfer increases) with increasing driving forc-
es if AG°<A. However, if AG®>), the rates decrease with increased driving forces for reaction and
this domain is called Marcus inverted regime. The response of the rate constant in relation to reac-
tion free energy and reorganization energy is shown in Figure 1-4b.

B (AG® + 1)?

#
AG v

(1:9)
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Figure 1-4 a) Parabolic potential energy curves for reactant and product encounter pairs and b) Representation of Mar-
cus normal and inverted domains.

1.5 DSC Redox Mediators

In accordance with the discussed working principles of a DSC system and electron transfer theory,
we can state that the redox mediators have a significant impact on the ongoing processes in DSCs.
More specifically, the redox mediators have vital importance to the DSC device performance in
terms of regeneration of the oxidized dye molecules, charge transfer between the electrodes and
catalytic activity at the counter electrode surface. Consequently, the Ji,, Voc and FF values are di-
rectly affected by the redox mediator and electrolyte properties. The main requirements of being a
good redox mediator can be summarized as below:

If electron injection is not a limiting process in a DSC, better J, values depend on the continuous
regeneration of the oxidized dye molecules. The dye regeneration process should not be limited by
the mass transport problems. The solubility of the redox species in electrolyte solvent should be
enough to satisfy a continuous process. Besides, parasitic absorption of the redox mediator should
be negligible in comparison to the absorbance of dye molecules. The oxidized form of the redox
couple should efficiently accept electrons at the counter electrode, whereas the opposite should be
the case at the photoanode.

In DSCs, the difference between the quasi-Fermi level of TiO, and the redox potential of the elec-
trolyte determines the Voc of the system. In order to have better Voc values, the redox potential of
the electrolyte should be as positive as possible, though sustaining fast enough electron transfer
kinetics for dye regeneration to efficiently compete with the back decay of electrons in the TiO, to
the oxidized dye. This is also reflected as resulting in a low current.

From the perspective of a whole device fabrication, operation and durability, the redox mediator
should ensure good photo-electrochemical stability and compatibility with additives and other mate-
rials employed in the device.

As can be seen in the literature, the main DSC studies were concentrated on the development of
sensitizers. The emphasis on the importance of the choice of redox mediator has been insufficient.

8
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Consequently, iodide/tri-iodide and cobalt redox mediators became the mostly accepted and popular
redox shuttles in the DSC field. The advantages and disadvantages of these redox couples are pre-
sented in the following sub-chapters.

1.5.1 Advantages and Disadvantages of iodide-triiodide

After the discovery of DSCs, iodide/tri-iodide redox couple was used as the conventional redox
mediator since it had the highest efficiency values with different types of sensitizers in comparison
to other redox mediators. So far, the best certified PCE value for a I'/I;~ based device is reported as
11.7% under full sun illumination (Voc=0.758V, J=19.78mAcm™>)*. The main advantage of this
electrolyte was suppressed recombination of injected electrons with tri-iodide, which provided
higher photovoltages and currents. Additionally, the I'/I;~ was considered to be advantageous in
terms of having good solubility in a wide range of solvents and exhibiting fast diffusion rates. On
the other hand, being a two-electron redox couple, this electrolyte causes large internal losses in
devices. Oxidation of I" to I3~ is a kinetically complex process, which includes several coupled
electrochemical and chemical steps*®** This complexity makes the internal losses inevitable. The
energy level difference between the I'/I;” and HOMO level of dye stays by around 0.5 V or more by
taking into account that the standard potential of this electrolyte is around 0.35 V vs SHE. This high
overpotentials for dye regeneration, limits the photovoltage outputs and accordingly the efficiency
values.

Another drawback of using this electrolyte is the absorption of tri-iodide in the visible part of the
solar spectrum. The parasitic absorption of the tri-iodide has a detrimental effect on the light har-

434 11 addition, the corrosiveness of I/l to-

vesting efficiency values of the working electrode.
ward several metals is another problem of this redox mediator in terms of long term durability. It is
reported that /I3~ causes corrosion with some DSC components such as some electrocatalysts,

conductive supports and distribution grids employed for large area electrodes. ***

1.5.2 Advantages and Disadvantages of Cobalt Redox Mediators

Most of the aforementioned problems of I/Isredox mediator were overcome with one-electron
transfer cobalt complexes. With these transition complexes, different ligand substitutions allow the
tuning of the physical and chemical properties, redox potentials, and electron transfer kinetics of the
corresponding redox mediator. By ligand modifications, the stability of the redox shuttle can also be
controlled.” In addition, these outer-sphere complexes exhibits faster electron exchange processes
since cleavage or reformation of chemical bonds, or the formation of intermediate species (as in the
case of I'/I3") is not observed.

With ligand engineering, the redox potentials of the coordination complexes can be kept as positive
as possible in order to achieve high Voc values. Owing to their more positive redox potentials, co-
balt redox mediators provide improved photovoltage values and accordingly higher efficiencies in
comparison to the I'/I; system.** ' (So far, a record efficiency value of 14% (not certified) has been
achieved for liquid state DSCs with cobalt redox mediator [Co(bpy)s]*"*" (bpy=bipyridyl) and co-
sensitized working electrode.” ) However, the dye regeneration rates decrease and recombination
rates increase when the redox potential of the electrolyte becomes more positive. *° The limitation
on dye regeneration occurs due to the large internal reorganization energy requirement between d’
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(high spin) and d° (low spin) states for cobalt complexes™. For example, in order to achieve a 93%
regeneration yield with a triphenylamine-based organic dye™*, 230 mV dye regeneration overpoten-
tial is necessary. This necessity of driving force still appears as a substantial potential loss.”*’

Another major disadvantage of cobalt redox mediators is reported as the high recombination rate of
the electrons in the TiO;, conduction band to the redox species in the electrolyte. This factor limits
photovoltage and photocurrent and brings about poor overall performance. *° By using sterically
insulating ligands, the recombination rates can be decreased. ** However with this approach, bulky
complex structures are formed. This situation can be problematic in terms of mass transport limita-
tions in the mesoporous layer.”” >° Therefore, in order to reduce the recombination reaction, surface
passivation”® techniques or modification of dye structures via attachment of bulky electron rich

49,50,61-64 -

substituents is preferred. (The latter method can also be problematic in terms of dye load-

ing).

Stability issues and toxicity appear as other important limitations for cobalt complexes in terms of
their potential for industrialization and mass production.®>

1.6 Copper Redox Mediators for DSC Applications

Copper is a first row transition metal; therefore, its ions are likely to form coordination complexes
adopting different geometries. As a d'* system, Cu(I) generally favors adopting a four-coordinate
complex in tetrahedral geometry ®’. On the other hand, as a d’ system, Cu(II) complexes can exhibit
different stereochemistry such as six-coordinate tetragonal (distorted octahedral) or five- coordinate
(square pyramidal or trigonal bi-pyramidal) geometries 68 As a result of the different geometry
preferences of Cu(l) and Cu(Il) species, the electron transfer reactions in unconstrained Cu(I1I/T)
systems are expected to require significant reorganizational energies concerning the internal chang-
es in bond lengths and angles as well as the surrounding matrix. Nevertheless, with steric con-
straints the coordination number and the preferred geometry of copper species could be altered.
Accordingly, the activation energy barrier for electron transfer reactions can be modified. * For
instance, “blue-copper”’® proteins which are involved in many chemical and biochemical catalytic
systems in nature showed appropriate redox potentials and electron transfer kinetics owing to their
ligand environment "7,

Copper complexes were studied both as dye-sensitizers and redox mediators for DSC applications.
Sauvage and coworkers’ designed copper dyes with 2,2’-bipyridine or 1,10-phenantroline ligands
that hold carboxylate anchoring groups and substituents in the positions next to the nitrogen coordi-
nation sites. These substituents hinder the oxidation to Cu(Il). Constable, Housecroft and coworkers
investigated homoleptic and heteroleptic Cu(I) dyes for DSC applications.”>”’®

We were inspired by some of the preceding studies on copper redox mediators for DSC applica-
tions. The ligands used in these former studies and the redox potentials of the corresponding com-
plexes are given in Figure 1-5. A brief summary of the related literature is provided below.

Copper coordination compounds were utilized as DSC redox mediators for the first time by Yanag-
ida and coworkers "’. In this pioneering work, they emphasized the significant features of copper
species to be employed as a redox couple in DSC applications. According to the Franck-Condon

10
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principle as clarified by Marcus *’, in order to achieve fast electron transfer and minimize the re-
quired energy for transition between oxidized and reduced species, the geometry of the copper
complexes should be adjusted. Yanagida and coworkers’”’ employed [(-)-sparteine-
N,N'](maleonitriledithiolato-S,S") copper ([Cu(SP)(mmt)]), as a blue copper model complex, which
closely mimics the spectral and redox behavior of the blue copper proteins involved in the photo-
synthetic chain in nature. With this redox couple, by achieving a distorted tetragonal geometry, the
difference in bond lengths and geometries between copper(I) and copper(Il) is cleverly minimized
and therefore the copper site is optimized for fast electron transfer and better dye regeneration. Ad-
ditionally, they studied bis(2,9-dimethy-1,10-phenanthroline)copper  ([Cu(dmp),](CF3S03),),
which also exhibits distorted tetragonal geometry due to the steric hindrance effects of methyl
groups in the 2,9 positions of the phenanthroline ligand. They reported a comparison of the blue
copper model complex and [Cu(dmp),] to [Cu(phen),](CFs;SOs3), (phen) 1,10-phenanthroline), in
which the four N-donor atoms are expected to be nearly coplanar. It was shown that the electron
self-exchange rate constant increases in the order: [Cu(phen)z]w+ < [Cu(SP)(mmt)]”" <
[Cu(dmp),]*"*. With [Cu(dmp),]*""*, the structural change between the copper(Il) and copper(l)
complexes was minimized due to the distorted tetragonal geometry. Additionally, they emphasize
the importance of choosing electron mediators with high redox potentials, in order to obtain high
energy conversion efficiencies with high photovoltage outputs. By employing the N719 dye, the
power conversion efficiency values were reported as 1.4%, 1.3% and 0.12% for [Cu(dmp)z]w "
[Cu(SP)(mmt)]" " and [Cu(phen),]*"""" complexes, respectively, under full-sun illumination. With
[Cu(drnp)g]w ' the Vo (0.79 V) is reported to be higher than the other two complexes as well as
/15" in accordance with the formal redox potentials of these complexes. (For [Cu(dmp),]*""", the
redox potential was reported as 0.66 V vs Fc'/Fc.) (Pavlishchuk et al. reported Fc+/Fc versus SHE
value as +0.624 V for acetonitrile solutions’)

By following a different strategy, Bignozzi and co-workers " also developed new copper complex-
es ([Cu(bpy-(COOEt)),]*""", [Cu(bpy-(COOnbut),),]*""", [Cu(bpy-(COOTbut),),]*"", [Cu(PQ)2
¥, [Cu(MeTBPQ),]*""", [Cu(BQ),]*""") and investigated them as redox mediators in conjunction
with Z907 sensitized DSC devices. In order to minimize the back electron transfer rates, i.e. re-
combination of injected electrons with the oxidized redox species, they preferred copper complexes
having high reorganization energies. Considering the relevant nuclear re-arrangement occurring in
tetrahedral Cu(I) oxidation to octahedral or trigonal-bipyramidal Cu(Il) species (and vice versa),
sluggish electron recombination rates were expected. However, this strategy resulted in a slow dye
regeneration processes. With this set of molecules, the [IPCE maxima values lied around 35-40%.
Among other complexes, [Cu(BQ)2]2+/1+ reported to have a higher formal redox potential, and there-
fore smaller driving force for dye regeneration. This complex did not however, perform well with
the Z907 dye. It was also shown that 4,4’ di-substituted bipyridine complexes exhibit very slow
electron transfer kinetics, and the bulky substituents in the same position are not advantageous in
terms of suppressing the recombination. Moreover, both the dye regeneration and the electrochemi-
cal response of the counter electrode were negatively affected.

1% redox shuttle in combination with the

Wang and co-workers * re-examined the [Cu(dmp),]
C218 dye. By employing the C218 dye, a 7% photon-to-electrical-conversion efficiency was re-

ported (Ve =0.932V, Ji. =11.3mA/cm’, FF=0.66). In this work low electron transfer rates on sev-
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eral counter electrode materials such as noble metals, carbon black and conductive oxides, was re-
ported resulting in poor fill factors. The same complex [Cu(dmp)z]%m, was studied by Freitag et al
8! with an organic dye (LEG4) and a PEDOT (poly(3,4-ethylenedioxythiophene)-coated counter
electrode (CE). In this work, the use of a [Cu(dmp),]*""" electrolyte led to a higher photovoltaic
performance, with a PCE of 8.3% for LEG4-sensitized TiO; solar cells, with a remarkably high
open-circuit voltage of above 1.0 V at 1000 W m > under full sun conditions (Js. =12.6mA/cm?,
FF=0.62). In comparison, the efficiency obtained in the same study was 7.3% with the
[Co(bpy)s]*"*" mediator (Ve =0.88V, Ji. =7.33 mA/cm?). Additionally, it was unveiled that a small
driving force for dye regeneration of only 0.2 eV is sufficient to obtain a virtually unit yield in dye
regeneration. By means of electrochemical analysis, it was shown that the copper complexes have
higher diffusion coefficients compared to the Co-based alternatives. Therefore, copper-based sys-
tems exhibited less mass transport limitations compared to Co-based electrolytes. A drawback of
the Cu-complex was observed due to quenching of the dye excited state by the mediator. According
to steady-state emission and time-correlated single-photon counting (TC-SPC) measurements, the
authors reported bimolecular reductive quenching of the excited LEG4 dye by the [Cu(dmp).]*"
complex through a dynamic mechanism. Quenching of the reduced dye molecules by the
[Cu(dmp),]* complex competes with electron injection and results in a lower photocurrent. It was
reported that the quenching of excited LEG4 by the [Cu(dmp),]'",[Co(bpy)s]*", and [Co(bpy)s]*"
complexes followed a static mechanism, however, only for the [Cu(dmp),]*" complex, a dynamic
quenching mechanism is engendered from purely collisional encounters between the excited dye
and the [Cu(dmp),]** complex. They suggested structural modifications in dye and redox molecules
in order to inhibit unwanted quenching processes and hence achieve higher photovoltaic conversion
efficiencies.

Hoffeditz et al.  developed a copper redox shuttle obtained from the 1,8-bis(2-pyridyl)-3,6-
dithiaoctane (PDTO) ligand and the common DSC additive TBP in acetonitrile (ACN). In this work
they showed that, upon oxidation, copper ions replace the PDTO ligand with TBP and accept four
or more TBP ligands. Thus, in the electrolyte Cu(I) and Cu(Il) species exist with different ligand
coordinations i.e. Cu(PDTO)" and Cu(TBP)4+X(ACN)y2+. These species are reported to be intercon-
vertible based on transfer of a single electron. The variance of the coordination spheres of Cu(I) and
Cu(II) species results in widely differing Cu(Il/I) formal potentials and reactivities for the forward
as compared to the reverse electron transfer. It is reported that various factors such as charge trans-
fer resistance, dark current suppression and redox couple potential, and, as a result, the photovoltaic
performance of the devices, are highly dependent on the TBP concentration. With increasing TBP
concentration both Voc and J,, values are increased, however, fill factor values are decreased
(Voc=0.88 V, Jic =4 mAcm™, FF=0.52).
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Figure 1-5 Some of the reported ligands for copper redox mediators in DSC applications and the redox potentials of the
corresponding complexes.

1.7 Main Characterization Techniques

The main device characterization techniques that are used during this thesis are given in the follow-
ing subchapters. These techniques enable the performance assessment of each device as well as the
analysis of the effects and interaction of the materials employed, ongoing competitive processes,
and their effects on the power conversion efficiencies. (The characterization of the components are
provided in the related main chapters when necessary).

1.7.1 Current Density-Voltage Characteristics

The power conversion efficiency of a DSC can be measured by means of current density-voltage (J-
V) characteristics. The current-voltage (I-V) data are collected by a voltage scan from open circuit
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conditions (infinite load) to short-circuit conditions (zero load). The maximum power density out-
put can be calculated at the point where the multiplication of current density and potential is maxi-
mum. The solar cell efficiency (1) can be obtained with the ratio of the obtained maximum power
output (Pmax) to the input power (P;,) from the irradiation as in Equation 1-10, where FF denotes the
fill factor. FF is defined by the ratio of maximum power density to the multiplication of open circuit
voltage and short circuit current density (Ji) as in Equation 1-11. This parameter includes the ef-
fects of several loss mechanisms such as recombination of electrons, leaking current and series re-
sistances.
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The J-V characteristics carried out in the dark shows the recombination behavior of the electrons in
the photoelectrode to the oxidized redox species. A typical J-V curve is illustrated in Figure 1-6.
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Figure 1-6 A typical JV curve under illumination and dark conditions.

1.7.2 Incident-Photon-to-Current-conversion Efficiency (IPCE)

Incident Photon-to-Current-conversion Efficiency (IPCE) indicates how efficiently the absorbed
photons are converted into electrons as given in Equation 1-12, where e is the elementary charge
and ®()) is the photon flux as a function of wavelength (A). IPCE is measured under monochro-
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matic illumination under short circuit conditions. By means of this measurement the spectral re-
sponse of a device at a certain wavelength can be obtained.
Jsc(A) Jse D[Acm™?]

o) - 0% DWW om ] (1:12)

IPCE =

The integration of the produced photocurrent density over the illumination wavelength results in a
short-circuit current density as given in Equation 1-13:A typical IPCE data and the integrated cur-
rent density of a DSC device is given in Figure 1-7.

Jse = j IPCE(D)e @(1)dA (1:13)

The IPCE can also be expressed as:

IPCE = LHEq)an cDreg cDCOll (1 14)

where LHE is light-harvesting efficiency (Equation 1-15), @ is the quantum yield of electron in-
jection, @y, is the dye regeneration efficiency and @, photo-generated charge collection efficien-
cy. The light harvesting efficiency can be calculated by knowing the absorbance of the film(A) as:

LHE =1—104 (1:15)

Equation 1-14 is quite useful in terms of estimating the performance limiting processes in a DSC
system.
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Figure 1-7 Typical IPCE (left) and integrated current density (right) curves for a DSC.
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1.7.3 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a well-established method to investigate the in-
terfacial charge transfer between a solid (working electrode) and electrolyte. This method is also
developed as an important tool for DSC since it provides an analysis of the electrochemical pro-
cesses occurring in a DSC system. A DSC can be modeled with basic electrical elements by using
Transmission Line- equivalent circuits®’. Within the certain range of potentials, some DSC process-
es become negligible and some of them much dominant. For that reason, different equivalent circuit
models are viable for different range of potentials. The analogous electrical circuits of a DSC for
high, intermediate and low potential regions are represented in Figure 1-8 (a, b and c), respectively.
The circuit elements can be summarized as below:

Reeries 18 the series resistance, which represents the transport resistance of the transparent conductive
oxide (TCO).

Rcr is the charge transfer resistance at the counter electrode/electrolyte interface.
CPcr is the interfacial capacitance at the counter electrode/electrolyte interface.

Rrro represents the charge transfer resistance for electron recombination at the FTO (Fluorine-
doped tin oxide)/electrolyte interface (becomes dominant at low forward voltage biases).

CPrro is the capacitance at the TCO/TiO/electrolyte interface.
W is the Warburg element related to the diffusion of redox species in the electrolyte.

Dx; is the extended element for complete equivalent circuit of diffusion-recombination transmission
line.

Figure 1-8 (d, e and f) shows the Nyquist plots at high, intermediate and low potentials, respectively
for a DSC sensitized with D45 dye and employing a cobalt redox shuttle. At a high potential bias
Figure 1-8 (d), the first semicircle in the high frequency region indicates the resistance at the coun-
ter electrode/electrolyte interface. The second and third semicircles represent the charge recombina-
tion and diffusion resistances, respectively. At intermediate potentials Figure 1-8 (e), the character-
istic transmission line is observed (the transport resistance line), and the following semicircle ac-
counts for the electron chemical capacitance with the charge transfer resistance. For low potentials
(Figure 1-8 (f)) the large arc represents the charge recombination and the capacitance at the
FTO/electrolyte interface, as the dominating elements of impedance. For low potentials, diffusion
related to the electrolyte is not observed.
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Figure 1-8 Equivalent circuit models for a DSC for a) high b) intermediate and c¢) low potentials and Nyquist plots of a
D45-sensitized device employing cobalt redox mediator at different applied potential biases d) high (900 mV) e) inter-
mediate (563 mV) and f) low (169 mV).

1.8 Motivation and organization of the study

The general goals of this thesis were to design new redox mediators and investigate them via in-situ
and ex-situ techniques prior to DSC optimization studies in order to provide higher performance
with long-term stability in DSC applications. In order to increase photovoltage outputs, firstly, we
concentrate on decreasing the overpotential for dye regeneration. Considering the promising studies
appeared in literature (Chapter 1.6), we concentrated on the development of new copper redox me-
diators.

Accordingly, in Chapter 2, we introduced two copper bipyridyl complexes as new redox couples for
DSCs. We showed that with these redox couples, oxidized dye molecules can be regenerated suffi-
ciently even with driving forces as low as 0.1V. This can be achieved as a result of the small reor-
ganization energy between Cu(I) and Cu(Il) species. By keeping a low driving force for dye regen-
eration, high photovoltages of over 1.0 V were attainable without compromising photocurrent den-
sities.

In Chapter 3 and Chapter 4, in order to gain further understanding on copper redox mediators we
performed further electrochemistry experiments. We showed that the coordination spheres of these
complexes are highly dependent on the precursor materials used in the synthesis and the electrolyte
additives (more specifically TBP). In Chapter 4, we studied four pyridine bases (4-tert-
butylpyridine, 2,6-bis-tert-butylpyridine, 4-methoxypyridine and 4-(5-nonyl)pyridine) and evaluat-
ed these bases as electrolyte additives. We observed that base-specific electrochemical properties
also affects the device performance.
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In Chapter 5, we studied the effect of coordination sphere on copper redox mediators on dye regen-
eration and electron recombination processes both experimentally and theoretically. We showed
that the dye regeneration occurs in the Marcus normal regime. The electron recombination occurs,
however, in the Marcus normal regime in the presence of TBP.

In Chapter 6, we used copper complexes as a hole transport material, (HTM), for a solid state
DSC(ssDSC). We showed that copper complex-HTM completely infiltrated the 6.5um mesoscopic
TiO; scaffold, and efficiently conduct holes by rapid hopping.

Finally, in Chapter 7, we demonstrate a DSC system, which achieves very high power conversion
efficiencies under ambient light conditions. We showed that PCE values can be as high as 28.9%
under fluorescence light tube illumination.
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Chapter 2 Copper Bipyridyl Redox Media-
tors for Dye-Sensitized Solar Cells with High
Photovoltage

This chapter is adopted from the following article with the permission of the journal:

Postprint version of the publication: ‘Copper Bipyridyl Redox Mediators for Dye Sensitized Solar Cells with High Photovoltage.
Journal of the American Chemical Society.,2016, 138, 45, 15087-15096.DOI: 10.1021/jacs.6b10721° by Yasemin Saygili, Magnus
Soderberg, Norman Pellet, Fabrizio Giordano, Yiming Cao, Ana Belen Muriioz-Garcia, Shaik M. Zakeeruddin, Nick Vlachopoulos,
Michele Pavone, Gerrit Boschloo, Ladislav Kavan, Jacques-E. Moser, Michael Gridtzel, Anders Hagfeldt and Marina Freitag

My contribution: Synthesis and characterization of the copper complexes, device preparation and characterization, analysis of the
data, writing the manuscript.

In this chapter we introduce two copper complexes as promising redox mediators in DSCs. With
these new copper complexes, we reduced the driving force for dye regeneration with the redox me-
diator (as low as 0.1 V). We demonstrate high photovoltages of over 1.0 V and power conversion
efficiencies over 10% by using the organic Y123 dye under 1000 W m™? AM1.5G illumination.

2.1 Introduction

Since the discovery of DSCs, the iodide/tri-iodide redox couple has been conventionally used as the
redox mediator, which has shown the highest efficiency values together with excellent stability data
with different types of sensitizers in comparison to other redox mediators.® The main advantage of
this redox couple is the suppressed recombination of injected electrons with tri-iodide providing
high photo-currents. On the other hand, being a two-electron redox couple, [/1I5 electrolytes cause
large internal potential losses for oxidized dye regeneration. In addition, there may be problems of
corrosiveness and competitive visible light absorption.*** These disadvantages were overcome
with one-electron transfer cobalt complexes with more positive redox potentials, which resulted in
an improved photovoltage and with overall higher efficiencies compared to the I'/1;” system.” ! In
these complexes, different ligand substitutions to the cobalt metal center enable the tuning of the
redox potentials and electron transfer kinetics. However, the large internal reorganization energy
requirement between d’ (high spin) and d® (low spin) states for cobalt complexes turns out to be a
disadvantage by limiting the driving force available for dye regeneration.”> With a coordination
number of six (octaheadral), the ligands linked to a cobalt metal center form bulky structures, lead-
ing to mass transport limitations in the mesoporous layer.”” >
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As alternative redox mediators, copper complexes (Cu(I)/Cu(Il)) have been studied both as redox
mediators”*** and hole transport materials (HTMs)* in DSCs. First, Hattori et al. obtained a
maximum photon-to-electrical-conversion efficiency (PCE) of 1.4% with bis(2,9-dimethyl-1,10-
phenantroline)copper(I)/(1I) [Cu(dmp),]*"*!, which has a distorted tetragonal shape providing a
relatively low reorganization energy.’” The results were further improved by Bai et al., who reached
7% PCE® with the organic C218 dye, and recently Freitag et al. attained 8.3% PCE by having re-
markably high open circuit voltages (V) above 1.0 V with the organic D-n-A LEG4 dye.®' Further,
it was reported that the [Cu(dmp),]*"""" complex with a redox potential of 0.93 V vs SHE, is able to
sufficiently regenerate the oxidized dye molecules with a small driving force (0.2 eV), minimizing
internal energy losses.

In this chapter, we report two new copper bipyridine complexes 6,6'-dimethyl - 2,2'-bipyridine
(Cu™ (dmby),TFSI,) and 4,4',6,6' — tetramethyl - 2,2' - bipyridine (Cu™" (tmby), TFSI,), which
we examined in comparison to the reference [Cu(dmp),]*”""" complex in DSCs sensitized with the
3-{6-{4-[bis(2’,4’-dihexyloxybiphenyl-4-yl)amino-]phenyl}-4,4-dihexyl-cyclopenta-[2,1-b:3,4-
b’]dithiphene-2-yl}-2-cyanoacrylic (Y123) dye.54’64 We tuned the formal redox potentials of copper
complexes relative to [Cu(dmp)z]%/ " and investigated this change with respect to regeneration ki-
netics and device performance. By maintaining the coordination geometry around the copper metal
center during the change of the Cu oxidation state from I to II, internal reorganization energies can
be minimized, allowing the regeneration to proceed rapidly at low driving force. For Cu(l) bis-
phenantroline complexes, the non-hydrogen groups at 2,9 positions of phenantroline ligand had
already been reported to provide small changes in ligand-copper distances upon oxidation.**®®

Since Cu(dmp); is already proven to be successful as a redox mediator for DSCs, the Cu(dmby),
complex is similar designed by keeping the methyl groups adjacent to the nitrogen groups and re-
placing the phenantroline with bipyridine to tune the redox potential and other properties. The struc-
ture of the Cu(tmby), complex has two additional methyl groups at each ligand. The electron donat-
ing effect of a methyl group (4,6 positions) shifts the redox potential by 100mV towards the nega-
tive. A schematic representation of the energy levels in DSC devices, and molecular structures of
the Y123 dye and the copper complexes are given in Figure 2-1.
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Figure 2-1 a) Schematic representation of energy levels in dye-sensitized solar cells. Molecular structures of the b)
Y123 dye ¢) Cu(dmp),*"""* d) [Cu(dmby)z]w " and ¢) [Cu(tmby)z]w " complexes.

2.2 Results and Discussion

2.2.1 Electrochemical and Spectroscopic Data

The formal redox potentials, extinction coefficients and diffusion coefficients of the investigated
complexes, are tabulated in Table 2-1.The formal redox potentials of the [Cu(dmby),]*""" and
[Cu(tmby),]*"""" complexes are determined by cyclic voltammetry using a three electrode setup with
a glassy carbon working electrode.

From the obtained reversible voltammograms (with equal anodic and cathodic peak currents after
repeated cycles) of Cu(I) species, the formal (conditional) redox potentials for [Cu(dmby),]*”"" and
[Cu(tmby)2]2+/ " are determined. If we omit the difference in activity coefficients, the potentials can
be approximated to the standard electrochemical potential, with 0.97 V and 0.87 V vs the standard
hydrogen electrode (SHE) for [Cu(dmby),]*""" and [Cu(tmby),]*""", respectively. The redox poten-
tials were referenced to SHE by addition of 0.624 V with respect to the formal potential of the ref-
erence ferrocene/ferrocenium redox couple, see Figure 2-4.
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Table 2-1 Electrochemical and absorption data for Cu(I) and Cu(Il) species

eM 'em™) Amax (M) D (10 ecm*s™)) E” (V vs SHE)

Cu(I)(dmp),TFSI 7300 457 12.6
0.93

Cu(I)(dmp)(TFSI), 850 360 14.4

Cu(I)(dmby),TFSI 6900 455 11.7
0.97°

Cu(I)(dmby),TFSI/CI 1300 360 333

Cu(I)(tmby),TFSI 5300 451 112
0.87°

Cu(Il)(tmby),TFSI/C1 1400 360 22.0

(¢ : extinction coefficient, Ay =absorption peak wavelength, D: diffusion coefficient, E”: formal redox potential)

Note® These formal potentials are determined from the voltammogram of Cu(I)-species only.

The substitutions of the bipyridine ligands have an explicit influence on the redox potential of the
complexes. The dimethyl substitution of the bipyridine ligands provides a higher redox potential for
[Cu(dmby)z]w ! whereas the additional two methyl groups giving the electron donation function,
lower the redox potential for [Cu(tmby),]*""'*. The redox potential of [Cu(dmp),]*"""" has been re-

ported to be 0.94 V vs SHE.*

In case of [Cu(tmby),]*" and [Cu(dmby),]*" species, we observe more complex voltammograms
with negative shifts against the redox wave of [Cu(tmby),]'" and [Cu(dmby),]'". Solely in the case
of phenanthroline complex, the formal redox potentials of Cu(Il) and Cu(l) species were matching.
To address this issue further, an additional study was carried out, in which the Cu(dmby)*" and
Cu(tmby)*" were reduced chemically, either by ferrocene or by ascorbic acid. In all cases simple
voltammograms of Cu(l) species were obtained, which points out issues with the purity of the
Cu(Il) complexes (Figure 2-3). The reduction of Cu(tmby)*" by ferrocene caused precipitation in
the electrolyte solution, so the voltammogram cannot be considered quantitative, but an upshift of
the redox waves of the reduction product is obvious (Figure 2-3a). A more elegant way of reducing
Cu(tmby)2+ to Cu(tmby)" is the use of ascorbic acid (Figure 2-3b). The electrochemical data shows
that the reaction of CuCl, with the corresponding ligand provides more complex products than it is
originally assumed. In this stage of the study, it was presumed that the TFSI anion is coordinating to
Cu(Il) center, leading to the two species deferring in redox potentials. In contrast the chemical oxi-
dation of Cu(dmp)” by NOBF, provided a single species as shown in Figure 2-2a.

In a more recent work by J. Hupp and coworkers, TiO, conduction band edge shifts were attributed
to the result of the coordination changes of the copper species due to excess TBP™. In addition to
standard electrochemical potential determinations, cyclic voltammetry experiments were also per-
formed in excess TBP conditions (2.5 times higher molar excess of TBP referenced to Cu(l), similar
to the electrolyte solution). In the case of excess TBP, significant negative shifts (about 20 mV) in
the redox potentials were observed for the three investigated complexes, which also enhance the
dye regeneration efficiencies by the increased driving forces (Figure 2-2).
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Figure 2-2 Cyclic voltammograms of 5 mM solutions of (a) [Cu(dmp),][TFSI] (red curves) and [Cu(dmp),][TFSI],
(blue curves), (b) [Cu(dmby),][TFSI] (red curves) and [Cu(dmby),][TFSI], (blue curves) (c) [Cu(tmby),][TFSI] (red
curves) and [Cu(tmby),][TFSI], (blue curves) in 0.1 M LiTFSl/acetonitrile. Scan rate 10 mV/s. Dashed lines are volt-
ammograms of the same species but after adding 4-tert-butylpyridine (12.5 mM concentration). Potentials are refer-
enced to the Ag/AgCl (sat’d LiCl in ethanol) reference electrode. A standard ferrocene couple was 0.469 V vs. Ag/AgCl
(with no significant influence of TBP addition).
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Figure 2-3 Right chart: Cyclic voltammograms of 5 mM solutions of [Cu(tmby),][TFSI], (red curves) and the same
complex after addition of 0.5 or 1 equivalents of ferrocene (blue or black curves, respectively) in 0.1 M
LiTFSl/acetonitrile. Left chart: product of chemical oxidation of [Cu(tmby),][TFSI], by ascorbic acid (blue curve is
for the same solution after adding ferrocene). Scan rate 10 mV/s.

The absorption spectra of Cu(I)(tmby),, Cu(I)(dmby), and Cu(I)(dmp), show absorption maxima at
Amax= 450-460 nm in acetonitrile, which is attributed to the metal-to-ligand charge transfer (MLCT)
transitions (Figure 2-4 and Figure 2-5). For Cu(Il) species, the absorption peaks are observed in the
UV region assigned to 7 = 7 transitions (see, Figure 2-4).
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Figure 2-4 UV-Vis spectra of CuL,TFSI;, (L= ligand) in acetonitrile solution, concentration 50 uM (blue curves), 0.5
mM (red curves) and 5 mM (black curves). Optical cell thickness 2 mm.

To compare the diffusion coefficients of the copper complexes, rotating disk electrode measure-
ments were carried out. The results were analyzed with the use of the Koutecky-Levich equation. It
is observed that copper complexes have higher diffusion coefficients in comparison to a cobalt tris-
bipyridine complex. Each copper atom (with coordination number 4) is chelated with 2 ligands,
whereas cobalt complexes (coordination number of 6) require 3 ligands. The copper complexes
have smaller molecular sizes and therefore higher diffusion coefficients. It can easily diffuse in the
mesoporous structure. (The diffusion coefficients for Co(III)(bpy)s;(TFSI); and Co(II)(bpy)s(TFSI),
were determined to be 7.2x10° cm’s™ and 6.1x10° cm®s™, respectively, under the same experi-
mental conditions.)
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Figure 2-5 UV-Vis spectrum of the actual electrolyte solution (diluted 1000 x with acetonitrile). For comparison, the
spectra of individual components are shown too. The actual working electrolyte solutions prepared without TBP is
displayed by the blue curve. Optical cell thickness 2 mm.

2.2.2 Density Functional Theory Calculations (DFT)

In order to estimate the reaction free energies and internal reorganization energies for the three cop-
per complexes, we performed DFT calculations with the Gaussian 09 suite of programs *° at the
PBEO level of theory °' with SDD ECP as basis set for Cu and TZVP basis set for other atoms.
Structural optimizations, molecular frequencies and thermochemistry data were obtained in solution
with the polarizable continuum model (PCM) for acetonitrile.”>”® Vertical excitation energies have

been computed with time-dependent DFT (TD-DFT) at the same level of theory.”*

For the three copper(I) complexes, HOMO and LUMO are both doubly degenerate. For
[Cu(dmp),]"", the computed first electronic transition (AEcy) at 466 nm (Table 8-1) corresponds to
the HOMO-LUMO transition and has a clear metal-to-ligand charge transfer character, Figure 8-1.
The molecular orbitals for [Cu(tmby),]'" and [Cu(dmby),]'" present similar qualitative features.

According to the computations, copper(I) ligands stay in a perpendicular configuration (Figure 2-6),
providing a tetrahedral coordination sphere for copper. Upon oxidation, the perpendicular alignment
decays to a distorted tetragonal structure (Figure 2-7 and Table 8-2): the most favored square-planar
Cu(II) coordination is prevented by the steric hindrance effects of the methyl groups in the 2,9 posi-
tions of the ligands. The free energy difference (AG,,) for oxidation of copper species and the inter-
nal reorganization energies (Ahi,) have been calculated for such configurations and the results are
listed in Table 2-2. These free-energy values are qualitatively consistent with the observed trend in
experimental oxidation potentials. For the three copper complexes, the predicted inner-sphere reor-
ganization energies are very low, about 0.3 eV, in comparison with these of cobalt species: for
Co(bpy)s and related complexes, the A;, values, computed with the same approach, lie in the range
of 0.52-0.63 eV (considering Co(II) low spin) and 1.39-1.78 eV (for Co(II) high spin).”” We have
only addressed the internal (inner-sphere) reorganization energy because recent works from other
groups95 ¢ have proven that this parameter (Ai,) is the key feature limiting the overall dye regenera-
tion process by Co-based redox mediators.
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It is found that these low reorganization energy values for the copper complexes originate from very
small changes in ligand-copper distances upon oxidation, which are only ~2% for Cu-ligand
(against ~10% for Co-ligand complexes).” Moreover, the Cu(I) ion in its spherically symmetric
3d" electronic configuration is less sensitive than Co(II) to structural distortions in the ligand coor-
dination sphere. For copper complexes, with the smaller re-organization energies, the driving force
for dye regeneration can be kept small to obtain improved photovoltages.

Figure 2-6 Cu(I) L, minimum-energy structures, L is dmp (a), dmby (b) and tmby (c).

Figure 2-7 Cu(Il) L, minimum-energy structures, L is dmp (a), dmby (b) and tmby (c).

Table 2-2 Free energy differences for the Cu(I) => Cu(Il) process (AGx) and corresponding inner-sphere reorganization
energy (Ain)

AGOX (SV) }"in (ev)
[Cu(dmp),]""** 4.68 0.281
[Cu(dmby),]""* 4.64 0.301
[Cu(tmby),]""** 4.47 0.294
[Co(bpy),]” ™"
5.00 0.613
(low-spin)®®
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2.2.3 Photovoltaic Performance of Dye-sensitized Solar Cells with Copper Complexes

The photocurrent-voltage data of solar cells containing the three different copper redox mediators
and Y123 sensitized TiO, films are given in Figure 2-8.

-109 |——[Cu(tmby),]""*
<« ~ — [Cu(tmby),J*""-dark
€ —— [Cu(dmby) P
< 54 |- = [Cu(dmby)J*"*-dark
£ (Cu(dmp) "
—

~ = [Cu(dmp),]"""*-dark

Figure 2-8 Photocurrent density vs voltage (J-V) curves measured under standard AM 1.5G illumination and in the dark
for solar cells sensitized with Y123 dye and employing copper complexes.

The photocurrent densities, open circuit voltages, fill factors and power conversion efficiencies of
the DSC devices employing the [Cu(tmby),]*""", [Cu(dmby),]*""" and [Cu(dmp),]*""" complexes
are summarized in Table 2-3. The power conversion efficiency is calculated using Equation 1-10.
For all complexes, PCEs above 10% at AM 1.5 G illumination were reached. This was the highest
PCE:s reported for DSCs based on Cu complexes as redox mediators when we carried out this study.
The three redox couples show remarkably high open circuit voltage values of more than 1.0 V at
full sunlight illumination. Evidently, a regular trend between the formal redox potentials (Table 2-3)
and the V,. values was observed. Though the trend between V,. and E” is proportional, there are
other effects to be taken into account in the discussion of the open circuit voltages of the DSCs.
This will be further discussed below in relation to recombination and conduction band edge shifts
with electron lifetimes and charge extraction measurements, respectively. The short-circuit current
density is observed to be highest for the [Cu(tmby),]*""" electrolyte as a result of the highest driving
force available for dye regeneration. Having the highest extinction coefficients for Cu(l), the
[Cu(dmp)z]H/ ** complex shows the lowest short-circuit current density due to the competitive light
absorbance.

Table 2-3 J-V characteristics for the [Cu(dmp),]*"""", [Cu(dmby)z]w1+ and [Cu(tmby)z]w * complexes

Redox couple Voe (V) | Je (mA ecm?) | FF PCE (%)

[Cu(tmby),]”"" | 1.04 15.53 0.640 | 10.3

[Cu(dmby),]”"" | 1.07 14.15 0.687 | 10.0

[Cu(dmp),]”"™ | 1.06 13.61 0.692 | 10.3
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The IPCE spectra for the DSC devices employing the three different redox couples are given in
Figure 2-9. For [Cu(tmby),]*""" based electrolyte, the maximum IPCE is found to be 92% at 520
nm. For [Cu(dmp)2]2+/ " and [Cu(dmby)z]w ' the maxima are 85% and 75%, respectively, around
500nm. The drop of IPCE at 360nm and 450nm is ascribed to the absorption of Cu(l) and Cu(II)
species in these regions. For further analysis, IPCE can be expressed as in Equation 1-14, by con-
sidering the effects of light-harvesting efficiency, quantum yield of electron injection, and photo-
generated charge collection efficiency. By assuming similar light-harvesting efficiency and quan-
tum yield of electron injection values (same dye and same working electrode parameters), the
charge collection efficiency values can be compared for the copper complexes under study. The
[Cu(tmby)2]2+/ I electrolyte showed the best charge collection efficiencies due to the increased driv-
ing force for dye regeneration and presumably reduced recombination as indicated from electron
lifetime measurements (electron lifetimes are measured under open circuit conditions). The broader
IPCE spectrum for the [Cu(‘cmby)2]2+/1+ complex is attributed both to the electron collection yield
due to longer electron lifetimes in the TiO,, and lower extinction coefficient of this complex. The
slightly blue shifted IPCE of [Cu(dmp),]*"""indiciates higher competitive light absorption for this
complex.

IPCE (%)

[Cu(dmby),]**"**
[Cu(dmp)z]z‘m
5] —[Cu(tmby),"""

—T 7T T T T T T 7T
350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 2-9 IPCE spectra of DSC devices sensitized with Y123 dye

2.2.4 Electron Lifetime Measurements

To understand the recombination reaction between the oxidized form of the redox species and in-
jected electrons in TiO,, electron lifetime and charge extraction measurements were carried out.
Semi-logarithmic plots of the measured electron lifetimes with respect to the quasi-Fermi level of
the electrons in the TiO, electrode of the complete devices are given in Figure 2-10. At the same
Fermi level (-0.05V vs SHE) the electron lifetimes were measured as 0.036, 0.021 and 0.006 s for
the [Cu(tmby)z]w " [Cu(dmp)z]w " and [Cu(dmby)2]2+/ " respectively. The electron lifetime val-
ues indicate that the recombination reaction is driving force dependent, corresponding to the Marcus
normal-region. The effect of steric properties of the ligands on the copper complexes is calculated
to be similar for the recombination reaction due to similar re-organization energy values (Table 2-2)
and therefore neglected. Electron lifetimes followed a coherent trend with respect to the driving
force for recombination reaction. Since the driving force for recombination is the lowest in case of
[Cu(tmby)z]w1+ complex, the electron lifetime showed higher values in comparison to the other
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2+/1+
™ complex re-

complexes. By having the most positive formal redox potential, the [Cu(dmby),]
sulted in lower electron lifetimes. The changes in the slopes of the electron lifetime data (see Figure
2-10) of the copper complexes are attributed to the recombination of electrons with FTO substrates
at low currents. Preventing recombination at low currents can be achieved by better blocking layer

processing and sensitizers with blocking properties.”’

The fact that the Voc values from the different Cu-complexes are close to each other, above 1.0 V,
although the redox potentials differ by about 0.1 V, can be explained together by the differences in
electron lifetimes and conduction band shifts. The Voc value will be a compromise between driving
force and recombination. For a larger driving force there will be a bigger internal potential drop
between the redox potential of the electrolyte and the oxidation potential of the dye, leading to rela-
tively lower Voc. At the same time dye regeneration will be faster and more efficient (see below).
Faster dye regeneration will intercept the recombination reaction between electrons in the TiO, and
oxidized dye and lead to longer electron lifetime. This is an indication of higher electron concentra-
tion in the TiO,, which means a higher quasi-Fermi level of the electrons and a relatively higher
Voc. Even if the [Cu(tmby)2]2+/ H complex has a lower redox potential, 0.1V lower compared to
[Cu(dmby)z]w I the Voc values are similar due to longer electron lifetimes for [Cu(tmby)z]w ",
The contribution of conduction band positions on Voc can be observed via the charge extraction
data. For the studied complexes, the charge extraction values normalized to Fermi level of the TiO,
are given in Figure 2-11. At a certain value of extracted charge, the conduction band positions ap-
peared to be most negative for [Cu(dmp),]*"”'", which is followed by [Cu(tmby),]*""" and
[Cu(dmby),]*"""". By having the most negative conduction band position and longer electron life-
times, [Cu(drnp)z]w1+ could reach V¢ values similar to the values of [Cu(dmby)z]w1+ although the
redox potential is lower. The differences in conduction band edges are attributed to the ligand coor-
dination changes due to TFSI and TBP especially for the [Cu(tmby),]*" and [Cu(dmby),]*", in
which the effect of coordination differences are clearly observable via cyclic voltammograms
(Figure 2-2).
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Figure 2-10 Electron lifetimes for the three copper complexes.

The light intensity dependence of the short circuit current density and photovoltage are given in
Figure 2-12. The Jsc values showed a linear dependence for the [Cu(tmby)z]wl+ complex. For the
[Cu(dmp):]*""" and [Cu(dmby),]*"""" complexes the photocurrent deviates from linearity with in-
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creasing light intensities. This effect can be explained with mass transport limitations of the copper
complexes. Under higher light intensities diffusion problems gives rise to a higher internal series
resistance. This will result in a non-linear behavior of the photocurrent with light intensity as well
as limitations of the fill factor in the DSC device. The high photovoltage stays nearly independent
of illumination intensity above 0.2 sun, being higher than 1.0 V at 0.2 sun for the [Cu(tmby),]*""*
and [Cu(dmp),]*"""" complexes. This feature gives copper complexes an intriguing potential for use
in devices for diffuse light and indoor applications (see Chapter 7).
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Figure 2-11 Charge extraction data obtained for devices with different electrolytes (Er. ri0:= EF redox~Voc)
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Figure 2-12 Light intensity dependence of (A) short-circuit current and (B) photovoltage for DSC devices based on the
three different copper electrolytes

2.2.5 Dye regeneration

The regeneration kinetics of the Y123 chromophore by the three copper complexes were investigat-
ed with Photoinduced Absorption Spectroscopy (PIA). The PIA spectra for the inert electrolyte so-
lution together with the [Cu(dmp)2]2+/1+, [Cu(dmby)z]zﬂ1+ and [Cu(tmby)z]w1+ electrolytes are giv-
en in Figure 2-13. Without the redox couple in the electrolyte, a bleach was observed at 540 nm due
to the ground-state bleach of the dye upon oxidation and Stark shift, i.e. absorption change of the
dye as a result of changes in the electrical field across the dye molecules by the photoinjected elec-
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trons.”>”” We also observe absorption peaks of the oxidized dye appearing at 680 nm and 800 nm in

the absence of the copper complexes. In the spectra of copper complexes, the bleach persisted
around 520 nm as a result of the Stark effect, whereas the absorption peaks of the oxidized dye dis-
appear due to efficient regeneration of the oxidized dye molecules with the redox species. The posi-
tive signal remaining in the PIA spectra higher than 650 nm is attributed to the absorption of elec-
trons that are accumulated in TiO,. From the results of the PIA measurements it can be concluded
that the copper complexes can effectively regenerate the oxidized dye species.
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Figure 2-13 PIA spectra of Y123 sensitized TiO, with an inert electrolyte and with electrolytes prepared with the three
different copper complexes.

2.2.6 Transient Absorption Spectroscopy

Dye regeneration kinetics with the copper complexes were further investigated with nanosecond
transient absorption spectroscopy (TAS) measurements, Figure 2-14. With an inert electrolyte (0.1
M Lithium bis(trifluoromrthylsulfonyl)imide)(LiTFSI) and 0.6M TBP in acetonitrile), the recombi-
nation of injected electrons in the TiO; and oxidized dye molecules showed an absorbance decay
signal with a 10 ms half-time(ty;). This is significantly slower than previously reported value for
this dye, which can be explained by the lower laser light intensity used in this work (1.27 pJ/cm?)
with respect to the reference study (20 pJ/cm?).>* In the presence of copper-complexes, the absorb-
ance signal show an accelerated decay by the faster regeneration of oxidized dye molecules with
Cu'" species. The regeneration halftimes of [Cu(tmby),]*”"", [Cu(dmp),]*”"" and
[Cu(dmby)z]w "are 1.8ps, 2.8ps and 4.8ps, respectively, under the same conditions, showing a di-
rect relation to the driving forces for dye regeneration. The regeneration efficiencies (®yg) for the
copper complexes are calculated using Equation 1-5. For all the copper electrolytes the @, values
found are close to 100%. For the Y123 dye, the regeneration efficiencies of cobalt ([Co(bpy-
pz)z]%m) (0.86V vs SHE) and iodide/tri-iodide (0.37V vs SHE) electrolytes were previously re-
ported to be 0.93 and 0.98, respectively based on 1.1ms halftime for the oxidized dye signal
decay.”* We can conclude that with a relatively low driving force for dye regeneration, the Cu-
complexes investigated in this study provide faster kinetics compared to previously reported sys-
tems. The comparison of regeneration efficiencies with previously reported values for cobalt and
iodide/tri-iodide indicates a better dye regeneration for copper complexes.
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Figure 2-14 Transient absorption spectroscopy measurements of Y123 sensitized TiO, films with inert,
[Cu(dmby),]*""*, [Cu(tmby),]*"" and [Cu(dmp),]*""" electrolytes.

2.3 Conclusion

In this chapter, the conventional iodide/tri-iodide or cobalt based electrolytes for DSCs have very
successfully been replaced with Cu™(dmby),TFSLy; (0.97 V vs SHE) and Cu™"(tmby),TFSL,
(0.87 V vs SHE) complexes. These copper complexes were compared to the previously reported
[Cu(dmp):]*""" complex by using the Y123 dye. Because of the high redox potentials of the copper
electrolytes, the potential used for dye regeneration is minimized. With the given ligand structures
providing small reorganization energies, the copper electrolytes are able to regenerate oxidized dye
molecules with values close to unit yield even with relatively low driving forces. With the opti-
mized devices 10.2%, 10.1 % and 10.3% overall solar-to-electrical power efficiencies were record-
ed for [Cu(trnby)z]w " [Cu(dmby)z]w1+ and [Cu(dmp)2]2+/ " based electrolytes, respectively, under
1000 W m™ AMI1.5G illumination. The photocurrent voltages are recorded to be higher than
1000mV indicating reduced potential losses in the devices. The efficient regeneration at minimized
driving forces open up possibilities for increasing DSC record efficiencies. Since the photovoltage
remain high, above 1V down to 0.2 sun light intensity, we anticipate these Cu-complex based DSCs
to be particularly attractive for indoor applications (as shown in Chapter 7). It is also clear that with
an improved fill factor through a better counter electrode material, the PCE values could be im-
proved further.

2.4 Experimental

Chemicals and Reagents. All chemicals and solvents were purchased from Sigma-Aldrich, HetCat
and TCI Chemicals, if not otherwise stated, and were used without further purification.

Synthesis of copper complexes. The synthesis of copper complexes was performed as previously
reported.® For (Cu(dmp),TFSI) (Figure 8-2), one equivalent of Cul was mixed with four equiva-
lents of neocuproine hydrate in ethanol, under nitrogen atmosphere, at room temperature for 2
hours. The stirred solution was filtered and washed with water and diethyl ether. The resulting
complex was collected as an intense red crystalline powder.
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The Cu(dmp),TFSI, complex was produced by the oxidation of Cu(l) species with an addition of
NOBF,. Briefly, Cu(dmp),TFSI was dissolved in acetonitrile and one equivalent of NOBF,, fol-
lowed by five equivalents of LiTFSI being added after 30 min.

The solution was further stirred for 2 hours at room temperature and nitrogen atmosphere. The sol-
vent was removed by rotatory evaporation and the crude redissolved in minimum amount of di-
chloromethane (DCM). Cu(dmp),TFSI, was collected by filtration after precipitation from diethyl
ether and washed with diethyl ether. The product was a bright violet powder.

For complexation of Cu(dmby),TFSI and Cu(tmby),TFSI one equivalent of Cul was mixed with
three equivalents of dmby or tmby, respectively, in 20 ml ethanol, under nitrogen atmosphere, at
room temperature for 2 hours (Figure 8-3). The resulting Cu(l) complexes were obtained as intense
red, crystalline powders. The Cu(l) products were filtered and redissolved by addition of 5 ml of
deionized water followed by an addition of five equivalents of LiTFSI. The solutions were further
stirred for 2 hours at room temperature under nitrogen atmosphere resulting in red precipitations.
The complexes were collected by filtration and washed with water as bright red powders.

For Cu(dmby),TFSI, and Cu(tmby),TFSI, one equivalent of CuCl, was mixed with 3 equivalents of
dmby or tmby, respectively, in 20 ml ethanol, under nitrogen atmosphere, at room temperature for 2
hours. The resulting complexes were obtained as green powders. The product Cu(Il) species were
filtered and redissolved by addition of 5 ml of deionized water followed by an addition of five
equivalents of LiTFSI. The solution was further stirred for 2 hours at room temperature and under
nitrogen atmosphere. The complexes were collected by filtration as green powders and washed with
water.

Electrochemical characterization. Three electrode cyclic voltammetry measurements were per-
formed using a Autolab Pgstat-30 potentiostat with Ag/AgCl/saturated LiCl (ethanol) as reference
electrode and glassy carbon or platinum working electrodes under argon. Copper complexes were
dissolved in acetonitrile, with LiTFSI (0.1M) as supporting electrolyte. Redox potentials were pri-
marily referenced versus ferrocene, which was added in-sifu as voltammetric standard. The formal
potential of Fc/Fc' couple was between 0.468 and 0.471 V vs, our Ag/AgCl reference electrode.

Diffusion coefficient measurements were performed via rotating disk electrode voltammetry. A Bio
Logic SP300 potentiostat with a quasi-reference platinum electrode and glassy carbon rotating disk
electrode (2.9 mm, Radiometer Analytical-CVJ) were used in a solution of 0.1 M LiTFSI and 0.5 M
4-tert-butylpyridine in acetonitrile under argon atmosphere. The rotor speed was controlled by a
speed control unit (Radiometer Analytical-CTV101). The cell temperature was kept constant at 25
°C by a circulating water bath (HAAKE GH).

UV/Vis absorption data was gathered by a Hewlett-Packard 8453 diode array spectrometers and the
extinction coefficients were calculated using the Lambert-Beer Law.

Device fabrication. Preparation of the working electrodes: The photoanodes with a mesoporous
TiO, layer, counter electrodes and electrolyte were prepared separately and then assembled in a
solar cell device. For photoanodes a glass pretreatment procedure was followed to remove the con-
taminations that can affect the preparation of the compact underlayer and thus the cell performance.
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FTO glasses (NSG-10, Nippon Sheet Glass) were first cleaned with a detergent solution (Deconex)
in ultrasonic bath (45 min) and rinsed with water and ethanol. This initial step was followed by a 15
min UV/O; treatment (Model n0.256-220, Jelight Company, Inc.). Then the substrates were im-
mersed into a 53mM TiCly solution and kept at 70 °C in an oven for 30 min to allow the formation
of thin and compact TiO, underlayer. After 30 minutes the substrates were rinsed with water and
ethanol. The TiCly treatment was followed by 2 hours annealing process at 250 °C. Two layers of
mesoporous TiO, layers were prepared on top of the underlayer; the first layer was screen printed
using a paste consisting of 30 nm in diameter sized TiO, particles (Dyesol) and the second one with
400 nm sized particles (scattering layer). The substrates were sintered on a hot plate with a ramped
temperature profile, keeping the temperature at 125, 250, 325, 450 and 500 °C for 5, 5, 5, 15 and 15
minutes, respectively, with 5 minutes ramp duration between each temperature. The resulting TiO,
film thickness was 10 pum (5 um + 5 pm). To increase the surface area of the TiO; particles, a TiCly
post-treatment was performed, which was followed by another sintering process at 500 °C for 30
min. Before dipping the TiO, electrodes into dye solutions, they were annealed with a heat gun for
30 minutes at 500°C. After cooling down to 80 °C, they were put into the dye solution.

Dye solutions: 0.1mM Y123 dye (Dyenamo AB) solutions were prepared in tert-butanol/acetonitrile
(1:1 v:v) mixture. 0.4 mM chenodeoxycholic acid was used in the dye solutions as an additive to
prevent aggregation. Working electrodes were dipped for 16 hours in these solutions.

Preparation of counter electrodes: FTO glass (TEC 6, Pilkington) as substrate for the counter elec-
trodes was cleaned with Deconex (2 % wt in water), acetone and ethanol with 30 minutes duration
for each, and coated with PEDOT via electrodeposition.'*

The working electrodes and counter electrodes were assembled in a dry box with 25um Surlyn
(Dupont), which provides the spacing between the two electrodes as well as sealing for the electro-
lyte. The electrolyte was introduced into the device through a predrilled hole in the counter elec-
trode under vacuum. The electrolytes consisted of 0.2 M Cu(I) and 0.04 M Cu(Il) complexes with
0.1M LiTFSI and 0.6 M TBP in acetonitrile.

Solar Cell Characterization. The device current-voltage characteristics were obtained by using a
450W xenon light source (Oriel, U.S.A). A Keithley model 2400 digital source meter (Keithley,
U.S.A) was used to apply an external potential bias to the devices and measure the resulting current.

Incident-Photon-to-Current-Conversion Efficiency. IPCE data were acquired using a modulated
light intensity with a frequency of 1 Hz. The light, from a 300 W xenon light source (ILC Technol-
ogy, U.S.A), was focused through a monochromator (JobinYvon Ltd., U.K) and directed to the de-
vice under test. A white light bias was used to have similar light intensity conditions as during nor-
mal operation.

Electron Lifetime Measurements. Electron lifetime measurements were performed using a white
LED (Luxeon Star 1W) as light source. Voltage traces were recorded with a 16-bit resolution digital
acquisition board (National Instruments) and lifetimes were determined by monitoring photovoltage
transients at different light intensities upon applying a small square wave modulation to the base
light intensity. The photovoltage responses were fitted using first-order kinetics to obtain time con-
stants.
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Photoinduced Absorption Spectroscopy. The photo-induced absorption spectra of the various cells
were recorded over a wave-length range of 450-1000 nm following an (on/off) photo-modulation
using a 36 Hz square wave emanating from a blue laser (406 nm) filter through a notch (Balzers
405). White probe light from a halogen lamp (20 W) was used as an illumination source. The light
was focused into a monochromator (Horiba, Gemini) and detected using a Si photodiode with a gain
of 10, connected to a lock-in amplifier (Stanford Research Systems model SR830).

Transient Absorption Spectra. The photo-induced kinetics was measured with an Ekspla NT-342 Q-
switched Nd:YAG laser using 532 nm as excitation wavelength. The pulse width was 4-5 ns
(FWHM) and the repetition rate was 20 Hz. The probe light source was a halogen lamp and the
probe wavelength at 715 nm was chosen using a monochromator. The film was positioned at ap-
proximately 45 degree angle with respect to the incoming laser pulse, for front illumination. The
signal was detected using the photomultiplier tube R9110 from Hamamatsu and recorded using the
oscilloscope DPO 7254 from Tektronix. The radiant output of the laser was attenuated using grey
optical density filters to 46 pJ/cm? for the measurements of the samples containing redox mediators,
and 1.27 pJ/em® for the electrolytically inert samples. Low light intensity value was deliberately
chosen in order to ensure that the data could be fitted to single exponential functions from which the
lifetimes could be obtained. An acquisition was averaged over 3000 laser shots.
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Chapter 3 Methods for producing electro-
chemically clean Cu(II)-bipyridine complexes

This chapter is adopted from the following articles with the permission of the journals:

Postprint version of the publication: ‘Electrochemical Properties of Cu(Il/T)-Based Redox Mediators for Dye-Sensitized Solar Cells,
Electrochimica Acta 2017, 227, 194-207. doi:10.1016/j.electacta.2016.12.185” by Ladislav Kavan, Yasemin Saygili, Marina Freitag,
Shaik M. Zakeeruddin, Anders Hagfeldt and Michael Gritzel

and

Postprint version of the publication: ‘Alternative Bases to 4-tert-butylpyridine for Dye-Sensitized Solar Cells Employing Copper
Redox Mediator, Electrochimica Acta 2018, 265, 194-201. doi:10.1016/j.clectacta.2018.01.142° by Parnian Ferdowsi*, Yasemin
Saygili*, Shaik M. Zakeeruddin, Javad Mokhtari, Michael Gritzel, Anders Hagfeldt, and Ladislav Kavan. (* denotes shared first co-
authors)

My contribution for the 1% paper: Synthesis of the complexes, preparation of the electrodes, device fabrication and characterization,
writing the corresponding parts in the manuscript.

My contribution for the ond paper: Reformulation of the synthetic method of Cu(Il) species, synthesis of the complexes, preparation
of the electrodes, device characterization, impedance analysis (partly), analysis of the characterization data, writing the correspond-
ing parts in the manuscript.

In the previous chapter, we showed that the [Cu(tmby),]*" and [Cu(dmby),]*" species did not be-
have electrochemically like the corresponding Cu(l) counterparts, interestingly, however, the
[Cu(dmp)2]* ‘complex did. More specifically, the Cu(Il)-bipyridine complexes exhibited unexpected
two-waves voltammograms with downshifted formal potentials, clearly pointing to impurity issues
from the synthetic procedure of these complexes, but the problem remained open. In this chapter we
demonstrate three methods for producing electrochemically and optically a clean [Cu(tmby),]*"
complex.

3.1 Introduction

One of the non-trivial problems associated with the [Cu(tmby)2]2+/+—mediator is the low stability of

the coordination sphere of the Cu(Il) counterpart of the redox couple, which follows from strong
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preference of Cu(II), but not Cu(I), for less-polarizable and more Lewis-basic ligands **'°'. Conse-
quently, in the previous chapterloz, as well as the succeeding breakthrough contributions,'*'** the
standard-purity Cu(tmby),” complex was used, but the corresponding Cu(Il)-counterpart was of
debatable quality. More specifically, the used Cu(Il)-complex exhibited a complicated cyclic volt-
ammogram, different from that of Cu(tmby)," '°"'®2. Obviously, the originally used synthetic proto-
col, based on the reaction of CuCl, with 1.5 excess of a free ligand (tmby) and 2.5 excess of LiTFSI
12" did not lead to a simple product, i.e. Cu(tmby),TESL. To address this issue, we found that
chemical oxidation of Cu(tmby),TFSI provided the desired -electrochemically clean
Cu(tmby),TFSL, '°'. Furthermore, we showed an electrochemical method towards electrochemically
clean Cu(Il) species. However, the preparative electrolysis requires special equipment. Lastly, we
provide a novel facile synthetic protocol to prepare electrochemically and optically clean
Cu(tmby),TFSI and Cu(tmby),TFSI, in a mixture (tmby = 4,4,6,6-tetramethyl-2,2-bipyridine; TFSI
= ftrifluoromethylsufonylimide). This pure Cu(Il/I) redox mediator exhibits improved charge-
transfer rate at the counter-electrode (PEDOT) and faster diffusion transport in the solution.

3.2 Results and Discussion

3.2.1 Cu(I)-bipyridine complexes from the chemical oxidation of Cu(I) species

In order to address the peculiarity of Cu(Il)-bipyridine voltammograms (Figure 2-2), we first recall
the fact that ‘neat’ Cu(II)-dmp species is synthesized from the parent Cu(I)-dmp by chemical oxida-
tion with NOBF,4, while the ‘un-neat” Cu(Il)-bipyridine is made by direct synthesis from CuCl, and
the corresponding ligand. This outlines a logical strategy to test the chemical oxidation of Cu(I)-
bipyridine as well. Figure 3-1 shows that, indeed, the chemical oxidation of [Cu(tmby),]" success-
fully provided the electrochemically clean Cu(Il)-bipyridine. The oxidized species exhibited the
expected voltammogram with identical formal potentials and only with a cathodically shifted plat-
eau of diffusion currents. Hence, the reactions which are schematically depicted as follows:

Cu(tmby),” + NOBF,; — Cu(tmby),”" + BF; + NO (3:1)

is readily applicable for the bipyridine complexes as well as for the phenanthroline complexes.
However, closer inspection of Figure 3-1 reveals that the reactions (3:1) are by far not stoichio-
metric, i.e. more than 1 equivalent of the oxidant is needed to complete the oxidation. Furthermore,
the reaction proceeds quite slowly (progressing during 10 hours of aging the reaction mixture) and
is accompanied by partial oxidative destruction of the starting substance, which manifests itself by
decreasing voltammetric currents at the final stages of the reaction. Owing to these drawbacks, we
developed other methods as described in the following sections.
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Figure 3-1 Cyclic voltammograms of [Cu(tmby),][TFSI] and the products of its chemical oxidation by NOBF4. Scan
rate 10 mV/s. Curve ‘start’ (red): cyclic voltammogram of the starting 5 mM solution of [Cu(tmby)][TFSI], in 0.1 M
LiTFSI + acetonitrile. The other voltammograms are for the products obtained upon addition of the given amount of
NOBF4 and/or equilibration by aging (see annotation in the graph). Potentials are referenced to the Ag/AgCl (saturated
LiCl in ethanol) reference electrode.

3.2.2 Preparation of electrochemically clean Cu(Il)-bipyridine complexes

The problems observed in oxidation with NOBF, are elegantly avoided if the oxidation is carried
out electrochemically instead of chemically. A preparative electrolysis of Cu(I)-bipyridine in a di-
vided electrochemical cell and potentiostatic mode leads to clean Cu(Il)-bipyridine products in stoi-
chiometric yield and free from any oxidative destruction. Figure 3-2 shows the relevant data for
[Cu(tmby),]" oxidation. Obviously, each portion of the passed charge (E1-ES) caused the relevant
oxidative transformation. The speed of preparative electrolysis depends on the stirring rate, elec-
trode area and the applied potential, but the reaction is generally faster than chemical oxidation and
does not require any harmful reactants (NOBF,).

To illustrate the differences between our product of preparative electrolysis and the product of
standard chemical synthesis of [Cu(tmby),]*" by CuCl (as presented in the previous chapter) we
compare the relevant voltammograms in the right chart of Figure 3-2. The dashed black line shows
the cyclic voltammogram of the latter species highlighting its complicated electrochemistry. This is
obviously due to changes in the coordination sphere of Cu(Il)-bipyridine complexes during their
direct synthesis from Cu®" and the corresponding ligand. On the other hand, the preparative elec-
trolysis through anodic oxidation of Cu(I)-bipyridine species is an ideal protocol towards electro-
chemically clean Cu(Il)-bipyridine counterparts of the redox couple, at least for small scale applica-
tions.
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Figure 3-2 Cyclic voltammograms of the products and intermediates of preparative electrolysis of [Cu(tmby),][TFSI]
on Pt electrode. Scan rate 10 mV/s. Curve ‘start’ (red): cyclic voltammogram of the initial 5 mM solution of
[Cu(tmby),][TFSI] in 0.1 M LiTFSI + acetonitrile. Voltammograms E1-ES5 are for the same solution after potentiostatic
oxidation at 1.1-1.4 V under stirring in divided cell. The passed charge (in equivalents of the starting amount of the
Cu(I) complex) corresponds to: 0.19 eq (E1), 0.40 eq (E2), 0.60 eq (E3), 0.80 eq (E4) and 0.92 eq (ES). Right chart
compares the voltammograms of the starting (start) and final (ES) complexes with the voltammogram (as rec.) of the
[Cu(tmby),][TFSI], species grown by the standard preparative protocol. Potentials are referenced to the Ag/AgCl (satu-
rated LiCl in ethanol) reference electrode.

3.2.3 Synthesis of electrochemically and optically clean Cu(tmby),TFSI,

In this section, we have reconsidered the problems regarding the Cu(Il) synthesis, and developed an
alternative synthetic protocol to get a good-quality Cu(tmby),TFSI,, but avoiding the preparative
electrolysis and chemical oxidation. Our product (CuYS) was prepared by a simple synthetic path-
way as detailed in Experimental Section by using Cu(I)TFSI, as the starting material. Nevertheless,
CuYS is not a simple product, either, because it contains - in addition to the desired
Cu(tmby),TFSI; - also some amount of Cu(tmby),TFSI. The proportion of both components was
varying (between ca 57 to 82 mol% of Cu(Il) species for different batches of CuYS). This is illus-
trated by optical spectra and cyclic voltammograms of a typical synthetic product shown in Figure
3-3. (The actual product shown in Figure 3-3 contained 75 mol% of Cu(lIl) species.)

Obviously, the 100%-pure Cu(tmby),TFSI can be safely prepared only by preparative electrolysis
191 Tts optical spectrum is shown by the blue dashed line in Figure 3-3, providing an extinction co-
efficient €730 = 170 M'em™. The corresponding extinction coefficient of Cu(tmby),TFSL is €451 =
5300 M'em™ ', Thanks to these two diagnostic optical absorptions, the analysis of CuYS is
straightforward. As there is no other impurity in our CuYS, beyond the Cu(tmby),TFSI component
(which is anyway added to the final electrolyte solution), we can prepare the high-quality electro-
lyte solution simply from CuYS and from the pure Cu(tmby),TFSI. The amounts of both materials
need to be adjusted according to the actual composition of the used CuYS. In this work, we system-
atically employed this approach. Hence, we report here, for the first time, the Cu(tmby),””"- medi-
ated DSCs using the redox couple with electrochemically clean Cu(II)-species.
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Figure 3-3 UV-Vis absorption spectrum of a solution (6.44 mg/mL in acetonitrile) of typical CuYS product prepared by
our new synthetic protocol (black curve). Red dashed curve is the spectrum of a 0.5 mM solution of pure
Cu(tmby),TFSI. Blue dashed curve is the spectrum of 5 mM solution of pure Cu(tmby),TFSI, obtained by preparative
electrolysis. Inset shows the cyclic voltammogram of the same CuYS in 0.1 M LiTFSI + acetonitrile (6.50 mg
CuYS/mL) on a Pt electrode, scan rate 10 mV/s (black curve). Inset further shows the control cyclic voltammograms of
pure complexes, i.e. Cu(tmby),TFSI (red dashed curve) and Cu(tmby),TFSI, (blue dashed curve), both in 5 mM solu-
tions in acetonitrile + 0.1 M LiTFSIL.

2+/+

Two different Cu(tmby),”" " electrolytes (obtained via CuCl, and Cu(TFSI),) were studied on sym-
metrical PEDOT/PEDOT dummy cells. The fitting of the spectra provide the following parameters:
R is the ohmic serial resistance, Rcr is the charge-transfer resistance, and CPE (constant phase ele-

ment) is used to account for the roughness of our PEDOT-electrode %! The impedance of
CPE equals:
Zcp = B (iw)#? (3:2)

where o is the frequency and B, P are the frequency-independent parameters of the CPE (0< B <I;
the corresponding parameters are ‘CPE-T’= B and ‘CPE-P = ). The fitted Rcr values scale inverse-

ly with the exchange current density, jo, at the cathode'*:

_RT
" nFRep

Jo = Fko(cox % clog) (3:3)

R is the gas constant, 7 is temperature, ko is the formal (conditional) rate constant of the electrode
reaction, cox and c¢req are the concentrations of oxidized and reduced mediator, respectively and a is
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the charge-transfer coefficient (a = 0.5). The low-frequency part of the spectrum is modeled by a
finite-length Warburg element W with the parameters ‘W -R’=Rw, ‘W-T’=Tw and ‘Ws-P* = 0.5
107198 The diffusion impedance equals:

62
tanh,/iT, 0 ;Ty = 3

Rw

JiTyw

The electrochemical parameters obtained from the impedance fittings of the dummy cells are given
in Table 3-1. We can clearly see that the copper complexes that are produced with the Cu(TFSI),
precursor provides better charge transfer at the counter electrode and mass transport properties in
comparison to the one synthesized by CuCl,.

Table 3-1 Electrochemical parameters of the PEDOT/PEDOT symmetrical dummy cells obtained from fitting of im-
pedance spectra for Cu(tmby), electrolyte in acetonitrile.

Cu(Il) pre- | R, Rer Ry CPE:B CPE: B
cursor

(Q.cm?) (Q.cm?) (Q.cm’s?) SshH
CuCl, 24 3.0 22.7 3.6:10* 0.94
Cu(TFSI), 1.6 0.35 4.2 2.7-10* 0.92

3.3 Conclusion

The instability of thecoordination sphere of the Cu(II)-species manifest itself by the complications
during their synthesis from CuCl, and the corresponding ligand. In this chapter we demonstrate
methods for preparing clean Cu(tmby),TFSI; by chemical (NOBF.) or electrochemical oxidation of
the parent Cu(l) species and [Cu(tmby),][TFSI]/[Cu(tmby),][ TFSI], redox mediators in a mixture
(CuYS) by changing our synthetic precursor. We showed that the chemical oxidation is poorly con-
trolled and complicated by a partial destruction of the product whereas the electrochemical route
provides electrochemically clean Cu(Il)-species rapidly, in stoichiometric yield and without using
harmful chemical oxidants (but presumed to necessitate special electrodes for large scale applica-
tions). Fortunately, the production of CuYS allows the formulation of high-quality electrolyte solu-
tion for Cu-mediated DSCs without compromising on the quality of the Cu(Il)-species (which was
an issue in Chapter 2). Electrochemical data and optical spectra confirm the purity of both compo-
nents in CuYS. Our improved Cu-mediator provides faster charge-transfer at the PEDOT counter
electrode as well as faster diffusion transport in the solution as compared to ‘unclean’ systems re-
ported previously.
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3.4 Methods

Chemicals. All the chemical obtained from Aldrich, Merck, Dyenamo and HetCat, and used as re-
ceived from the supplier.

Synthesis of copper complexes. Here we describe, for the first time, a simple chemical synthesis to
get a clean [Cu(tmby)z]w+ redox mediator. Besides an unprecedented product’s purity, the main
advantage of our new recipe is that it avoids the awkward preparative -electrolysis.
[Cu(tmby), ] TFSI was synthesized by the reaction of Cul with tmby as detailed in the previous chap-
ter. The Cu(Il) counterpart of the complex, [Cu(tmby),]TFSI, was prepared by a newly developed
protocol as follows: 1 equivalent of CuTFSI, (194 mg, 0.31 mmol; Solvionics) was mixed with 3
equivalents of tmby (200 mg, 0.93 mmol) in 30 mL of ethanol/water (1/1, v/v). The reaction mix-
ture was stirred for 3 hours at room temperature. The solution was filtered and the product was
washed with water and diethyl ether. The resulting crystalline solid (=280 mg yield) varied its color
depending on the content of Cu(I) impurity in the product. The color changed from brown (for
higher Cu(I) content) to purple (for lower Cu(I)-content). This material is further abbreviated as
CuYS.

Fabrication of dummy cells. The symmetrical dummy cell was fabricated from two identical FTO-
supported electrodes which were separated by Surlyn (DuPont) tape as a seal and spacer. The PE-
DOT-coated FTO electrodes were fabricated by an electrochemical deposition from EDOT as de-
tailed in Chapter 2 '°The sheet edges of FTO were coated by ultrasonic soldering (Cerasolzer alloy
246, MBR Electronics GmbH) to improve electrical contacts. The distance between electrodes was
measured by a digital micrometer. The cell was filled with an electrolyte through two holes in one
FTO support which was finally closed either by Kapton foil or by a Surlyn seal. Electrolyte solution
consists (L is the corresponding ligand): 0.2 M CuL,TFSI + 0.04 M CuL,TFSI, + 0.1 M LiTFSI +
0.5 M TBP.

Methods. Electrochemical measurements were carried out using Autolab PGstat-30 equipped with
the FRA module (Ecochemie). A standard Ar-purged one-compartment three-electrode cell was
used for cyclic voltammetry in solution. Preparative electrolysis was carried out potentiostatically at
platinized FTO electrode using a divided cell, in which the counterelectrode was separated by two
frits from the working-clectrode. Electrochemical impedance data were processed using
Zplot/Zview software. The impedance spectra were acquired in the frequency range from 100 kHz
to 0.1 Hz, at 0 V bias voltage, the modulation amplitude was 10 mV. Ag/AgCl/saturated LiCl (eth-
anol) served as reference electrode and glassy carbon or platinum were the working electrodes. The
optical spectra were measured by the Perkin Elmer Lambda 1050 spectrometer with integrating
sphere in transmission mode. The reference spectrum was air.
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Chapter 4 Effect of Pyridine-derivative Ba-
ses in Dye-Sensitized Solar Cells Employing
Copper Redox Mediator

This chapter is adopted from the following articles with the permission of the journal:

Postprint version of the publication: ‘Electrochemical Properties of Cu(Il/T)-Based Redox Mediators for Dye-Sensitized Solar Cells,
Electrochimica Acta 2017, 227, 194-207. doi:10.1016/j.electacta.2016.12.185” by Ladislav Kavan, Yasemin Saygili, Marina Freitag,
Shaik M. Zakeeruddin, Anders Hagfeldt and Michael Gritzel

and

Postprint version of the publication: ‘Alternative Bases to 4-tert-butylpyridine for Dye-Sensitized Solar Cells Employing Copper
Redox Mediator, Electrochimica Acta 2018, 265, 194-201. doi:10.1016/j.clectacta.2018.01.142° by Parnian Ferdowsi*, Yasemin
Saygili*, Shaik M. Zakeeruddin, Javad Mokhtari, Michael Gritzel, Anders Hagfeldt, and Ladislav Kavan. (* shared first co-authors)

My contribution for the 1% paper: Synthesis of the complexes, preparation of the electrodes, device fabrication and characterization,
writing the corresponding parts in the manuscript.

My contribution for the on paper: Reformulation of the synthetic method of Cu(Il) species, synthesis of the complexes, preparation
of the electrodes, device characterization, impedance analysis (partly), analysis of the characterization data, writing the correspond-
ing parts in the manuscript.

In this chapter, we addressed the ‘TBP-effect’ in more detail, and found a strikingly strong influ-
ence of TBP on the mass-transport and charge transfer kinetic at the counter electrode. While TBP
has almost no effect on [Co(bpy);]*"*" mediators, significant slowdown of electrode kinetics and
diffusion rate is observed in the case of Cu-mediators. Additionally, we tested and evaluated four
pyridine derivatives: 4-fert-butylpyridine, 2,6-bis-tert-butylpyridine, 4-methoxypyridine and 4-(5-
nonyl)pyridine as electrolyte additives.

4.1 Introduction

The 4-tert-butylpyridine is commonly used for the desired Fermi level upshift, for preventing the
electron recombination and thus for Voc enhancement 101,107,109 (The same effect, albeit less pro-
nounced, is achievable through the crystal-face engineering in titania photoanode''®''"). Conse-

quently, TBP is used in almost every electrolyte solution for liquid-junction DSCs as a standard
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112

additive " ~. Furthermore, nitrogen-containing heterocyclic compounds are essential for ionic-liquid
13

based electrolytes, while TBP is sometimes used even in these ionic-liquid formulations™ .

In the I-mediated and Co-mediated systems, the TBP addition does not practically influence the
cathode’s charge-transfer and ionic diffusion in electrolyte solution. However, TBP has significant
negative effect in Cu-mediated systems'®”. One of the fundamental problems associated with the
tetra-coordinated tetrahedral Cu-complexes is the soft nature of their coordination sphere and its
significant dependence on the oxidation state of Cu. An example study was conducted by Hoffeditz
et al.® using the tetradentate ligand, 1,8-bis(2,2’-pyridyl)-3,6-dithiaoctane (PDTO). Their
Cu(II)(PDTO) was very sensitive to substitution reactions with TBP. In acetonitrile (ACN) solution,
various 4-, 5- and 6-coordinated complexes, [Cu(TBP)x(ACN)y]2+, were detected and even the
counterion (CF3SOs’; triflate) was found to enter the coordination sphere in a [Cu(TBP)4(triflate),]
complex *. The complicated coordination chemistry was implicitly mentioned also with the state-
of-art DSCs using Cu(dmby),”" and Cu(tmby),”" mediators in Chapter 2: cyclic voltammograms
were dependent on the TBP addition, and the Cu(Il) complexes had significantly different cyclic
voltammograms compared to the Cu(I) complexes'® (Figure 2-2).

In this chapter, firstly we investigate the effect of TBP on DSC systems employing copper redox
mediators and then we report on different bases, viz: 2,6-bis-fert-butylpyridine (BTBP), 4-
methoxypyridine (MOP) and 4-(5-nonyl)pyridine (NOP) for [Cu(tmby)z]w " complexes, which we
examined in comparison to the reference TBP base. The pyridine bases with different functional
groups are expected to show different interaction with the TiO, surface and the Cu(Il/I)-complexes,
while the bases with lower pK, can also improve the dye anchoring. The TiO, photoanode was sen-
sitized by the Y123 dye. The molecular structures of the used bases are shown in Figure 4-1.

(a) (b) (c) (d)

t-Bu OCH3 HC/(CH2)3CH3
XN “(CHa)sCHs
X HsC . cH, N N
— N — ~
N HsC™ oh, HaC™  CHs N N
4-tert-Butylpyridine 2,6-Di-tert-butylpyridine 4-Methoxypyridine 4-(5-Nonyl)pyridine

Figure 4-1 Molecular structures of a) 4-fert butylpyridine, b) 2,6-bis-tert-butylpyridine, c) 4-methoxypyridine, d) 4-(5-
nonyl)pyridine.
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4.2 Results and Discussion

4.2.1 Effect of TBP on copper redox mediators

The electrocatalytic activity of DSCs’ cathodes and mass transport in the electrolyte solution are
conveniently studied using symmetrical dummy cells'®. Figure 4-2 (top charts) presents cyclic
voltammograms and electrochemical impedance spectra of symmetrical dummy cells with the cop-
per redox mediator. In these cells, the electrolyte solution with [Cu(dmp)2]2+/+ is sandwiched be-
tween two identical FTO-supported PEDOT electrodes. For comparison, the bottom charts display
the corresponding data for the [Co(bpy)s]**" couple in analogous dummy cells. The most striking
difference between Cu- and Co-based mediators is the influence of TBP addition. While the elec-
trochemical behavior of [Co(bpy)s]’”*" is invariant with the TBP addition, the [Cu(dmp),]*" is not.
For [Co(bpy)s]*"/*", this is further illustrated by standard cyclic voltammograms, measured on a Pt-
electrode in the conventional three-electrode set-up. Figure 4-3 shows that the voltammograms of
Co(III) and Co(II) occur at the same formal potential, independent of TBP, solely the diffusion cur-
rents are shifted in accord with the presence of the particular diffusion-limiting species. In contrast,
the same experiment with [Cu(dmp),]*"" reported in Figure 2-2 indicated the same formal poten-
tials for the Cu(I)-dmp and Cu(Il)-dmp counterparts (with expectedly shifted diffusion currents),
but there was considerable downshift of the formal potentials for both Cu(I) and Cu(Il) species
caused by the addition of TBP.
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Figure 4-2 Electrochemical activity of FTO supported thin film of PEDOT tested on symmetrical dummy cells. Top
charts: Electrolyte solution: Co(bpy);* "' TFSLs, in propionitrile with (blue curves) or without (red curves) the addition
of 4-tert-butylpyridine. Bottom charts: Electrolyte solution Cu(dmp)zzmTFSIz/] in propionitrile with (blue curves) or
without (red curves) the addition of 4-tert-butylpyridine. Left charts: Cyclic voltammograms, scan rate 10 mV/s. Right
charts: Nyquist plots of electrochemical impedance spectra measured at 0 V from 100 kHz to 0.1 Hz. (Markers are
experimental points, dashed lines are simulated fits to the equivalent circuit).
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Figure 4-3 Cyclic voltammetry at a Pt-electrode in 0.1 M LiTFSI, scan rate 20 mV/s. Co(bpy);TFSI, (red) and
Co(bpy);TFSI; (blue); concentration 2.5 mM. Dashed lines after addition of 0.5 M (TBP). These Co-complexes exhibit
the expected voltammograms in both oxidation states, i.e. identical formal potentials and only shifted currents. The
found formal potential is identical to the literature value > and the influence of TBP addition is negligible.

Cyclic voltammogram in the TBP-free electrolyte solution confirms that the charge transfer and
diffusion are quite fast (Figure 4-2). The inverse slope of a voltammogram at the potential of 0 V
characterizes the catalytic activity of an electrode; it actually reflects the overall cell resistance
(Rev) that can be attained at low current densities ''*. The found Rev is ca. 9 Q-cm” both for the Cu-
and Co-based mediators. Also the limiting diffusion currents, j are comparable (=20 mA/cm?)
though they are also dependent on the dummy cell spacing (3):

. 2nFcD
L="5 (4:1)

(n = 1 is the number of electrons, F' is the Faraday constant, ¢ is the concentration of diffusion-
limited species ([Cu(dmp)z]2+ or [Co(bpy)3]3+) and D is the diffusion coefficient. Assuming the
spacing 6 = 30 um (by the Surlyn foil) then the D equals ca. 6:10° cm?/s or 3-10° cm?/s for the
[Cu(dmp),]*" or [Co(bpy)s]*", respectively in the TBP-free propionitrile solutions. While the found
diffusion coefficient for the Co-mediator is comparable to the literature values for similar
systems49’81’“*“6, the coefficient of [Cu(dmp)z]2+ is somewhat smaller than the value reported
from rotating-disc experiments in Chapter 2 (25:10° cm®/s ' or 14.4-10° cm?/s '%). Nevertheless,
the previous works®""'% found that the diffusion coefficient of [Cu(dmp),]*" was larger than that of
[Co(bpy)g]3+ by a factor of ca. 2, which is consistent with this new data.

The faster diffusion of [Cu(dmp),]*" was ascribed to a smaller size of this ion®' but in view of the
instability of the coordination sphere *, this argument should be used with care. We can also spec-
ulate that the very fast electron self-exchange rate constant (kex - 23 M™'s™, which is 1000 times
larger than that of the homologue phenanthroline complex, [Cu(phen),]*")’” could contribute to
charge transfer by electron-hopping between redox molecules. For the center-to center distance Jc,

the charge percolation occurs by hopping without physical motion in the electrolyte solution
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(Dahms-Ruff mechanism''”-''®

). According to this model, the observed diffusion coefficient corre-
sponds to the sum of the mass transport by physical displacement of molecules, Dp, and the elec-

tron-hopping contribution:

2
keXC6CC

D:Dmass+ 6

(4:2)
We can estimate 8. ~ 2 nm from the used [Cu(dmp),]*"" concentration, from which the hopping
contribution to the diffusion coefficient is of the order of 10™° cm?s, i.e. negligible for these Cu-
complexes at the concentrations employed in the redox electrolytes. However, if we consider lig-
and exchange and/or formation of larger aggregates, then the ke can be significantly higher. For
instance, the redox reaction [Cu(dmp),(ACN)]*"/[Cu(dmp),]” has kex = 10° M's™ and values of ca.
10°-10° M™'s™" were found for Cu complexes with certain proteins' .

The fast charge-transfer on PEDOT electrode is confirmed by a very small value of Rcr of 0.07
Q-cm?, which is even better than that of the control Co-system (0.20 Q-cm?). (Electrochemical im-
pedance spectra of symmetrical dummy cells are analyzed as described in the Chapter3, through the
Equations (3:2)-(3:4)). Also the Warburg diffusion resistance, Ry is small: 4.6 Q-cm” and it is com-
parable to 4.0 Q-cm’ found for Co-bipy@PEDOT, the latter being reasonably similar to the litera-
ture value (2.9 Q-cm?) for an analogous Co-mediated system'?’. (See Table 4-1)

Unfortunately, these promising properties of [Cu(dmp),]*"* are strongly impaired by TBP, while
with TBP-containing Co-bipy solutions unperturbed charge transfer and diffusion are still observed
in the control devices. The Rcr and Rw values in the TBP-containing solutions of [Cu(dmp)2]2+/ *
increase ca. 10 and 5 times, respectively (Table 4-1). The fact that both the catalytic activity and
diffusion rate are deteriorated by TBP is reminiscent of the findings by Kim et al. '’ in the tradi-
tional system, i.e. /I3 in the Pt@FTO/Pt@FTO dummy cells. In this case the enhancement of TBP
concentration from 0.5 M to 2.5 M caused Rct and Ry to increase by a factor of 3 and 2, respective-
ly, which was attributed to the adsorption of TBP on Pt (impairing access of redox molecules to the
catalytic surface) and enhanced viscosity of the solution (impairing diffusion) '*’. In the case of the
[Cu(dmp)z]w " mediator, we need to consider also qualitatively different effects than adsorption and
viscosity (though viscosity is also at play, as seen from the Rw values for our PN solutions in Table
4-1).

Table 4-1 Electrochemical parameters of the PEDOT/PEDOT symmetrical dummy cells obtained from fitting of im-
pedance spectra for Cu(dmp), and Co(bpy); electrolytes in propionitrile.

R, Rcr Rw CPE:B CPE: B
(Q.cm?) (Q.cm?) (Q.cm’s™?) (S.sh)
Cu(dmp), without TBP 1.8 0.07 4.6 3.7'107 0.77
Cu(dmp), with TBP 1.7 1.8 222 6.1'10" 0.97
Co(bpy); without TBP 1.8 0.20 4.0 1.1-10” 0.83
Co(bpy); with TBP 1.8 0.19 3.9 10107 0.83
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This hypothesis is supported by the fact that (a) the Cu(Il) species is in low-concentration-, i.e. the
diffusion-controlling ion in the system and (b) the same Cu(Il) species is prone to changes of its
coordination sphere. These changes include three different effects: (b;) variations of coordination
geometry, (by) increase of coordination number (from 4 to 6) and (bs) ligand substitution by TBP,
solvent and/or counterions®. The Cu(Il) species in solution likely becomes more bulky and hydro-
phobic due to these changes, which accounts for the sluggish diffusion and charge-transfer. Never-
theless, the final Rcr and Ry, values in TBP-containing solutions are still not critical for the use in
solar cells, i.e. the DSCs using these solutions still exhibit the short circuit photocurrent of ca. 14
mA/cm’ and efficiency of ca. 10% at 1 sun illumination®'. From the Equation (3:3), the current of
14 mA/cm? translates into the ‘ideal’ value of Rer of <1.8 Q-cmz, which is quite near the observed
Rer values in the actual electrolyte solutions used in solar cells (Table 4-1). Nevertheless, this anal-
ysis highlights a strong need for replacing TBP by another additives in Cu-mediated DSCs, which
do not decrease the charge transfer and mass transport rates.

4.2.2 Effect of other pyridine bases

Figure 4-4 shows cyclic voltammograms of Cu(tmby),TFSI in the presence of four different bases
investigated. In accord with Figure 2-2'" we detect some downshift of the formal redox potential
upon addition of TBP as well as suppression of the cathodic wave of Cu"-reduction. This effect is
base-specific, i.e. it is very significant for MOP, and less significant for NOP (Figure 4-4). On the
other hand, BTBP has the smallest influence on the electrochemistry of Cu(tmby),”""; the redox
potential is even slightly upshifted against the reference base-free solution. This qualitative differ-
ence (to the other used bases) is also confirmed by differential pulse voltammetry (Figure 4-5) and

1s attributed to steric hindrance of BTBP-coordination.

NOP

Current (scale bar = 1 mA/cmz)

I | | T I I
0.1 0.2 0.3 0.4 0.5 0.6

Potential. VV vs. F¢'/Fc

Figure 4-4 Cyclic voltammograms of 5 mM Cu(tmby),TFSI in 0.1 M LiTFSI + acetonitrile, scan rate 10 mV/s. Dashed
curves show the voltammograms in absence of any bases. Full curves show the same voltammograms upon addition of
the corresponding bases in 15 mM concentration.
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Figure 4-5 Differential pulse voltammograms of 5 mM Cu(tmby),TFSI in 0.1 M LiTFSI + acetonitrile. Dashed curve
shows the voltammogram in absence of any bases. Full curves show the same voltammograms upon addition of the
respective bases in 15 mM concentration.

The effect of different bases was further investigated using symmetrical (PEDOT/PEDOT) dummy
cells '*. Figure 4-6 shows cyclic voltammograms (chart a) and electrochemical impedance spectra
(chart b) of these cells. The parameters determined from these studies are summarized in Table 4-4.
The found diffusion coefficients (via Equation (4-1)) are near the value reported in Chapter 2 from
rotating-disc experiments (2.2 10 cm?/s) or similar PEDOT/PEDOT cells investigated (1.2:107
cm’/s) ',

Interestingly, the base-specific slowdown of charge transfer rate and ionic transport occur exclu-
sively for Cu-mediated electrolyte solutions. Figure 4-7 and Table 4-2 confirm that these effects are
practically absent in Co-mediated electrolyte solutions. This finding was first disclosed in the previ-
ous chapter, and here we extend this information also for other bases investigated in the current
work. In base-free electrolyte solutions, the formal rate constant, ky equals ca. 0.022 cm/s (for Co-
mediated systems) and 0.027 cm/s (for Cu-mediated systems). The k&, values are nearly invariant
with base addition in Co-systems. On the other hand, they decrease significantly for Cu-systems
containing TBP, NOP and MOP, but not BTBP.

On the other hand, our corresponding data for the Co(III/Il) couple (Table 4-3) are reasonably com-
parable to earlier literature values, which were obtained on similar (but not identical) systems *"+'".
There even exists an empirical correlation of the charge-transfer and diffusion transport rates with
acidity constants (pK,) of the corresponding pyridine bases (Figure 4-8). While there is a clear pK,-
dependence for the Cu-mediated systems, no such dependence is found for the Co-mediated sys-
tems.

51



Chapter 4

No base

Current (scale bar = 50 mA/cmz)
Z", Qcm

-1.0 -0.5 0.0 0.5 1.0
Potential, V

Figure 4-6 Electrochemical tests of PEDOT/PEDOT symmetrical dummy cells with Cu(tmby),TFSI,/; electrolyte solu-
tion containing various pyridine bases. Chart (a): Cyclic voltammograms, scan rate 50 mV/s. The voltammograms are
offset for clarity, but the current scales are identical for all plots. Chart (b): Nyquist plots of electrochemical impedance
spectra measured at 0 V; markers are experimental points, dashed lines are fits to the equivalent circuit which is shown
in inset. For clarity of presentation, impedance spectra (except for the spectrum labeled MOP) are offset in the Z’ scale
to avoid crossing of curves. The respective values of offsets applied on the bottom axis in Fig. 4b are as follows: NOP
(2.6 Qcm?), TBP (4.1 Qcm?), no base (4.2 Qem?), BTBP (4.6 Qcm?).
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Figure 4-7 a) Cyclic voltammograms (scan rate of 50 mV/s) of PEDOT/PEDOT symmetrical dummy cells in
Co(bpy);TFSI;, electrolyte solution containing various pyridine bases. The voltammograms are offset for clarity, but
the current scale is identical for all plots. b) Nyquist plots of electrochemical impedance spectra of PEDOT/PEDOT
symmetrical dummy cells. Electrolyte solution Co(bpy);TFSI;, containing various pyridine bases, measured at 0 V.
Markers are experimental points, dashed lines are fits to the equivalent circuit which is shown in the main text. For
clarity of presentation, some impedance spectra are offset in the Z’ scale as follows: BTBP (0.1 Qcem?), TBP (1 Qem?),
MOP (2 Qcm?), No base (3 Qem?).
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Table 4-2 Electrochemical parameters of the studied electrolyte solutions with different added bases. Data from PE-
DOT/PEDOT symmetrical dummy cells obtained from cyclic voltammetry or from fitting of impedance spectra. (Notes:
a) Limiting current poorly distinguished, approximate values. b) For comparison, the corresponding Rcr and j, values
from EIS on complete solar cells)

Parameter (Units) BTBP NOP TBP MOP No base
Rey (Q.cm?) 5.8 6.3 7.7 105 5.4

Jji. (mA/cm?) 52 ~47 =45 ~*40 49

D (cm?/s) from ji, 1.1-10° ~1-107 ~1-107 ~0.9-10° 14107
R, (Q.cm?) 1.8 1.7 1.6 1.7 1.7
Rer (Q.cm?) 0.10 0.36 0.35 1.4 0.09
Rw(Q.cm’ s 2.8 5.7 42 6.9 3.1
CPE:B (Q7. cm™. sP) 23107 1.9-10° 27107 52107 7.0 107
CPE: B 0.99 0.90 0.92 085 0.99

D (cm?/s) from EIS 14107 29107 26107 3.0'10° 3.5:10°
Jo(mA/cm?) 257 71 73 18 285

ko (cm/s) 24107 6.7-10” 6.9°10° 1.7-107 2.7-107

Table 4-3 Electrochemical parameters in [Co(bpy)3]3+/ 2 electrolyte solutions containing various bases. Results from
electrochemical impedance spectra of PEDOT/PEDOT symmetrical dummy cells.

Parameter (Unit) BTBP NOP TBP MOP No base
Rev (Q.cm?) 4.8 4.8 4.8 4.8 4.8
jL(mA/cm?) 49 46 49 46 50
D (cm?/s) from jiy, 6.4-10° 6.0-10° 6.3-10° 6.0-10° 6.5-10°
R, (Q.cm?) 1.8 1.7 1.6 1.7 1.7
Rer (Q.cm?) 0.07 0.08 0.07 0.07 0.07
Ry (Q.cm’s?) 22 2.6 22 2.1 1.9
CPE:B (Q. cm™. sP) 6.8 10" 6.9-10" 7310 5510 7.9 10"
CPE: 0.92 0.94 0.95 0.94 0.94
D (cm?/s) from EIS 3.9-10° 2210 4310 2.810° 4310
jo(mA/cm?) 370 320 370 370 370
ko (cm/s) 22107 1.9-107 22107 22107 22107
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Figure 4-8 Empirical correlation of formal rate constant of charge transfer (k), diffusion resistance (Rw) and overall cell
resistance (Rcv) with pK, values of the corresponding bases which were added to the electrolyte solution (BTBP, TBP,
NOP and MOP). Data from EIS on PEDOT/PEDOT symmetrical cells for Co-mediated systems (left chart) and Cu-
mediated systems (right chart).

The charge transfer at the counter electrode can be alternatively evaluated from the high-frequency
part of impedance spectra of complete DSC devices in dark at high applied forward bias (near V)
when the transport resistance in TiO, becomes negligible®'*"'". Figure 4-9 shows examples of
impedance spectra of solar cells with TBP- and NOP-containing electrolyte solutions. The fitted
Rer values are 0.98 and 0.87 Qcm® for TBP and NOP, respectively. We can assume that very

similar pK, values contributes to these similar Rt values.
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Figure 4-9 Electrochemical impedance spectrum of a complete solar cell with Y123-sensitized TiO, photoanode and
PEDOT conterelectrode measured in dark at the applied forward bias of -1.2 V. Open circles are experimental points,
dashed curve is a fitted spectrum. The equivalent circuit used for spectra fitting is shonw in inset to the left chart. Elec-
trolyte solution: 0.2 M Cu(tmby),TFSI + 0.06 M Cu(tmby),TFSI, + 0.1 M LITFSI in acetonitrile + 0.6 M TBP (left
chart) or NOP (right chart).
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4.2.3 Solar cells performance

Figure 4-10a presents the current-voltage (J-V) curves of DSCs based on the [Cu(tmby),]*"* media-
tor, Y123 dye and different pyridine bases used as electrolyte additive. The open-circuit voltages,
photocurrent densities, fill factors and power conversion efficiencies at 1 sun illumination are listed
in Table 4-4. The Jsc in NOP-containing electrolyte solution was significantly higher than that for
MOP- or BTBP-solutions, consistent with the highest IPCE peak of NOP at around 80% (Figure
4-10b). All bases show high Vocs exceeding 1 V, except for BTBP (0.846 V). The lower Voc for
BTBP is attributed to a steric effect, which prevents attachment to the TiO, surface. This causes
higher rates of electron recombination. Eventually, NOP showed 9.4% efficiency at 1sun, which is
higher than the values obtained with TBP, BTBP and MOP, respectively. (The performance metrics
of our control device (TBP-containing) is similar or better compared to analogous DSCs using ‘un-
clean’ Cu(Il)-complex '"%'%*1% or electrochemically-made Cu(tmby),”>" '*' ; the most significant
improvement concerns the fill factor. For instance, our FF value (0.76) is markedly better than the
previously reported value in Chapter 2 (0.66 at 1 sun illumination) '°!-10%104105

Table 4-4 Characteristics for the studied Cu-mediated DSCs with different basses and Y123 as sensitizer. Illumination
intensity 1sun (AM1.5G).

Base Voc (V) Jsc (mA em™) FF PCE (%)
TBP 1.080 11.23 0.76 93
BTBP 0.846 8.77 0.67 5.1
MOP 1.079 10.61 0.74 8.6
NOP 1.075 12.01 0.71 9.4
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Figure 4-10 a) Photocurrent density vs. voltage curves measured under standard AM1.5G illumination. DSC devices
employed Y123 dye, Cu(tmby)zw+ redox mediator and four different pyridine bases as labeled in the annotation b)
IPCE spectra of DSC devices sensitized with Y123 dye.
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Figure 4-10b shows the corresponding IPCE spectra for our DSCs. The maximum IPCE value is
around 80% with the electrolyte with NOP base. For TBP and MOP, the IPCE maxima were ap-
proximately 75%. BTBP showed the lowest IPCE compared to other bases, reaching a maximum
50% IPCE. For all the devices the IPCE drop between 360 and 450 nm is attributed to the competi-
tive light absorption of Cu(l) and Cu(Il) species. Assuming the same light harvesting and electron
injection efficiencies for all the devices, the differences in DSCs’ performance are attributed to the
different dye regeneration and electron recombination rates. As discussed previously, the basicity
(pK, values) and steric effects of pyridine bases influence the coordination spheres of Cu(Il/I) and
cause different formal redox potentials. For TBP, MOP and NOP, the coordination of pyridine base
results in similar redox potential for the copper species, and accordingly similar driving forces for
dye regeneration and electron recombination. For BTBP, the methyl units hinder the coordination to
copper center resulting in a lower driving force for dye regeneration, and additionally these units
possibly prevent attachment of BTBP to the TiO, surface, which causes higher rates of electron
recombination. (Due to the poor photovoltaic performance of BTBP, this base is excluded for the
following electron lifetime and stability measurements.)

4.2.4 Electron Lifetime and Charge Extraction Measurements

Electron lifetime and charge extraction measurements were used to analyze the effect of different
bases (NOP, MOP and TBP) to the recombination of injected electron and oxidized redox species.
Figure 4-11a shows the plot of electron lifetimes with respect to the quasi-Fermi level of electrons
in TiO,. At same quasi-Fermi level, the higher electron lifetime is observed with MOP, which has a
slightly lower driving force for recombination reaction. For the devices employing NOP and TBP,
electron lifetimes are similar and lower compared to the MOP-device. Figure 4-11b shows the cor-
responding charge extraction data for our DSCs. At each selected value of extracted charge, the
MOP-device exhibits a down-shifted Fermi level, i.e. a more positive conduction band edge (in
electrochemical scale). This is attributed to the smaller basicity of MOP (larger pK,), which pro-
vides lower surface charge for conduction band shifts.
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Figure 4-11 a) Electron lifetimes for the DSC devices Y123 dye, [Cu(tmby)z]w+ redox mediator and the three different
pyridine bases as labeled in the annotation. b) Charge extraction data for the DSC devices with Y123 dye,
[Cu(tmby),]**"* redox mediator and the three different pyridine bases as labeled in the annotation.
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4.2.5 Stability of DSC devices

The stability of our DSC devices was tested during 300 hours under 0.5 sun illumination at room
temperature. These experimental conditions were chosen to comply with prospective applications,
which favor the Cu-mediated DSCs at low light intensity. '®* Figure 4-12(a-d) shows the variation
of the main photovoltaic parameters, i.e. output power, short-circuit photocurrent, open-circuit volt-
age and fill factor of three devices using TBP, MOP and NOP bases, respectively. The output power
in Figure 4-12a is actually a measure of solar power conversion efficiency (PCE) if we normalize
the output power to the used illumination intensity (50 mW/cm?). No additional encapsulation of
testing devices was made, i.e. the solar cells were assembled solely with the standard Surlyn seal as
detailed in Experimental Section. Hence, the observed effects are assignable to various aging phe-
nomena, such as light-soaking, which improves the TiO,/dye interaction and downshifts the TiO,
conduction band °. Specific for Cu-mediated devices is the effect of electrolyte evaporation through
imperfect sealing, which transforms the electrolyte into a solid hole-conductor, *-'*-1%¢

Figure 4-12a confirms that NOP-device shows the smallest overall decrease of PCE (ca. 10%)
mainly resulting from the Voc drop (Figure 4-12c). For the TBP and MOP devices, the efficiency
initially decreased and then remained nearly constant. The variation of Jsc exhibited a similar trend
except for TBP where the current decreased monotonically (Figure 4-12b). For our TBP-device, all
the parameters showed roughly similar trend as reported in Cao et al. '**for non-encapsulated TBP-
devices with non-optimized Cu mediator. The marked initial PCE drop of the TBP-device is fol-
lowed by a slow recovery during ca. 100 hours of light-soaking. Interestingly, the fill factor of the
TBP-device exhibit quite similar trend. The observed enhancements of FF and PCE are reminiscent
of the evaporation-induced transformation to solid hole-conductor, which occurs at roughly similar
timescale '**. Our results confirm that the NOP base is beneficial not only for the best solar conver-
sion efficiency of the corresponding DSC, but also for long-term stability.

Optimization of pyridine derivatives for Cu-mediated DSCs represents an interplay of basicity and
coordination ability, which in turn allows for tuning the charge transfer rate at the DSC cathode, and
the mass transport in the electrolyte solution. The NOP-containing DSC-device is outperforming all
the remaining ones in solar power conversion efficiency, which makes NOP suitable as a replace-
ment for the standard TBP base in these solar cells. Nevertheless, an ‘ideal base’ which would se-
lectively improve the TiO»/electrolyte interface without impairing the mass transport and the coun-
terelectrode/electrolyte interface in Cu-mediated DSCs was not yet found (if it exists).
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Figure 4-12 Evaluation of durability over 300 h at 0.5 sun illumination. The tested DSCs devices employ
[Cu(tmby)z]w+ electrolyte solution with three different pyridine bases as labeled in the annotation. a) Electrical output
power (= 0.5 PCE), b) Short circuit photocurrent, ¢) Open circuit voltage and d) Fill factor.

4.3 Conclusion

Four pyridine bases, viz. 4-tert-butylpyridine (TBP) 2,6-bis-tert-butylpyridine (BTBP), 4-
methoxypyridine (MOP) and 4-(5-nonyl)pyridine (NOP) were evaluated as electrolyte additives for
optimization of these solar cells. While the control experiments with Co(bpy)s®”*"-mediator con-
firmed negligible effects of the bases on the electrochemical properties of Co(Ill/II) couple, signifi-
cant influence of the bases was found for the Cu(tmby)zw “-mediator. Solely BTBP had small effect
on charge-transfer rates at the Cu(tmby),>”"|PEDOT interface and ionic diffusion in the electrolyte
solution. However, BTBP was also ineffective for Voc enhancement through a TiO, conduction
band upshift. Both effects are understood in terms of steric hindrance of coordination of BTBP to
either the Cu central atom or to the TiO, surface. All tested bases further exhibit simple correlation
of their basicity (pK,) with charge transfer rate at the PEDOT surface and diffusion resistances in
electrolyte solutions. The NOP-containing DSC-device is outperforming all the remaining ones in
solar conversion metrics.
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4.4 Experimental Section

Chemicals and Reagents. All chemicals were purchased from Aldrich, TCI or Merck, and used as
received.

Synthesis of copper complexes. The detailed description for the synthesis of copper complexes are
given in Chapter 2 and Chapter 3.

Electrode materials and fabrication of devices. The electrode materials and device fabrication tech-
niques are provided in Chapter 2.

Fabrication of dummy cells. The symmetrical dummy cells were fabricated with two identical PE-
DOT electrodes, which were separated by 30 pm Surlyn (DuPont). The cells were filled with an
electrolyte solution, which was identical to that used for DSC devices (see above). The cells were
filled through a predrilled hole in one FTO support, and closed by a Surlyn seal. The sheet edges of
FTO were coated by ultrasonic soldering. The cell spacing was measured by digital micrometer and
found to be from 22 to 29 pm. To account for casual fluctuations in cell spacing, the measured volt-
ammetric currents on dummy cells were normalized for constant spacing of 25 pm.

Methods. UV-Vis optical spectra were measured by a Hewlett-Packard 8453 diode array spectrome-
ter. Electrochemical measurements were carried out using Autolab PGstat-30 equipped with the
FRA module (Metrohm) or BioLogic SP300 potentiostats. The ZView software (Scribner Associ-
ates) was used to analyze the spectra of DSCs according to transmission line method'?'. The imped-
ance spectra of dummy cells were acquired in the frequency range from 100 kHz to 0.1 Hz, at 0 V
bias voltage, the modulation amplitude was 10 mV. Current—voltage characteristics, Incident-
photon-to-current-conversion efficiency, electron lifetime and charge extraction measurements were
carried out as detailed in Chapter 2.

Stability measurements were performed with a Biologic MPG2 potentiostat under continuous illu-
mination from a white LED lamp (Lumileds LXM3-PW51) with 0.5-sun intensity. The ageing pro-
cedure consisted of measuring IV curves every 24 h (at 100 mV s™) followed by the long period of
maximum power point tracking (MPPT). The maximum power point (MPP) was updated every
second by a standard perturb and observe method. The temperature of the devices was about 35 °C;
the atmosphere was ambient air.
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Chapter 5 The Effect of Coordination
Sphere of Copper Redox Mediators on Regen-
eration and Recombination Behavior in Dye-
sensitized Solar Cell Applications

This chapter is adopted from the following article with the permission of the journal:

Postprint version of the publication: ‘The Effect of Coordination Sphere Geometry of Copper Redox Mediators on Regeneration and
Recombination Behavior in Dye-sensitized Solar Cell Applications. ACS Applied Energy Materials., 2018, 1(9),4950-4962. DOI:
10.1021/acsaem.8b00957” by Yasemin Saygili, Marko Stojanovic, Hannes Michaels, Jan Tiepelt, Joel Teuscher, Arianna Massaro,
Michele Pavone, Fabrizio Giordano, Shaik M. Zakeeruddin, Gerrit Boschloo, Jacques-E. Moser, Michael Gritzel, Ana B. Mufioz-
Garcia, Anders Hagfeldt and Marina Freitag

My contribution: Synthesis of the complexes, characterization of the complexes, device preparation and characterization, analysis of
the data, writing the manuscript.

In the previous chapter, we investigated the effect of TBP and other bases on the copper redox me-
diators in detail. In this chapter we take a closer look on the dye regeneration and charge recombi-
nation behaviors in the absence and presence of TBP. We investigate four copper complexes,
[Cu(dmby),]*"""(dmby = 6,6'-dimethyl-2,2"-bipyridine), [Cu(tmby),]*"""(tmby = 4,4,6,6-

tetramethyl-2,2"-bipyridine),  [Cu(eto),]*”""(eto=4-ethoxy-6,6'-dimethyl-2,2"-bipyridine) ~ and
[Cu(dmp),]*"""(dmp=bis(2,9-dimethyl-1,10-phenantroline) in conjunction with the D5, D35 and
D45 sensitizers, having various degrees of blocking moieties. We show that, for Cu(Il) species, the
presence of 4-tert-butylpyridine (TBP) in the electrolyte medium, results in penta-coordinated com-
plexes with altered charge recombination kinetics (A = 1.23-1.40 eV). These higher reorganization
energies lead to charge recombination in the Marcus normal regime instead of the Marcus inverted
regime that could have been expected from the large driving force for electrons in the conduction
band of TiO; to react with Cu(Il). Additionally, we show that the recombination resistance and elec-
tron lifetime values were higher for the copper redox species compared to the reference cobalt re-
dox mediator. The DSC devices employing D35 dye with [Cu(dmp),]*""* reached a record value for
the open circuit voltage of 1.14 V without compromising the short circuit current density value.
Even with the D5 dye, which lacks recombination preventing steric units, we reached 7.5 % effi-
ciency by employing [Cu(dmp),]*""" and [Cu(dmby),]*""" at AM 1.5G full sun illumination with
open circuit voltage values as high as 1.13V.
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5.1 Introduction

Despite reaching high PCE values with copper complexes based DSCs, various electron transfer
processes were insufficiently investigated and understood in the previous chapters. In this chapter,
we studied the recombination and regeneration behaviors of the [Cu(dmby),]*""", [Cu(tmby),]*"""",
[Cu(eto),]*""" (eto=4-ethoxy-6,6'-dimethyl-2,2'-bipyridine) and [Cu(dmp),]*""" together with sensi-
tizers, having various degrees of blocking side chains. We introduce a new copper complex,
[Cu(eto)z]%/H, in order to have similar redox potential as [Cu(tmby),]*"""to understand solely the
effect of ligand structure on dye regeneration and charge recombination by comparing the data of
[Cu(eto),]*" "and [Cu(tmby),]*"""". The chemical structures of copper complexes and D5, D45 and
D35 dyes are given in Figure 5-1. The D5, D35 and D45 dyes consist of a triphenylamine electron
donor, thiophene chain extending m-conjugation and cyanoacrylic acid as the anchoring group. The
D5 dye has no bulky substituents to prevent electron recombination, but D35 and D45 dyes include
bulky alkoxy electron donating substituents. Employing these three sensitizers, the dye regeneration
kinetics were investigated via Transient Absorption Spectroscopy and Photoinduced Absorption
Spectroscopy experiments. To further investigate the recombination behavior of the injected elec-
trons in TiO; and electrolyte, we performed Electrical Impedance Spectroscopy measurements and
small amplitude light-modulation technique (Toolbox) measurements. In addition, a detailed density
functional theory analysis was provided to understand the effect of molecular configuration on elec-
tron transfer processes.

According to Transient Absorption Spectroscopy, the oxidized dye molecules are regenerated close
to unity yields (in the micro-second range) with very low driving forces (i.e. 0.1 eV) by employing
the four copper redox mediators. The calculated activation energy values for the regeneration of the
oxidized D5 and D45 dyes, were found to be similar to the values of [Co(bpy)g.]w **_This finding
explains the reason of having similar current density values with [Co(bpy)s]*"*" and copper redox
couples.

Contrary to Cu(l) species, the Cu(II) counterparts tend to be penta-coordinated by accepting 4- tert-
butylpyridine (TBP) (or alternatively some counter ions) as the 3™ ligand.®*'*"-19%122712* By means
of density functional theory calculations, we proved that TBP coordinated Cu(Il) species have high-
er reorganization energies in comparison to Cu(l) counterparts. In the presence of TBP, the formal
Cu(I1)/Cu(l) redox potential shifts negatively by several tens of millivolts. '°* These findings show
that the charge recombination stays in the Marcus normal regime. The experimentally derived elec-
tron lifetimes, extracted charge values and recombination resistances were compared to
[Co(bpy)s]>""*". In accordance with calculated parameters, it is shown that even though the driving
force for recombination in copper redox mediators is higher compared to cobalt electrolyte, the
copper electrolytes give higher recombination resistance and higher electron lifetimes in most of the
cases. Due to the higher resistance for recombination, the effect of dye structure becomes less sig-
nificant for the copper complexes, which can be clearly observed for the devices sensitized with the
D5 dye. It is also shown that in the absence of TBP, the calculated reorganization energy values
suggest a Marcus inverted regime for recombination.

62



The Effect of Coordination Sphere Geometry of Copper Redox Mediators on Regeneration and Recombination Behavior in DSC Applications

Figure 5-1 Molecular structures of and a) D5 b) D45 ¢) D35 dyes and d) [Cu(tmby),]*""" ) [Cu(eto),]*"""" )
[Cu(dmp),]*"" g)[Cu(dmby),]*"""* complexes.

5.2 Results and Discussion

5.2.1 Electrochemical and Spectroscopic Data of Novel Cu(I)(eto); and Cu(II)(eto),.

The formal redox potential of the novel [Cu(eto)z]w " complex was determined by three-electrode
cyclic voltammetry measurement. By omitting the activity coefficient differences, the redox poten-
tial of this complex can be approximated as 0.86 V vs SHE (Figure 5-2a). The absorption spectra of
the [Cu(eto),]'" and [Cu(eto),]*" are given in (Figure 5-2b). For [Cu(eto),]"", the extinction coeffi-
cient is found to be 1750 M'em™ at 450 nm, suggesting a metal-to-ligand charge transfer (MLCT)
transition. For [Cu(eto):]*", the absorption peaks are observed in the UV region, attributed to the
o transitions, with an extinction coefficient value of 1400 M'em™ at 360nm.
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Figure 5-2 a) Cyclic Voltagramm of [Cu(eto),]" complex. b) Molecular extinction coefficients of [Cu(eto),]"" and
[Cu(eto),]*" complexes.

5.2.2 Photovoltaic Performance.

The energy levels of the D5, D35, D45 sensitizers, [Cu(tmby),]"", [Cu(dmby),]'", [Cu(dmp),]'"",
[Co(bpy)s]**" complexes, and the photocurrent-voltage characteristics of the DSC devices employ-
ing these materials are given in Figure 5-3(a) and (b-d), respectively. The power conversion effi-
ciencies are calculated by Equation 1-10 and the photovoltaic data is provided in Table 5-1.

The DSC devices sensitized with D35 dye and employing [Cu(tmby),]*""'" reached 9.44 % efficien-
cy at AM 1.5G illumination. With the D35 dye, all the copper complexes showed remarkably high
open circuit values above 1.0 V at full sunlight illumination. For [Cu(dmp),]*"""", the Voc was rec-
orded as 1.14 V and is one of the highest values to our knowledge. Although the copper complexes
have lower driving force for dye regeneration with respect to [Co(bpy)3]3+/ " the J values stayed
similar. Especially in case of [Cu(tmby),]*"""", the Ji. reached up to 12.71 mA cm™.

The D5 dye with a simple diphenylaniline moiety as electron donor and a thiophene chain extend-
ing the m-conjugation, lacks the steric-bulky structures to prevent the recombination of electrons
from the TiO, with the electrolyte. A record efficiency for this dye of 7.5 % was achieved with both
[Cu(dmby)z]w " and [Cu(dmp)z]w H electrolytes. The Voc values were 1.13 V and 1.07 V for
[Cu(dmp):]*""" and [Cu(dmby),]*"""*, respectively. These remarkable Voc values shows that the D5
dye can be effectively utilized as a co-sensitization dye for other systems. The molecular simplicity
and compactness of this dye can allow better dye loading when it is applied in conjunction with
bulkier dye molecules. In case of [Cu(tmby)z]MH, the Jsc value was the highest as 10.3 mA cm?,
whereas the other electrolytes were above 9 mA cm™. Depending on the smaller size of the D5 dye,
the fill factors obtained with this chromophore were generally better.

[Cu(tmby),]*"""" electrolyte with D45 dye'*>'?® reached a PCE value of 8.3%. Although
[Cu(dmby)g]w " and [Cu(dmp)z]w ' electrolytes have limited driving force for regenerating the
D45 dye, the PCE values were comparable to the one for [Co(bpy)3]3+/2+. For [Cu(dmby)2]2+/1+ and
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[Cu(dmp),]*""" species, the recombination suppressing parts of D45 (0,p-dimetoxyphenyl units) can
be considered as redundant when we compare with the D5 dye.

In general, the FF values for [Co(bpy)s]*"*" appeared to be higher than that of the copper complex-
es. This is attributed both to the higher charge transfer resistance of the counter electrode and diffu-
sion resistances for copper complexes, as reported by Kavan et. al. '°' The reason for the higher
diffusion resistances of the Cu-complexes was reported to be due to the coordination of TBP mole-
cules to the copper complex molecular coordination sphere.

According to J-V data, the [Cu(tmby)z]w "and [Cu(eto)z]w " complexes correspond to similar cur-
rent, voltage and fill factor values for all the sensitizers. This indicates that the ligand structures of
these complexes do not cause a profound difference on photovoltaic performance. Instead, the driv-
ing force for dye regeneration and recombination is more important.
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Figure 5-3 a) HOMO levels of D5, D35 and D45 dyes and formal redox potentials of the Cu(I) species. b-d) Current
density versus applied potential curves under dark and 100W/cm* AM1.5G illumination for DSCs devices measured

with a mask aperture of 0.158 cm” ([Cu(dmby),]*""" (Blue), [Cu(tmby),””"" (Red), [Cu(eto),]*”"" (Purple),
[Cu(dmp),]*""* (Green), and [Co(bpy)s]*"* (Black)).
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Table 5-1 J-V Characteristics for D5, D35 and D45 sensitized DSC devices employing [Cu(tmby),]*""*, [Cu(eto),]*""",
[Cu(dmby)z]MH, [Cu(dmp),]*""" and [Co(bpy)3]3+/ Helectrolytes (all electrolytes have the same concentration of addi-
tives 0.1 M LiTFSI and 0.6M TBP).

D5 D45 D35

Vee Joe (mA PCE Ve Jye (MA PCE | V., Joe (MA PCE

Redox couple ™) em?) FF (%) ™) em?) FF %) ™) em?) FF (%)
[Co(bpy).]*"** 0.713 9.45 0.728 4.9 0.810 13.40 0.730 | 7.9 | 0.936 12.05 0.691 7.8
[Cu(tmby),]**"™* | 0.837 10.79 0.674 6.1 0.984 12.52 0.673 | 8.3 1.11 12.81 0.661 9.4
[Cu(eto),]*"™ 0.828 10.12 0.715 6.0 0.978 12.59 0.667 | 8.2 1.12 11.93 0.663 8.8
[Cu(dmp),]*"™ 1.13 9.02 0.736 7.5 1.02 9.90 0.741 | 7.5 1.14 11.40 0.706 9.2
[Cu(dmby),]*"™ | 1.07 9.85 0.712 7.5 0.956 11.85 0.680 | 7.7 1.13 11.53 0.602 7.8

The typical IPCE spectra for D35 and D5 sensitizers employing copper electrolytes are given in
Figure 5-4. For D35 dye, the maximum IPCE is found to be over 70% around 550 nm, with the
three copper compounds. The IPCE drop around 360 nm is attributed to the competitive light ab-
sorption of the FTO glass and the electrolyte. The slightly blue shifted IPCE spectrum of the
[Cu(dmp),]*""" electrolyte indicates that this complex has a higher extinction coefficient compared
with the other Cu-complexes. In case of D5 sensitized devices employing copper electrolytes, the
maximum [PCE and the corresponding wavelength were observed to be higher than 70% (around
400 nm). The parasitic light absorption was stronger around 500 nm when D5 dye is employed,
which is attributed to the absorption of Cu(l) species.
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Figure 5-4 IPCE spectra of D35 and D5 sensitized DSC devices employing the three copper complex electrolytes.

5.2.3 Photoinduced Absorption Spectroscopy.

The regeneration kinetics of D5 and D35 chromophores employing [Cu(tmby),]*""",

[Cu(dmby)z]wH, [Cu(dmp)z]w1+ and inert electrolyte (0.1 M LiTFSI and 0.6 M TBP in acetoni-
trile) were investigated via photoinduced absorption spectroscopy measurements (See Figure 5-5).
For both sensitizers, with the inert electrolyte, a bleach was observed around 460 nm indicating a
ground-state bleach of the dye upon oxidation. The absorption change of the dye molecules stems
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from the change of the electric field caused by photoinjected electrons, i.e., a Stark shift.”®” In the
presence of copper complexes, the bleach shifted to 520 nm (for the D5 sensitizer employing
[Cu(dmp)z]w ' the signal persisted around 460 nm due to excitation light) as a result of the Stark
effect. The lack of absorption peaks of oxidized dye molecules in the photoinduced absorption spec-
troscopy spectra indicates that the oxidized dye molecules are efficiently regenerated by the Cu(I)
complex.
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Figure 5-5 Photoinduced absorption spectroscopy spectra of DS and D35 sensitized TiO, films with the inert and the
three copper complex electrolytes.

5.2.4 Transient Absorption Spectroscopy

Transient absorption spectroscopy measurements were carried out to investigate the dye regenera-
tion kinetics and recombination of oxidized dye molecules and injected electrons in the TiO,. The
transient absorption spectroscopy figures and the corresponding data for the D5, D35 and D45 sen-
sitized films employing [Cu(tmby),]*""", [Cu(dmby),]*""", [Cu(dmp),]*"""", [Cu(eto).]*""" and the
inert electrolyte are given in Figure 5-6 and Table 5-2, respectively. In the absence of redox cou-
ples, the recombination of injected electrons in the TiO;, and oxidized dye molecules showed ab-
sorbance decay signals of 1.1 ms, 2.3 ms and 1.9 ms half-times (t12), for D5, D35 and D45 dyes,
respectively. These half-time values clearly show the effect of electron donating substituents on the
chromophore. The o,p-dibutoxyphenyl substituent involved in the D35 dye provides the strongest
barrier for recombination of injected electrons with oxidized dye molecules as observed by the
highest half-time. The D5 dye shows the shortest recombination half-time since it lacks the recom-
bination preventing bulky units. The presence of copper species accelerates the absorbance signal
decay which indicates faster regeneration of the oxidized dye molecules with Cu(I) species. The
regeneration efficiencies (@) are estimated via Equation 1-5. All the copper complexes showed
®,.; values that are close to 100% with D5, D35 and D45 dyes.

For the D35 and D45 dyes, the t;,; values can be related to the driving force for dye regeneration,
suggesting a Marcus normal regime for dye regeneration for the complexes under study. This find-
ing will be supported by the DFT calculations described in detail further below. Thus, the
[Cu(tmby),]*"""" and [Cu(eto),]*"""" complexes showed the shortest regeneration times due to the
more negative formal redox potential enabling higher driving forces for dye regeneration. In case of

67



Chapter 5

the D5 dye no clear relation between regeneration half-times and driving force values was observa-
ble. The transient absorption spectroscopy measurements indicate that the copper redox mediators
are able to regenerate oxidized dye molecules with faster kinetics in comparison to the Co-
complexes based redox mediators.™
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Figure 5-6 Transient absorption spectroscopy measurements of a) D5 b) D35 and c) D45 sensitized TiO, films with
inert, [Cu(dmby),]*""", [Cu(tmby),]*"""*, [Cu(eto),]*""" and [Cu(dmp),]*""* electrolytes.
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Table 5-2 Transient absorption spectroscopy measurements data (halfttime/ regeneration efficiency) for the TiO, films
sensitized with D5, D35 and D45 dyes employing [Cu(tmby),]*""*, [Cu(dmby),]*""*, [Cu(dmp),]*""" and [Cu(eto),]*""".

Inert [Cu(dmby),]*”"* | [Cu(dmp),*"* [Cu(tmby),]*"* | [Cu(eto),]*"*
D5 1.1 ms 1.8 us/99.8% 1.2 pus/99.9% 10.3 ps /99.0% 1.1 pus/99.9%
D35 2.3 ms 2.9 us/99.9% 1.9 us /99.9% 1.1 pus/ 100% <1 ps/99.9%
D45 1.9 ms 1.3 us/99.9% 1.2 us /99.9% <1ps/99.9% <1 pus/99.9%

5.2.5 Electron lifetime and charge extraction measurements.

The recombination kinetics were further investigated by a small amplitude light-modulation tech-
nique in terms of electron lifetime and charge extraction measurements. For the same light intensity,
the measured electron lifetimes versus extracted charge values are given in Figure 5-7. We can
clearly observe that the [Co(bpy)s]*"*" electrolyte has relatively lower lifetimes in most devices, for
the same extracted charge values, i.e. the same density of conduction band electrons. Only the D35
dye, employing the [Cu(dmp)z]%/ " electrolyte gives lower electron lifetimes compared to
[Co(bpy)s]*"*". For [Cu(dmp),]*""" electrolyte, this behavior is attributed to the bimolecular reduc-
tive quenching of the excited dye by the [Cu(dmp),]*" species as reported by Freitag et al.*' In this
previous work™, it was stated that the excited dye can be intercepted with an electron from the elec-
trolyte, resulting in the reduced state of the dye. Furthermore, quenching of the reduced dye by the
electrolyte competes with electron injection and results in a lower photocurrent. Therefore, the low-
er lifetime and charge extraction values for D35 sensitized films, employing [Cu(dmp)z]%/ ' can
also be explained by bimolecular reductive quenching by considering the same donating group of
the D35 and LEG4 dyes.
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Figure 5-7 Electron lifetime versus Charge extraction data obtained from the Toolbox measurements for a) D35 b) D45
and ¢) D5 sensitized TiO, films. [Cu(dmby)z]w " (blue squares), [Cu(tmby)z]wH (red triangles), and [Cu(dmp)z]w "
(green circles), and [Co(bpy)3]3+/ 2 (yellow diamonds).
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5.2.6 Electrochemical Impedance Spectroscopy.

In order to disregard the effects of light on the analysis of recombination kinetics, i.e. eliminating
the recombination losses to unregenerated or oxidized dyes, the dark currents, dark recombination
resistances and chemical capacitances are analyzed.

In

Figure 5-8, the dark currents of DSC devices are presented. As expected, with different dye and
electrolyte employments, the dark current values change. These differences are related to the kinet-
ics of electron transfer reactions at the TiO./dye/electrolyte interface and TiO, conduction band
changes, which are important for the recombination characteristics in the DSC devices.'”” The re-
combination resistance and chemical capacitance of TiO, are extracted by using the transmission
line model.®

For all the devices, the recombination resistance showed a decreasing trend with increasing capaci-
tance at forward bias, as reflected in the curves of dark currents. (At low forward bias (up to 0.4 V),
the recombination resistance behavior is dominated by the recombination of electrons with FTO,
therefore the data obtained at higher forward bias will provide a better charge transfer analysis®).
By concentrating on the higher chemical capacitance data, we can see that the recombination re-
sistance increases according to the steric substituents of the dyes, as expected. (e.g. at a chemical
capacitance of 10™ C, for the [Cu(tmby),]*""" electrolyte the recombination resistance is estimated
approximately as 10°, 3x10° and 5x10* Ohms for the D5, D45 and D35 dyes, respectively). For the
three sensitizers, at the same capacitance the recombination resistances were the lowest, and the
dark currents were the highest for [Co(bpy)s]**" indicating a higher rate of recombination between
the electrons in TiO; and Co(1II) species.

[Cu(tmby)2]2+/ " and [Cu(eto)2]2+/ " complexes showed almost the same recombination resistance
values since they have similar formal redox potentials. This finding suggests that the structural dif-
ferences with tmby and eto ligands have lower effect on reaction rates compared to differences in
driving forces.

According to the Marcus model, the electron transfer rates depend on the driving force for reaction,
electronic coupling, the reorganization energies and diffusion rates of reactants. The rate constant
for electron transfer k¢ can be given as in Equation 1-7. The measured electron lifetimes, extracted
charge values and recombination resistances qualitatively indicate a lower recombination rate for
copper complexes compared to [Co(bpy)s]*"*". In order to understand the origin of this trend, a
more detailed analysis is provided below with rest potential measurements and density functional

theory calculations.
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Figure 5-8 Dark currents, Recombination Resistance and Capacitance values obtained from the Electrical Impedance
Spectroscopy measurements. [Cu(dmby)z]2+/ " (Blue squares), [Cu(tmby)2]2+/ " (Red triangles), [Cu(eto)z]w " (Purple
stars), [Cu(dmp),]*""" (Green circles), and [Co(bpy)3]3 2% (Yellow diamonds).

5.2.7 Rest Potential Measurements.

As discussed in previous chapters'®"'*, Cu(II) species exhibits more complicated cyclic voltammo-
grams based upon counter ion coordinations or base coordinations. We also showed that these more
complicated copper(II) species show more negative redox potentials.'”"'**'?? In this study, we also
carried out electrolyte rest potential measurements in order to see how Cu(Il) species affects the
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electrolyte redox potential. Surprisingly, there was a significant difference between the rest poten-
tials of electrolytes and cyclic voltammetry data of only Cu(I) species, as given in

Table 5-3. With this finding we can speculate that penta-coordinated Cu(Il) species shifts the elec-
trolyte potentials to more negative values'>'**. Since the driving force for the recombination reac-
tion is determined by the difference between quasi-fermi level of the TiO, and redox potential of
Cu(I) species, reaction free energies (AG® in Equation 1-7) for recombination is less than the values
expected '** (i.e. when the Cu(I) and Cu(II) species are assumed to have the same redox potentials).
For [Co(bpy)s]*""%, the difference between cyclic voltammetry and rest potential measurements can
be considered insignificant in comparison to the data obtained for the copper complexes.

Table 5-3 Rest potentials of [Cu(tmby),]*""*, [Cu(dmp),]*""* and [Co(bpy)s]*"* electrolytes and Formal redox poten-
tials of Cu(I) species and [Co(bpy)s]™

Rest Potential | Formal redox potential
Redox couple (V vs SHE) (V vs SHE)
[Cu(tmby),]*"* 0.644 0.87 19
[Cu(dmp), "™ 0.669 0.93 19
[Co(bpy)*™** 0.525 0.56 @

5.2.8 Density functional theory calculations

As discussed in Chapter 2 and 3'°"'*, when we use CuCl, as the starting material for Cu(II) pro-

duction, the obtained Cu(Il) species exhibits complicated electrochemical behaviors, unlike the
electrochemically clean Cu(I) counterparts, because of counter ion coordination. We also showed
that, by using Cu(TFSI), as the starting material, electrochemically clean Cu(Il) species can be pro-
duced.'** However, this clean Cu(II) species tend to adopt more complicated coordination spheres
in presence of TBP or other Lewis base additives and exhibit more negative redox
potentials.'*"'%*'?? Following these findings, the DFT computations are carried out for ‘with TBP’
and ‘without TBP’ cases.

Firstly, in order to see the possible TBP interactions, the minimum energy structures and binding
free energies are calculated. In the absence of TBP, copper(l) species prefer a tetrahedral coordina-
tion sphere for copper. Upon oxidation, the tetrahedral alignment decays to a distorted tetragonal
structure, and most favoured square- planar Cu(Il) coordination is prevented by the steric hindrance
effects of the methyl groups adjacent to the nitrogen atoms of the ligands. The minimum energy
structures of [Cu(tmby):]*""" and [Cu(eto),]*"'", with and without TBP, are given in Figure 5-9.
Similarly, the minimum energy structures for [Cu(tmby),]*”""" and [Cu(dmp),]*"""" are provided in
Figure 5-10. Although, according to our calculations, TBP remains in the vicinity of both Cu(I) and
Cu(Il) complexes, computed binding free energy values (AGying) of TBP (Table 5-4) are very differ-
ent for Cu(l) and Cu(Il) species. Negative free energies correspond to favorable binding, with a
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clear indication of TBP coordination to Cu(Il). On the other hand, positive values correspond to an
unfavorable interaction between the Cu(l) complexes and TBP. Thus, we can conclude that TBP
binds selectively to Cu(Il) in the reaction media.

Cul(tmby), Cu'(tmby), Cu'(eto), Cu'l(eto),

Figure 5-9 a) [Cu(tmby)z]H(left) and [Cu(tmby)z]2+ (right) b) [Cu(eto),]*(left) [Cu(eto),]*" (right) minimum-energy
structures without and with TBP (top and bottom, respectively) calculated at the DFT-B3LYP-D3BJ level of theory in
acetonitrile (PCM).

Cu'(dmp), Cu'(dmp), Cu'(dmby), Cu'(dmby),

Figure 5-10 a) [Cu(dmp),]"" (left) and [Cu(dmp),]*" (right) b) [Cu(dmby),]"* (left) and [Cu(dmby),]* (right) minimum-
energy structures without and with TBP (top and bottom, respectively) calculated at the DFT-B3LYP-D3BJ level of
theory in acetonitrile (PCM).
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Table 5-4 Binding Free Energies (AGying) of TBP on [CuL,]' ‘and [CuL,]*".

AGyina(TBP) (eV)
Ligand
Clll-Lz Cll"-Lz
dmp 0.393 -0.334
dmby 0.350 -0.360
tmby 0.329 -0.265
eto 0.340 -0.268

The charge transfer process between the photo-oxidized dye (D) and the electrolyte that lead to dye
regeneration is in competition with the charge recombination process that occurs at the solid-liquid
interface between the electron in the TiO, conduction band and the oxidized dye. The Cu**/Cu'" -
and Co’"/Co”"- complex redox couples are involved in the second pathway of recombination of
electrons in the TiO,, viz. the reaction with oxidized electrolyte species. To address the energetics in
play in these processes, we also computed the redox potentials and the total reorganization energies
for the four copper-based complexes with dmp, dmby, tmby and eto ligands by considering the
complexes without TBP ([CuL,]*"/[CuL,]""), with both [CuL,]*" and [CuL,]" coordinated with TBP
([CuL,-TBP]*/ [CuL,-TBP]'") and with only [CuL,]*" coordinated by TBP. The trends on comput-
ed redox potentials given in Table 5-5 are in good agreement with the experimental data and the
decreasing free energy values with TBP coordination also confirms our previous experimental find-

s 101,102,122
ings.

Table 5-5 Free Energy Differences (AGox Cu'/Cu") for the Cu(I) — Cu(Il) process for complexes without TBP
([CuL,]"/ICuL,]*"), with both [CuL,]"" and [CuL,]*' coordinated with TBP ([CuL,-TBP]'*/ [CuL,-TBP]*") and with
only [CuL,]*" coordinated by TBP ([CuL,]""/[CuL,-TBP]*")

AGox Cu'/Cu" (eV)
- [CuL,]""/[CuL,]* [CuL,-TBP]"*/[CuL,-TBP]** [CuL,]""/[CuL,-TBP]**
dmp 5.19 4.46 4.86
dmby 5.25 4.54 4.89
tmby 5.12 4.52 4.85
eto 5.10 4.49 4.83

We must note here that absolute values of computed redox potentials are 0.2 to 0.5 eV off the ex-
perimental values, as reported for similar DFT-based approaches®, due to the well-known draw-

74



The Effect of Coordination Sphere Geometry of Copper Redox Mediators on Regeneration and Recombination Behavior in DSC Applications

backs of the approximated nature of the exchange-correlation term when comparing systems with a
different number of electrons. Still, DFT can reliably predict reorganization energies (A), since they
are calculated as energy differences between two points of the same potential energy surface. Table
5-6 reports the computed A values for all the complexes in both dye regeneration (DR) and charge
recombination (CR) directions, by considering the complexes without TBP, with both [CuL,]' “and
[CuL,]*" coordinated with TBP, and with only [CuL,]*" coordinated by TBP. For comparison, the
reorganization energies for DR and CR of [Co(bpy)s]*™*" complex are also calculated as 0.66 eV
and 0.76 eV, respectively. We considered here only the low-spin case for the cobalt complex that is
most convenient for the DR process even if it is not the most stable in acetonitrile solution. > Since
the electro- chemical behavior of [Co(bpy)g]%/2+ is invariant with the TBP addition'""

zation energies are calculated for solely Co*">Co’ and Co®>">Co*" reactions.

, the reorgani-

Table 5-6 Reorganization energies (A) for the Cu(I) — Cu(Il) process for complexes without TBP ([CuLZ]'+/[CuL2]2+),
with both [CuLz]1+ and [CuL2]2+coordinated with TBP ([CuLz-TBP]1+/[CuL;-TBP]2+) and with only [CuLz]2+ coordi-
nated by TBP ([CuL,]"*/[CuL,-TBP]*"). X for dye regeneration (DR) and charge recombination (CR) indicated.

A (eV)
L | [CuL,]"/[CuL,)* | [CuL,-TBP]""/[CuL,-TBP]*" | [CuL,]'*/[CuL,-TBP]**
DR CR DR CR DR CR
dmp 0.321 0.368 0.391 0.754 0.272 1.368
dmby 0.313 0.334 0.523 1.269 0.369 1.253
tmby 0.322 0.350 0.595 1.203 0.380 1.232
eto 0.317 0.362 0.542 1.182 0.328 1.268

The total Apg values are not very different from just the internal reorganization energies'**, meaning
that the solvent effects on this parameter are less relevant than the internal structural rearrangements
upon oxidation of the transition metal center. In the absence of TBP (Table 5-6, [CuL,]"/[CuL,)*
entries), with the reduction of the transition metal center, the Acg values are similar but slightly
higher than the DR counterparts. The relative magnitudes of the reorganization energies for CR
among Cu complexes and [Co(bpy);]*”*" have the same trend as for DR: in the absence of TBP, all
the copper complexes have lower reorganization energies (Acr) than the cobalt one. Considering
coordination of TBP exclusively to Cu(Il) (Table 5-6, [CuL]""/[CuL,-TBP]*" entries), Apr does
not change dramatically, due to the geometry of Cu''L;, species changing very little upon binding
with TBP, and remain in the 0.3 eV range, but Acr increase for all complexes to values higher than
1.2 eV.

Considering the unfavorable binding of TBP with Cu(I), we can further analyze the dye regenera-
tion patterns without considering TBP. Table 5-7 reports the electronic features of D5 and D45
dyes, including the internal and external reorganization energies. The predicted values on electronic
properties are consistent with experimental counterparts. It is worth noting that the internal reorgan-
ization energies of the dyes are very small compared to the external one. This feature is consistent
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with the significant electronic rearrangement in these push-pull dyes, which has a more pronounced
effect on the solvent than in the case of the electrolytes, where the charge center does not change
position and is protected by the ligands.

Table 5-7 Computed electronic properties of DS and D45 dyes: absorption maximum (A,) With corresponding oscilla-
tor strength inter parenthesis; Energy difference between S; and Sy minima (E), internal (A;,)) an external (Aey) reor-
ganization energies are computed for the dye regeneration process (D" = D).

AbS (Amax) (nm) Eq (eV) Aine (€V) et (€V)
497 (1.929)
D5 exp 476 1.866 0.071 0.661
459 (1.532)
D45 exp 420 2.102 0.261 0.591

From this data, by combining the experimental redox potentials and the DFT reorganization ener-
gies, we can derive an estimate of the activation energy in the Marcus model for the dye-electrolyte
charge transfer Equation 1-9. Table 5-8 lists the computed parameters.

Table 5-8 Marcus parameters (Equation 1-9) for dye regeneration. AG, values are derived from experiments, reorgani-
zation energies are from DFT calculations, all the values are in eV.

D5 D45

AGy Mot AG’pr AG Mot AG'pr
[Cu(dmp),]™ -0.15 1.054 0.19 -0.06 1.173 0.26
[Cu(dmby),]"™* -0.11 1.046 0.21 -0.02 1.165 0.28
[Cu(tmby),]"* -0.21 1.055 0.17 -0.12 1.174 0.24
[Cu(eto),]"" -0.22 1.050 0.16 -0.13 1.169 0.23
[Co(bpy)s]*(LS) -0.52 1.388 0.14 -0.43 1.508 0.19

The cobalt complex has a higher driving force for dye regeneration (AGy) but also higher reorgani-
zation energy (A, than the copper counterparts. The overall effect is that the activation energies
(AG"pr) for Cu complexes and [Co(bpy)g]w ** are similar, the cobalt complex being only slightly
favored and the [Cu(eto),]*"""" having the lowest activation energy among the four tested ligands.
Experimentally, the regeneration kinetics is slower for the [Co(bpy)s]*"*" complex (1 of about 8
us,'?®) indicating steric hindrance and/or inclusion of high-spin effects.

We focus now on the charge recombination of electrons in the TiO, with oxidized species in the
electrolyte, which undermines the photo-current generation by recombining the hole at the electro-
lyte (the oxidized redox species) with the injected electron from the excited dye to the electrode
conduction band (CB). In order to have a qualitative description of the charge recombination ener-
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getics and recalling the Marcus parameters, we consider the reduction of the Cu®* (or Co>") transi-
tion metal center by the electron that is coming from the TiO, CB, neglecting the reorganization
energy of the solid surface. Table 5-9 lists the computed results, following a similar approach as in
the dye regeneration case (without TBP).

Table 5-9 Marcus parameter (Equation 1-9) for the charge recombination (CR) process from the CB of the TiO, (ap-
proximated at -4 eV *°) to the electrolyte in the absence of TBP. All values are in eV.

AGy Mot AGcr
[Cu(dmp),]** -1.37 0.31 0.92
[Cu(dmby),]** -1.41 0.32 0.93
[Cu(tmby),|** -1.31 0.34 0.69
[Cu(eto),]* -1.30 0.33 0.73
[Co(bpy)s]™(LS) -1.00 0.76 0.02

These results outline a very different behavior between copper and cobalt when TBP is not consid-
ered. The copper complexes have a large driving force for CR and a small recombination energy,
leading to an inverse Marcus regime (JAGo| >> A,y) and the resulting CR activation energy is two to
three times larger than the DR values for all the complexes. On the contrary, a lower driving force
and a higher reorganization energy for [Co(bpy);]>"*" (JAGo| ~ M) keeps the electron transfer re-
combination process kinetically favorable with a very low activation energy. Instead, if TBP inter-
action with Cu(II) species is considered, this results in much higher reorganization energies for the
charge recombination process, and the electron transfer reaction stays in the Marcus normal regime
(Table 5-9). For copper complexes, the higher reorganization energy values for charge recombina-
tion results in lower recombination rates. Moreover, considering the Cu(Il) and TBP affinity, it is
predicted that there will be less amount of TBP adsorbed on TiO; films in case of copper-based
electrolytes, which will shift the TiO, conduction band position to more positive values, causing
lower photovoltages. In a qualitative way, our results highlight a clear trend that is consistent and
explains the observed behaviors for all the investigated electrolyte couples.

5.3 Conclusion

In this chapter, we showed the importance of the coordination sphere of copper redox mediators for
dye regeneration and recombination processes. To minimize the dye regeneration overpotentials,
the driving forces for dye regeneration are minimized. Transient Absorption Spectroscopy meas-
urements show that the dye regeneration efficiencies stay close to unity with the D5, D35 and D45
dyes. Employing the common electrolyte additive, TBP, alter the molecular configurations especial-
ly by binding to Cu(II) species. These characteristics show some major differences for the reorgani-
zation energies and redox potentials of the corresponding Cu(Il) species. Without TBP coordina-
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tion, with higher driving forces for recombination, the recombination reaction rate constant be-
comes lower due to the lower reorganization energy values (i.e. 0.33-0.37 eV) of the complexes and
the charge recombination process occurs in the Marcus inverted regime. However, with TBP coor-
dination, the reorganization energies become higher (1.230-1.370 ¢V) and the driving force for re-
combination becomes less, and the charge recombination occurs in the Marcus normal regime. In
- 3+/2+
comparison to [Co(bpy)s]
observed to be higher with the copper complexes. Moreover, the effect of dye structure observed to

be less significant for the copper electrolytes. Even with the simple D5 dye, which lacks recombina-

electrolyte, the device recombination resistances and lifetimes are

tion preventing bulky units, remarkable Voc values of e.g. 1.13V can be achieved. A record Voc
value of 1.14 V is achieved with the devices employing the D35 dye and [Cu(dmp),]*""" electrolyte.
Besides the obtained remarkable photovoltaic performance, this study provides a better understand-
ing of copper redox mediators and can motivate the future DSC research in terms of improving pho-
tovoltage outputs by employing copper complexes. New ligand structures allowing dye regeneration
with smaller driving forces, and recombination in the Marcus inverted regime, could result in higher
photovoltage outputs and accordingly improved device efficiencies. As another approach, TBP us-
age could be discarded by applying novel surface treatment techniques.

5.4 Methods

Materials. All chemicals were purchased from Sigma-Aldrich, HetCat, Dyenamo and TCI Chemi-
cals and were used without further purification, unless otherwise stated.

Synthesis of eto (4-ethoxy-6,6'"-dimethyl-2,2'-bipyridine) ligand. The detailed synthetic procedure
for eto ligand is given in Figure 8-4.

Synthesis of Copper Complexes. The [Cu(dmby),]*"", [Cu(tmby),]*""", and [Cu(dmp),]*"""" were
produced as previously reported in Chapter 2.%*'* Detailed complexation procedures for
[Cu(eto),][TFSI] and [Cu(eto);][TFSI], complexes are given Figure 8-5. For complexation of
[Cu(eto),][TFSI] one equivalent of Cul was mixed with three equivalents of eto ligand in 20 ml
ethanol under inert atmosphere at room temperature. After 2 hours, five equivalents of LiTFSI were
added to the solution and stirring continued for additional 2 hours. The resulting Cu(I) complexes
were filtrated and collected as red powder and washed with water and diethyl ether. In order to pro-
duce [Cu(eto),][TFSI/CI], one equivalent of CuCl, was mixed with 3 equivalents of eto ligand in 20
ml ethanol under nitrogen atmosphere at room temperature. After 2 hours, five equivalents of
LiTFSI and 5 ml of deionized water were added to the mixture. The solution was stirred for an addi-
tional 2 hours and the complexes were collected by filtration as green powders and washed with
water and diethyl ether.

Electrochemical Characterization. Three-electrode cyclic voltammetry measurements were per-
formed using Ag/AgCl/saturated LiCl (ethanol) as reference electrode and glassy carbon working
electrode under nitrogen with Autolab Pgstat-30 potentiostat. [Cu(eto),] "was dissolved in acetoni-
trile with 0.1M LiTFSI. Redox potentials were referenced with respect to ferrocene.

UV/vis absorption data for [Cu(eto),]' "and [Cu(eto),]*" were obtained by a Hewlett-Packard 8453
diode array spectrometer. The corresponding extinction coefficients were calculated using the Lam-
bert—Beer Law.
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Device fabrication. The photoanodes were prepared as previously described in Chapter 2. 0.1mM of
dye solutions (Dyenamo AB) were prepared in tert-butanol/acetonitrile (1:1 v:v) mixture. 0.4 mM
chenodeoxycholic acid was used in the dye solutions as an additive in order to prevent aggregation.
Working electrodes were dipped for 16 hours in these solutions. FTO glasses (TEC 6, Pilkington)
were coated with PEDOT via electrodeposition '® and used as counter electrodes'®. 25um Surlyn
spacer (Dupont) was used for assembling the working electrode and counter electrodes and electro-
lyte encapsulation. The electrolytes were prepared with 0.2 M Cu(I) and 0.06 M Cu(Il) complexes,
0.1M LiTFSI and 0.6 M TBP in acetonitrile. A detailed device preparation description can be found
in the Chapter 2.102

Solar Cell Characterization. The methods for the current-voltage, IPCE, electron lifetime and
charge extraction measurements are provided in Chapter 2.

Photoinduced Absorption Spectroscopy. The photo-induced absorption spectra of the various cells
were recorded using excitation from a square-wave-modulated blue LED (Luxeon Star 1 W, Royal
Blue, 460 nm) and white probe light from a tungsten-halogen lamp (20 W) was used as an illumina-
tion source. The transmitted light was focused into a monochromator (Acton Research Corp. SP-
150) and detected using a UV-enhanced Si photodiode, connected to a lock-in amplifier (Stanford
Research Systems model SR830). LED excitation intensity was approximately 80 Wm™ and the
modulation intensity was 9.33 Hz.

Transient Absorption Spectroscopy. Nano-microsecond laser flash photolysis was applied to sam-
ples loaded with D45, D35 for D5 dyes. The samples for Transient Absorption Spectroscopy meas-
urement were prepared by sandwiching the TiO, films and electrolytes in between two non-
conductive glasses. 4 um thick transparent TiO, films were screen printed on a glass substrate. In
order to have smaller amounts of dye loading on TiO,, 0.01mM of D5, D35 and D45 dyes solutions
were used. The TiO; electrodes were dipped into the dye solution for 16 hours. The TiO; electrodes
and glass substrates were assembled with 35 pm Surlyn (Dupont) spacer, similar to DSC fabrica-
tion. The electrolyte was injected through predrilled holes in the glass substrate. The samples
were excited by 7 ns (fwhm) pulsed laser light produced at arepetition rate of 20 Hz by
a frequency-doubled Qswitched Nd:YAG laser (4 =532nm). The laser fluence on the sample was
kept at a low level (50 uJ cm *per pulse) to ensure that, on average, less than one electron
is injected per TiO,nanoparticle per pulse. The probe light consists of a halogen lamp passed
through a monochromator, focused onto the sample and collected in a second monochromator at
1200 nm. The detector is a fast InGaAs diode (SMO5PDS5SA, Thorlabs) connected to a digital oscil-
loscope. Typical data are averaged over 1000 laser shots.

Electrochemical Impedance Spectroscopy. Impedance measurements were carried out with a Bio-
Logic SP300 potentiostat. A sinusoidal potential perturbation was applied within a frequency range
of 7 MHz-0.1 Hz. The bias potential was manipulated between 0 V and Voc, with 50 mV incre-
ments. The impedance data was fitted with ZView software (Scribner Associates) according to the
transmission line method. **

Rest Potential Measurements. The electrolyte solutions were investigated with home-made paper-
plug electrodes. The rest potential of the redox couple (with TBP) was measured with a Pt-wire vs
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an Ag/AgCl reference electrode. A 0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile
solution served as supporting electrolyte. The data was calibrated with respect to ferrocene.

Density functional theory calculations. The dye regeneration and charge recombination processes
have been investigated also by carrying out state-of-the-art density functional theory (DFT) calcula-
tions with the reliable B3LYP hybrid density functional "' and the well-known polarizable contin-
uum model (PCM) to take into account the acetonitrile solvent medium.”” To account for the disper-
sion interaction that is neglected in standard DFT we applied the DFT-D3 approach of Grimme with
the BJ damping scheme. '** Molecular frequencies have been computed within the harmonic ap-
proximation and were used to obtain zero-point vibrational frequencies and other thermodynamic
parameters at standard conditions. '** The vertical excitation energies and the excited-state proper-
ties of D5 and D45 dyes have been computed by applying the time-dependent DFT (TD-DFT) ap-
proach with the CAM-B3LYP density functional ** that provides reliable predictions for push-pull
organic dyes for DSSC applications. '** In all these calculations we exploited the Stuttgart/Dresden
Effective Core Potential and basis set (SDD) for copper *° and the 6-31++G(d,p) '’ for all the oth-
er atoms of ligands and TBP. Further details on the methods for computing redox potentials and
reorganization energies can be found in Chapter 8. '°*'**
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Chapter 6 Solid-State Dye-Sensitized Solar
Cells with Copper (II/I) Hole Transport Mate-
rials

This chapter is adapted from the following articles with the permission of the journal:

Postprint version of the publication ‘11% Efficiency Solid-State Dye-Sensitized Solar Cells with Copper (II/I) Hole Transport Mate-
rials. Nature Communications, 2017, 8:15390 | DOI: 10.1038/ncomms15390” by Yiming Cao*, Yasemin Saygili*, Amita Ummadis-
ingu, Joél Teuscher, Jingshan Luo, Norman Pellet, Fabrizio Giordano, Shaik Mohammed Zakeeruddin, Jacques-E. Moser, Marina
Freitag, Anders Hagfeldt and Michael Grétzel. (* shared first co-authorship)

My contribution: Devising the experiments with other co-authors, performing and analyzing the absorption and emission spectrosco-
py experiments, synthesizing the copper complexes and, preparation of counter electrodes.

In this chapter, we employed a blend of [Cu(tmby),](TFSI), and [Cu(tmby),](TFSI) (tmby =
4,4',6,6'-tetramethyl-2,2'-bipyridine; TFSI = bis(trifluoromrthylsulfonyl)imide) as a HTM for solid
state DSCs. We analyse the corresponding devices in terms of photovoltaic performance and stabili-
ty. Conductivity and hole transport, dispersion through the electrodes and interfacial charge separa-
tion are also discussed in detail.

6.1 Introduction

In conventional solid-state dye-sensitized solar cells (ssDSCs), solid hole conductors are reponsible
for the dye regeneration and the transport of the charges toward the counter electrode. The counter
electrode is usually made up of Au, Ag or carbon based materials whereas the hole transport mate-
rials (HTM) exist in a huge variety of inorganic and organic compounds. However, for ssDSCs the
most common HTM is the p-doped small-molecule 2,2',7,7'-Tetrakis(N,N-di-p-
methoxyphenylamine)-9,9'-spiro- bifluorene, (spiro-OMeTAD)"*'*° which has a low intrinsic
conductivity . Bach et al."*' employed doped spiro-OMeTAD in ssDSCs in order to improve the fill
factors and reduce the charge-transport resistances of the solar cells.'*"'**

Solid-state dye-sensitized solar cells, currently suffer from issues such as poor nanopore filling, low

conductivity and crystallization of HTMs infiltrated in the mesoscopic TiO, scaffolds, leading to

low performance. The spin-coating of the hole transport material results in low pore filling through

the mesoscopic semiconductor. Therefore, the spin coating technique is only applicable to thinner

working electrodes (For 2.5um-thick films, only 60-65% of the pores can be filled'*’). The amor-
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phous copper complexes HTM that conduct holes by rapid hopping infiltrated in a mesoscopic TiO;
scaffold are crucial for achieving high power conversion efficiencies.

Considering the rapid electron self-exchange rate in rigid copper complexes, [Cu(dmp),]*"* mole-

cules were recently used as a HTM for solid-state DSCs (ssDSCs)*. The so called ‘zombie’
ssDSCs were made simply by evaporating volatile solvents from the [Cu(dmp),]*”" redox shuttle
electrolyte in ambient air. Surprisingly, the ssDSC showed a high short-circuit photocurrent (Js.) of
13.8 mA/cm?, exceeding the J. of a liquid electrolyte based DSC (9.4 mA/cm®). The PCE of the
ssDSC was 8.2% under standard AM1.5G conditions, a performance superior to those of ssDSC
counterparts made using CuSCN (2%)'*, Cul (4.5%)'*, poly(3,4-ethylenedioxythiophene (PE-
DOT) (7.1%)'*, 2,2',7,7"-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene ~ (spiro-
MeOTAD) (7.7%)147, Cs>Snlg (7.8%)"*® or cobalt complexes149 as HTMs.

In this chapter, we report a new record PCE of 11.0% (average 10.2%) for stable ssDSC under
standard AMI1.5G conditions, fabricated using a blend of [Cu(tmby),](TFSI); and
[Cu(tmby),](TFSI) (tmby or tmbp’' = 44'6,6-tetramethyl-2,2"-bipyridine; TFSI =
bis(trifluoromrthylsulfonyl)imide) as a HTM and Y123 as a sensitizer (Figure 6-1). Substituent me-
thyl groups at the 6,6'-positions provide a rigid framework for the Cu(II) and Cu(I) complexes’' and
reduce the structural changes between them to allow for rapid self-exchange electron-transfer'*’.
We investigate the infiltration of the copper complexes in a 6.5 um-thick mesoscopic TiO; film, the
conductivity of the HTM, the influence of crytallinity of the hole conductor and the photoinduced
interfacial charge transfer dynamics of Y123 dye molecules in our solid Cu(Il/T) HTM based

ssDSCs.
6.2 Results and Discussion

6.2.1 Cu(1I/T) complexes for ssDSCs

As we showed in Chapter 2, the energetic alignment of the redox potential of [Cu(tmby),]” with that
of Y123, allows efficient dye regeneration following the initial photo-induced interfacial charge
separation step. We fabricate the DSCs by adsorbing Y123 as the sensitizer on the TiO, surface,
[Cu(tmby)z]2+/+ as the redox shuttle in a volatile electrolyte and electrodeposited PEDOT on FTO as
the counter electrode. The electrolyte contains 0.06 M [Cu(tmby),](TFSI),, 0.2 M
[Cu(tmby),](TFSI), 0.1 M LiTFSI and 0.6 M 4-tert-butylpyridine (TBP) in acetonitrile. DSCs with
this electrolyte show a PCE of 9.3+0.3% (Vo = 1.07+0.03 V, Ji. = 13.17+0.46 mA/cm® and FF =
0.66 + 0.02) under standard AM1.5G conditions (red symbols and error bars in Figure 6-1(b-¢)), a
value comparable to the previous result'®”.

Here, our investigation focuses on ssDSCs employing the blend of [Cu(tmby),]*" and [Cu(tmby),]"
as solid-state HTM. We produced the devices by slowly evaporating the solvents of the electrolyte
in ambient air through the unsealed hole on the counter electrode. Fortunately, the methyl group
substituents at the 6,6'-positions can stabilize the copper complexes against oxidation and
moisture’'. The evaporation of acetonitrile (ACN) induces the solidification of [Cu(tmby)z]%”,
facilitated by the low solubility of the copper complexes in this solvent. The residual solid copper
complexes contain small amounts of entrapped ACN. We note that a slow evaporation of solvents is
pivotal to yield efficient solar cells, because a too fast evaporation leads to a poor contact of the
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solid-state crystalline HTM with the electrodes (Figure 6-2). Figure 6-1(b-¢) show the evolution of
the photovoltaic performance of the unsealed DSCs. Strikingly, the average PCE of unsealed DSCs
increases to over 10% after five days in ambient air due to improvements in the J, V. and FF.
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Figure 6-1 DSCs with the Cu(II/I) hole conductor and Y123 sensitizer. a) Schematic structures of the hole conductors
based on [Cu(tmby),](TFSI), and [Cu(tmby),](TFSI), and the dye molecule Y123. b) Evolution of the PCE of unsealed
DSCs. c) Evolution of the Jsc of unsealed DSCs. d) Evolution of the Voc of unsealed DSCs. e) Evolution of the FF of
the unsealed DSCs. The unsealed DSCs were stored in ambient air in the dark. The photovoltaic parameters of solar
cells were measured under standard AM1.5G conditions. The red symbols and error bars indicate the sealed DSCs
based on the volatile electrolyte. The royal blue symbols and error bars indicate unsealed DSCs. The average (symbols)
and standard deviation (error bars) were calculated from samples of between four and 22 solar cells.
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Figure 6-2 a) A SEM image of an electrode of FTO/Ti02/Y 123 with a poor contact with Cu(II/T) HTM. Scar bar: 2 pm.
The unsealed DSC with the liquid electrolyte was kept under a lower pressure to accelerate the evaporation of solvents
in the electrolyte. After drying, the PEDOT counter electrode was removed to obtain the FTO/Ti02/Y 123/HTM sample
for SEM measurement. b) XRD of the sample prepared in (a), featuring reflection peaks from the HTM.

Figure 6-3a shows the cross-sectional SEM image of the mesoscopic sensitized TiO, scaffold infil-
trated by the solid Cu(I/I) HTM after the five days drying period. The solid Cu(Il/I) HTM layer
covering the mesoscopic TiO, film has a thickness of about 2.0 pum. Apparently, rapid hole
transport can occur across this layer resulting in a high FF for the device. The thickness of the over-
layer can be controlled by tuning the thickness of the thermoplastic spacer between the electrodes.
From energy dispersive X-ray spectroscopy analysis, we show that the solid Cu(II/I) HTM is ho-
mogeneously infiltrated in the 6.5 um-thick sensitized-mesoporous TiO; scaffold (Figure 6-4). Un-
like our HTM, using spiro-MeOTAD as HTM for ssDSCs'*' generally calls for thinner mesoscopic
TiO, films (<3 pm) to ensure maximum filling of its mesopores'*. However, the light harvesting
efficiency suffers from reducing the thickness of the mesoscopic TiO; films.
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Figure 6-3 Solid Cu(II/I) hole conductor in ssDSC. a) Cross-sectional SEM of a ssDSC without the counter electrode.
Moving from the bottom to the top, layers of FTO (cyan), 3.5 um-thick transparent mesoscopic TiO2 + 3.0 um-thick
light scattering TiO2 (red), and 2.0 pm-thick solid Cu(I/II) hole conductor overlayer (red) are visible. b) Photovoltage-
dependent conductivity in the solid hole conductor and the volatile electrolyte of solar cells as obtained from the EIS
analysis. The solar cells were measured under illumination with an intensity of 1,000 W/m2 from a white light-emitting
diode. The average (symbols) and standard deviation (error bars) were calculated from solar cell numbers between four
and six.
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Figure 6-4 a) Cross sectional image of the Y123-sensitized TiO2 film infiltrated with the Cu(I/I) HTM. b) Energy
dispersive spectroscopy indicating various elements. Elementary mapping of ¢) Sn, d) O, e) Ti and (f) Cu.

6.2.2 Rapid hole transport in solid Cu(II/I) HTM

We observe that the conductivity in solid Cu(Il/I) HTM of the ssDSCs is higher than that in the vol-
atile electrolyte of the DSCs under a photovoltage (Figure 6-3b) or a photocurrent (Figure 8-6), in-
dicating a rapid hole hopping in solid Cu(Il/I) HTM. Remarkably, the conductivity of our Cu(Il/)
HTM is over ten times higher than that of spiro-MeOTAD in a mesoscopic TiO; film at a light in-
tensity of 1,000 W/m? conditions'>. It was shown that at high carrier densities in TiO, (>2x10"’
cm ) the HTM conductivity can limit the charge transport in DSCs'**. In our solar cells, the carrier
density in TiO, is over 7x10'" cm™ under full sun illumination determined by charge extraction
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measurements'* . Thereby, the increased conductivity of Cu(II/T) HTM results in an improved J. in
ssDSCs.

When the solvents slowly evaporate from a volatile electrolyte containing the #ris-(bipyridine) co-
balt(I1I/IT) complexes redox electrolyte, the PCE of the DSC drops remarkably from 9.8% to 0.1%
(Figure 6-5). The reduction in Ji. from 14.2 to 0.2 mA/cm® is partly due to the extremely sluggish
outer sphere electron self-exchange between the Co(IIl) and Co(II) complexes (0.645 M s7)"**.
Although tris-(bipyridine) cobalt(III/IT) volatile electrolytes have improved the PCE of DSCs from
6.7%*to over 13%’"*%, the encapsulation of such highly efficient DSCs to prevent solvent leakage
is a challenge. Recently, ssDSCs using a blend of [Co(bpyPY4)](OTf); and [Co(bpyPY4)](OTf),
(bpyPY4 = hexadentate ligand 6,6'-bis(1,1-di(pyridin-2-yl)ethyl)-2,2'-bipyridine; OTf = trifluoro-
methanesulfonate) as a HTM displayed a PCE of 5.7% under standard AM1.5G'*. However, this
ssDSC had a lower Ji. (12.12 mA/cm?) and PCE than the liquid counterpart (17.2 mA/cm® and
9.6%), which is not the case when our copper complexes with a small internal reorganization ener-
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gy~ are used.

16
14 4
12 1
101

— liquid DSC
64 - - unsealed DSC
4

24

J (mA/cm?)
®

Figure 6-5 J-V curves of a DSC with a tris-(bipyridine) cobalt(II/IIl) redox mediator electrolyte under AM1.5G condi-
tions. The solid curve is J-V of the DSC with the liquid electrolyte (PCE = 9.8%, Jsc = 14.16 mA/cm2, Voc = 950 mV
and FF = 0.732). The dash curve is J-V of the unsealed DSC by releasing solvents in the electrolyte for 150 min through
an unsealed hole on a counter electrode (PCE = 0.1%, Jsc = 0.21 mA/cm2, Voc = 933 mV and FF = 0.552). The solar
cell is composed of Y123-sensitized TiO2 film (3.5 um + 3 pm), a graphene based counter electrode3, and a liquid
electrolyte. The composition of electrolyte is 0.25 M [Co(BPY);](BCN,), (BPY = bipyridyl), 0.06 M
[Co(BPY);](BCNy)3, 0.1 M LiTFSI and 0.6 M TBP in acetonitrile.

6.2.3 Crystallinity of solid Cu(1I/I) HTM

Our ssDSCs stored in ambient air for over 20 days have large variations in Jy, as shown in Figure
6-1d, because a few solar cells display a sublinear dependence of the J. on light intensity (P) ac-
cording to the power law'”’, J,.oc P, where a is the slope. Such a ssDSC has an « of 0.81 as shown
in Figure 6-6a, while the most efficient one has an a of 0.99. To probe the molecular origin of this
observation, we performed XRD measurements on the samples of sensitized TiO, films combined
with the Cu(II/) HTM in both kinds of ssDSCs. Apart from reflections corresponding to FTO and
TiO, in Figure 6-6b, we see reflections (at 20 values of 16.0 and 16.6 degree) in the sample for a
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ssDSC with a sublinear dependence of the Js, pointing to the presence of a crystalline phase within
the Cu(II/T) HTM. The absence of these reflections in the sample for a ssDSC with a linear depend-
ence of the J. indicates that the HTM may be amorphous in nature in this case. The holes in the
crystalline HTM are likely to get trapped at crystal grain boundaries, leading to reduced hole mobil-
ity and a build-up space charge layer in the solar cells as a consequence of the difference in electron

and hole mobility156.
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Figure 6-6 Comparison of amorphous and crystalline Cu(II/I) hole conductor. a) Incident light intensity (Pin)-dependent
Jsc of ssDSCs with amorphous and crystalline hole conductors. The red lines are linear fits of the data. b) XRD of
amorphous and crystalline Cu(II/I) hole conductors in conjunction with Y123-sensitized TiO2 film on FTO glass sub-
strate. ¢) Absorption spectra for the amorphous and crystalline Cu(Il/T) hole conductors. d) Photoluminescence decay
dynamics of amorphous Cu(Il/I) hole conductor. e) Photoluminescence decay dynamics of crystalline Cu(II/I) hole
conductor. The traces were collected at 670 nm with photoluminescence maximum following nanosecond laser pulsed
excitation at 408 nm. The black dot symbols are instrument response function. The red lines are bi-exponential fits of
the data.

Compared to the amorphous Cu(Il/I) HTM, the crystalline one displays a slightly blue shifted peak
in the absorption spectrum and enhanced absorption in the metal-to-ligand charge transfer (MLCT)
transition region, as shown in Figure 6-6¢. This result highlights the magnitude of structural differ-
ence between the ground and excited states. We infer that copper complexes in the crystalline HTM
adopt a flattened distorted tetrahedral structure by reducing the dihedral angle between the
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. 157-159
ligands"’

, while in the amorphous state they are less flattened. A similar flattened distorted
structure that intensifies the absorption in the weak broad MLCT region was also observed in crys-

tals of [Cu(dpphen),]” (dpphen = 2,9-diphenyl-1,10-phenanthroline)'®’.

We note that the aggregation of copper complexes by evaporation of solvents in the electrolyte en-
hances the photoluminescence of the HTM. The crystalline HTM has a stronger emission than the
amorphous one. We posit that the photoluminescence of the HTM originates from the Cu(I), be-
cause the solid Cu(II) film shows a negligible emission at 670 nm (Figure 6-7). We performed na-
nosecond photoluminescence decay dynamics measurements of the amorphous and crystalline
HTMs. Convolved with the instrument response function (IRF), the traces of the amorphous hole
conductor in Figure 6-6d are best fitted by a bi-exponential decay function, giving photolumines-
cence decay time components (and pre-exponential factors) of 94 ps (0.78) and 2.0 ns (0.22), while
the traces of the crystalline sample in Figure 6-6¢ are fitted by the bi-exponential decay function,
giving 2.1 ns (0. 96) and 37.9 ns (0.04). The longer photoluminescence decay times in the crystal-
line HTM support a flattened distorted structure of the copper complexes'** !, The crystalline
phase also has influences on the molecular photochemistrym, for instance, copper complexes in the
crystalline state are quite restricted by the closely packed molecules, resulting in longer photolumi-
nescence decay times.
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Figure 6-7 Steady-state photoluminescence spectra of [Cu(tmby),]TFSI and [Cu(tmby),](TFSI), drop-casted on glass
substrates from acetonitrile solution containing 0.1 M LiTFSI and 0.6 M TBP.

6.2.4 Interfacial charge transport dynamics in Cu(II/I) based ssDSC

We performed picosecond time resolved transient absorption spectroscopy to investigate the elec-
tron injection dynamics of Y123. We selected 650 nm as a suitable wavelength to probe for electron
injection, because we observed a transient absorbance change of the photo-excited Y123 species on
an AL,O; film, while the absorbance of the photo-oxidized Y123 on a TiO, film does not differ from
the dye ground state absorbance at this wavelength (Figure 8-7). Moreover, exclusive monitoring of
the excited dye eliminates charge accumulation effects that could arise from the 6 ms lifetime of
oxidized Y123, when probed at 1kHz. However, charge accumulation certainly occurs and the ex-
periment is likely performed at higher charge density than suggested by the fluence only.

Figure 6-8a shows two distinct dynamic events at 650 nm for the sample of Al,O3/Y123/inert elec-
trolyte: an initial fast rise with a 1 ps time constant (z) followed by a monoexponential decay (=
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337 ps). The initial fast component is likely to arise from an excited state species formed by intra-
molecular charge separation process forming an intramolecular radical ion pair following dye exci-
tation'®. The slow component is attributed to the lifetime of this excited species. Upon replacing
Al,O3 film by TiO,, the sample of TiO»/Y 123/inert electrolyte shows an initial fast rise followed by
a monoexponential decay with a 7 of 12 ps, attributed to the electron injection from the photo-
excited Y123. Therefore, electron injection is in competition with the intramolecular process and
indicating that it occurs from these different excited species. Because the signal recovers to zero at
650 nm, electron injection is unambiguously characterized and no event can occur at a longer time-
scale. Upon combining TiO»/Y 123 with the solid Cu(I/Il) HTM, we observe a variation in the elec-
tron injection lifetime with a 7 of 25 ps, which is longer than that of TiO,/Y 123 without the HTM
(12 ps). This result is probably due to the effects of the environment, because a longer lifetime con-
stant of 750 ps of photo-excited Y123 on Al,O; with the HTM is also observed. Overall we extract
electron injection yields of 97% from these measurements. Our result differs from the previous time
constant of 2 ps for the electron injection from Y123 in samples composed of large TiO, nanoparti-

cles and cobalt complexes based electrolyte, measured using the diffuse reflectance spectroscopy
method'®*.

The electron donating dynamics of Cu(I) to the photo-oxidized Y123 was resolved by nanosecond
transient absorption spectroscopy. The photo-oxidized Y123 species on the TiO, surface have a
strong absorption at 715 nm'®, at which wavelength the transient absorption traces were collected
as shown in Figure 6-8b. In the sample of TiO,/Y 123/inert electrolyte, photo-oxidized Y123 species
recombine with injected electrons in the TiO; film. The time constant for this process is determined
to be 6.0 ms. In the sample of TiO,/Y123/solid Cu(II/T) HTM, the photo-oxidized Y123 species
either recombine with injected electrons from TiO; or are regenerated by the Cu(l) in the HTM. The
time constant for the decay traces of this sample is 3.2 ps. This results indicates that the electron
donation from Cu(l) to photo-oxidized Y123 outcompetes charge recombination by a factor of 938
ascertaining near quantitative regeneration of the sensitizer.
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Figure 6-8 Time resolved laser spectroscopy of interfacial electron transfer involving Y123 dye molecules. a) Transient
absorption traces were probed at 650 nm following femtosecond laser pulsed excitation at 550 nm. b) Transient absorp-
tion traces were probed at 715 nm following nanosecond laser pulsed excitation at 532 nm. Samples: A1203/Y 123/inert
electrolyte (gray); TiO2/Y123/inert electrolyte (olive); TiO2/Y123/Cu(Il/I) HTM (royal blue). The inert electrolyte
contains 0.1 M LiTFSI and 0.6 M TBP in acetonitrile. The red lines are mono exponential fits of the data.
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6.2.5 Cu(ll/T) HTM for record efficiency ssDSC

Figure 6-9a shows the histogram of PCEs for ssDSCs using the blend of [Cu(tmby),]*" and
[Cu(tmby),]” as a HTM and employing the optimal mesoscopic TiO, scaffold (3.5 + 3 pm-
thickness, Figure 8-8) as a working electrode under standard AM1.5G conditions. We see that our
ssDSCs are superior to the state-of-the-art counterparts with various HTMs'*'*’. The histograms
of Jie, Voo and FF are presented in Figure 8-8. Compared to these HTMs, the [Cu(tmby),]*"* for
ssDSCs demonstrates an average PCE of 10.2%, with average Js., Vo and FF of 13.70 mA/cm?,
1.07 V and 0.70, respectively. The average V. of ssDSCs is the same as that of liquid DSCs. This
result indicates that the HOMO of Cu(II/I) HTM is comparable to the redox potential of the Cu(Il/T)

measured by cyclic voltammetry'*.
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Figure 6-9 Performance of ssDSC with Cu(Il/) HTM. a) Histogram of PCE of our ssDSCs based on [Cu(tmby)Q]M+ as
a hole conductor, compared to the reported PCEs of efficient ssDSCs using CuSCN, Cul, [Co(bpyPY,)]*"*", PEDOT,
spiro-MeOTAD, Cs2Snl6 or [Cu(dmp)z]w+ as hole conductors. b) The J-V curves of a champion ssDSCs under stand-
ard AM1.5G with irradiation intensities of 1,000 (royal blue), 500 (red) and 100 W/m? (olive). ¢) IPCE spectrum and
Jsc calculated from the overlap integral of the IPCE with the standard AM1.5G emission spectrum (ASTM G173-03).
d) Evolution2 of normalized Pmax, Jmax and Vmax of our ssDSC operating at output maximum power under irradiation
of 500 W/m".
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As shown in Figure 6-9b, our best cell reaches a record 11.0% for ssDSC under standard AM1.5G
irradiation intensity of 1,000 W/rnz, with Jy. = 13.87 mA/cmz, Vo = 1.08 V and FF = 0.733. Under
500 W/m’ intensity, the PCE achieves 11.3% with Ji = 7.00 mA/cm’, V. = 1.06 V and FF = 0.76
and the PCE attains 10.5% under 100 W/m? intensity with Ji. = 1.40 mA/cm®, Vo = 1.01 V and FF
= (.746. Our ssDSC is hysteresis free regardless of the scan rate, which ranges from 20 to 500
mV/s, as shown in Figure 8-9. Figure 6-9c presents the incident monochromatic photon-to-electron
conversion efficiency (IPCE). The maxima of the IPCE is below 90% mainly due to the quenching
of photo-excited dye molecules by copper complexes®' in the HTM, charge recombination and opti-
cal loss. The J, calculated from the overlap integral of the IPCE with the standard AM1.5G emis-
sion spectrum (ASTM G173-03) is 13.44 mA/cmz, a value comparable to the J;. obtained under
simulated AM1.5G conditions. We evaluate the photo-stability of a ssDSC operating at maximum
output power for 200 hours under an irradiation intensity of 500 W/m?, as shown in Figure 6-9d.
Remarkably, the Pmax retains over 85% of its initial value after 200 h due to slight improvement in
Jmax and a small loss in V.

6.3 Conclusion

In summary, we demonstrate a 11% efficiency stable ssDSC under AM1.5G standard by using a
solid HTM composed of a blend of [Cu(tmby),|(TFSI), and [Cu(tmby),](TFSI). When this work
was published, this PCE was the highest efficiency in the ssDSCs with reported HTMs till now and
is achieved by simultaneously high Ji. of 13.87 mA/cm” and high V. of 1.08V. The high perfor-
mance are mainly ascribed to the rapid hole hopping in amorphous copper complexes HTM infil-
trated in a thick mesoscopic TiO; scaffold (6.5 pm) and favorable energetic alignment and efficient
charge separation at the TiO,/Y123/HTM interfaces. Our work will foster future developments of
low-cost photovoltaics'® based on solid-state metal complexes HTMs.

6.4 Methods

Materials. Acetonitrile (ABCR), tert-butanol (Sigma-Aldrich), LiTFSI (TCI) and TBP (TCI) were
purchased from commercial company and used as received, unless stated otherwise. The
[Cu(tmby),](TFSI) and [Cu(tmby),](TFSI), powders were synthesised as previously described in
Chapter 2 . The [Cu(tmby),](TFSI), powders contain chloride anion impurity at ppm.

Fabrication of solar cells. The fabrication of DSCs followed the procedure in Chapter 2%°. Briefly,
the 6.5 um-thick mesoporous TiO; films (3.5 um transparent layer + 3.0 pum light scattering layer)
were immersed in 100 pM Y123 solution in acetonitril/tert-butanol (v/v, 1/1) for 16 h to graft the
dye molecules onto the TiO, surface. The counter electrodes consisted of PEDOT films electro-
chemically deposited on FTO glass'"”. The dye-coated TiO, working electrode and the counter elec-
trode were assembled by using thermoplastic spacer (Surlyn, DuPont) heating at 120°C. Electro-
lytes were injected into the space between the electrodes through predrilled hole on the counter
electrode. The hole was sealed by using the thermoplastic sheet and a glass cover. The ssDSCs were
obtained by removing the sealing on the hole to evaporate solvents in air.
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Characterization of solar cells. Solar cells were used without antireflection films and masked to an
aperture area of 0.158 cm’ for J-V and IPCE characterizations. The J-V measurement details are
provided in Chapter 2. IPCE spectra were measured with a lock-in amplifier (Stanford Research
System SR830 DSP) under chopped monochromatic light (2 Hz) generated by white light source
from a 300 W xenon lamp passing through a Gemini-180 double monochromator (Jobin Yvon Ltd).
The solar cell is illuminated under a constant white light bias with intensity of 50 W/m® supplied by
an array of white light emitting diodes.

EIS measurements were performed with a BioLogic SP300 potentiostat coupled with LED light
array to provide white light irradiation intensity of 1,000 W/m” onto DSCs. To obtain the spectra,
the solar cell was biased with potentials and a modulation of 15 mV in the frequency range (1 MHz
to 0.1 Hz). Z-view software (v2.8b, Scribner Associates Inc.) was used to analyze the impedance
spectroscopy. The equivalent circuit models for EIS analysis and the calculation of conductivity are
presented in the Supplementary Information.

SEM characterization. Scanning electron microscopy and energy dispersive X-ray spectroscopy
(EDX) were carried out on a MERLIN high resolution scanning electron microscope (Zeiss, Ger-
many). The sample for SEM measurement was obtained by removing the PEDOT counter electrode
of a ssDSC.

XRD. X-ray powder diffractions were recorded on an X’Pert MPD PRO (Panalytical) equipped with
a ceramic tube (Cu anode, 4 = 1.54060 A), a secondary graphite (002) monochromator and a RTMS
X’Celerator (Panalytical) in an angle range of 20 = 5 to 60°. Samples for XRD measurements were
obtained by removing the PEDOT counter electrode of ssDSCs.

UV/Vis spectroscopy, steady-state photoluminescence spectroscopy, and TCSPC. UV/Vis absorp-
tion data was collected by a Perkin-Elmer Lambda 950 spectrophotometer and the extinction coeffi-
cients were calculated using the Beer-Lambert law. Steady-state photoluminescence spectra were
recorded by exciting the samples at 450 nm with a 450-W Xenon CW lamp. The signal was record-
ed with a spectrofluorometer (Fluorolog; Horiba Jobin Yvon Technology FL1065). The time-
correlated single-photon counting (TSCPC) measurements were performed by exciting samples
with a laser source at 408 nm (Horiba NanoLED 402-LH; pulse width <200 ps, 11 pJ per pulse,
approximately 1mm? in spot size) to generate a train of excitation pulses at 10 MHz. Decay curves
were analyzed with the software DAS-6 and DataStation provided by Horiba Jobin Yvon.

Pump-probe spectroscopy. Ultrafast transient absorbance spectra were acquired using pump-probe
spectroscopy. A chirped pulse amplified Ti:Sapphire laser (CPA-2001, Clark-MXR, 778 nm fun-
damental central wavelength , 120 fs pulse duration, 1 kHz repetition rate) was pumping a two-
stage non-colinear optical parametric amplifier (NOPA) to obtain the pump beam at Aex = 550 nm.
The pump fluence was of 25 pJ/cm” at the sample. The probe beam was generated in a CaF, crystal,
yielding a white light continuum across the visible splitted in a signal and a reference beams that
were directed to spectrographs (Princeton Instruments, Spectra Pro 2150i) and detected pulse-to-
pulse with 512x58 pixels back-thinned CCD detectors (Hamamatsu S07030-0906). Motorized
translation stage on the pump path controlled the acquisition of transient traces. The pump beam
was chopped at half of the laser frequency and we typically averaged 3000 laser shots to obtain sat-
isfactory signal-to-noise ratio.
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Samples for transient absorption spectroscopy were excited at 532 nm using an Ekspla NT-342 Q-
switched Nd:YAG laser (pulse width: 4-5 ns; repetition rate: 20 Hz) and probed at 715 nm using a
monochromator coupled with the probe light source of halogen lamp. The sample was positioned at
approximately 45° angle with respect to the incoming laser pulse. The signal was detected using the
photomultiplier tube R9110 from Hamamatsu and recorded using the oscilloscope DPO 7254 from
Tektronix. The output power density of the laser was attenuated using gray optical density filters to
50 wJ/em?. An acquisition was averaged over 3000 laser shots.
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Chapter 7 Performance of Dye-Sensitized
Solar Cells under Ambient Lighting

This chapter is adapted from the following article with the permission of the journal:

Postprint version of the publication ‘Dye-sensitized Solar Cells for Efficient Power Generation under Ambient Lighting.,Nature
Photonics, 2017, 11, DOI: 10.1038/NPHOTON.2017.60” by by Marina Freitag, Joél Teuscher, Yasemin Saygili, Xiaoyu Zhang,
Fabrizio Giordano, Paul Liska, Jianli Hua, Shaik M. Zakeeruddin, Jacques-E. Moser, Michael Gritzel and Anders Hagfeldt.

My contribution: Taking part in fabrication and characterization of the solar cells.

In the previous chapters, we showed that with the introduction of new copper based redox shuttles,
we surpassed the 10.0% efficiency mark at 100 mW/cm> AM 1.5G light. As we know, solar cells
that operate efficiently under indoor lighting are of great practical interest as they can serve as elec-
tric power sources for portable electronics and devices for wireless sensor networks (WSN) or the
IoT (Internet of Things). Here, we demonstrate a dye-sensitized solar cell (DSC), which achieves
very high power conversion efficiencies (PCE) under ambient light conditions with power output of
15.6 mW/cm? and 88.5 mW/cm?, at 200 lux and 1000 lux, respectively, under illumination from a
model Osram 930 warm-white fluorescent light tube, which corresponds to a PCE value of 28.9%.

7.1 Introduction

Currently, the market for solar cells can be divided into large module installations for terrestrial
power generation and smaller modules to power portable electronics.'®® DSCs can be used in both
areas, but they have considerable promise within the second category. They show outstanding per-
formance under indoor, artificial light source conditions in comparison to other solar cell technolo-
gies.'®” The unique properties of DSCs make them the best alternative to wired and battery energy

sources, as DSCs are capable of maintaining high photovoltage even in diffuse light conditions.>'®*
172

DSCs are known to perform well in ambient light, however, very few studies have been published
regarding the performance under such conditions. In addition, the few existing reports all use io-
dide-based electrolytes in combination with a ruthenium-based inorganic dye.'”*™'”> However in
2005, Fukuzumi ef al. reported that copper complexes worked well as redox mediators at reduced
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light intensities (~20 mW/cm?®).”” The bis(2,9-dimethyl-1,10-phenanthroline) copper (Cu(dmp),)
based DSCs were further improved by Wang et al. by combining them with an organic sensitizer,

which led to an increase in the power conversion efficiencies from 7.0 % at 100 mW/cm® to 8.3 %
at ~23 mW/cm? AM 1.5G light.®’

In this chapter, we introduce a DSC system, which outperforms other photovoltaic technologies,
including GaAs thin film solar cells,'’® in terms of efficiency and cost under ambient and diffuse
light conditions. By judiciously combining two previously reported chromophores,'* i.e. the donor-
n -acceptor (D-n-A) dye coded D35*""" and the recently discovered benzothiadiazole (BTZ) based
D-A-m-A sensitizer XY1,'”® we achieved highly effective light harvesting in the entire visible re-
gion extending from 400-700 nm and converted the absorbed photons to electrons with an IPCE of
90%.'” Using these sensitizers in conjunction with the copper redox shuttle Cu(II/I)(tmby), TFSLy,
(tmby = 4,4'6,6'-tetramethyl-2,2'-bipyridine; TFSI = bistrifluoromethane-sulfonimidate) we
achieved a PCE of 28.9% under indoor conditions at 1000 lux. Importantly the cells maintain their
high performance over a large domain of light intensities and spectral distributions, yielding a PCE
of 11.3% in AM1.5G sunlight. The schematic for the energy levels of the sensitizers and molecular
structures of XY'1 and D35 are provided in Figure 7-1(a,b and c), respectively.
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Figure 7-1 a) Schematic representation of the energy levels of the sensitizers XY1 and D35 and possible electron-
transfer processes and molecular structures of b) XY1 and c) D35.
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7.2 Results and Discussion

7.2.1 Photovoltaic performance of co-sensitized DSCs with [Cu(tmby)2]+2/+1 as redox shuttle

The “blend” of organic chromophores brings out the outstanding attributes of both dyes. The XY
sensitizer, a D-A-n-A dye, has a very high molar extinction coefficient and spectral response ex-
tending beyond 700 nm while D35 is an organic D-n-A dye endowed with a judiciously designed
arylamine donor structure, suppressing electron recapture by the Cu(Il) complex from the TiO,
conduction band generating a high open circuit potential.*'”® The UV-Vis spectra of the D35 and
XY ldyes are given in Figure 7-2.
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Figure 7-2 UV-Vis spectra of the dyes D35 (orange solid line) and XY 1 (purple dashed line).

Table 7-1 and Figure 7-3 give an overview of the photocurrent density-voltage characteristics of the
DSCs co-sensitization series between D35 and XY1. For standard full AM 1.5 sunlight we obtain
the best conversion efficiency of 11.3 % at a D35:XY 1 ratio of 4:1 in the staining solution, Figure
7-3 (b, ¢). We measured a Js. of 16.2 mA/cm™ and a FF of 68%. Ve values over 1.0 V were reached
for the whole series, the maximum being 1.1V for pure D35. At 10x lower solar light intensity of 12
mWem™?, the maximum PCE increased to 13% for the same staining solution, which is an excep-
tionally high value for a solar cell system under these low light conditions (Figure 7-3 (a, c)). It is
evident that both dyes complement each other in terms of PV performance, XY 1 contributing to the
large photocurrents due to its high molar extinction coefficient, and D35 supporting the high V.
values being endowed with groups that block sterically the access of the Cu(II)(tmby), complex to
the TiO; surface. This reduces the ability of the Cu(Il) complex to recapture the photo-injected elec-
trons from the TiO;, conduction band. Figure 7-3d shows the photocurrent dynamics as a function of
various light intensities for the best performing DSC. The Ji. depends linearly on the light intensity
and hence is not limited by mass transport up to full sun illumination.
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Table 7-1 J-V characteristics of DSCs using co-sensitized photoanodes with D35 and XY1 dye at 12 and 100mWcm-2
simulated solar light intensity, letters in the first column refer to labels of sensitizing solutions, which contain: a)
0.1mM D35, b) 0.1mM D35 and 0.0lmM XY1 c¢) 0.08mM D35 and 0.02mM XY, d) 0.05 mM D35 and 0.05 mM
XY1,e)0.02 mM D35 and 0.08 mM XY1, f) 0.0lmM D35 and 0.1 mM XY1(1:10), g) 0.1 mM XY1.

# Ratio of Incident light Js. (mA cm'z) Voc (V) FF n (%)

D35:XY1 intensity I (%)

(sensitizing (mWem?)

solution)
a 01:00 12 1,63 1,01 74 9,90
b 10:01 1,73 0,96 78 10,6
¢ 04:01 2,17 0,96 78 13,2
d 01:01 2,07 0,96 79 12,6
e 01:04 2,03 0,97 78 12,3
f 01:10 2,00 0,95 78 11,9
g 00:01 1,94 0,96 78 11,8
a 01:00 100 12,48 1,10 72 9,90
b 10:01 13,26 1,05 71 9,90
c 04:01 16,19 1,03 68 11,3
d 01:01 15,54 1,03 68 10,8
e 01:04 14,66 1,03 67 10,1
f 01:10 15,00 1,02 66 10,1
g 00:01 14,56 1,02 67 10,2
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Figure 7-3 Photovoltaic characteristics of D35/XY1 co-sensitized systems with Cu(tmby), as redox mediator. a) meas-
ured J-V curves of at 12 mWem™ (10% sun) b) 100mWem™ (100% sun) for (a) D35, (b) 10:1 D35:XY1, (c) 4:1
D35:XY1, (d) 1:1 D35:XY1, (e) 1:4 D35:XY1, (f) 1:10 D35:XY1, to (g) pure XY1, c) of the champion solar cell at the
ratio of 4:1 (D35:XY1) at 100 %, 50% and 10% sun (solid lines) and the corresponding dark currents (dashed line) d)
dependence of the photo-current dynamics on the solar light intensity for the champion solar cell.

The IPCE spectra for the DSC at the various co-sensitization ratios, recorded at 10 % LED bias
light intensity, are shown in Figure 7-4. For the best performing co-sensitized system (4:1,
D35:XY1), the IPCE reaches its highest values of 91% at 540 nm within the series. Considering the
optical loss of the FTO substrate, the internal quantum efficiency ranges between 90% and practi-
cally 100% (380 nm — 600 nm). For comparison, DSCs incorporating the single dye D35 show a
lower IPCE of 80% at 540 nm and narrower spectral response of the photocurrent, which is limited
to the 380 nm — 550 nm wavelength domain. DSCs with only XY'1 sensitizer show larger spectral
coverage up to 640 nm but slightly lower IPCE of 88% at 540 nm.
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Figure 7-4 IPCE spectra of DSCs co-sensitized at various dye ratios. (a) D35, (b) 10:1 D35:XY1, (c) 4:1 D35:XY1, (d)
1:1 D35:XY1, (e) 1:4 D35:XY1, (f) 1:10 D35:XY1, to (g) pure XY1

The charge extraction measurements as function of V. presented in Figure 7-5A, show a down shift
of 70 mV of the conduction band edge for the best performing co-sensitization ratio of the
D35:XY1 dye (4:1). More charge is extracted at lower V. especially in comparison to the DSC
with only one of the two sensitizers. This is likely related to the optimal dye coverage between the
two sensitizers on the TiO; layer. We measured electron lifetimes as a function of V. of complete
DSCs for the co-sensitized series employing the copper(I1l/I) complex based electrolyte, which are
displayed in Figure 7-5B, in a semilogarithmic plot of electron lifetime as function of V.. The elec-
tron lifetimes of DSCs made at higher ratios of D35 dye are longer than those obtained from XY'1
rich staining solutions. Considering that the same electrolyte composition and redox mediators were
used for all studied solar cells, this indicates a higher rate of recombination for the XY 1 dye. The
curved shape of the slopes can be attributed to electron recombination from the FTO substrate (with
a thin TiO, blocking layer) to the redox mediator. It is likely, that the blocking layer contains pin-
holes, which become more apparent at lower light intensities.'*
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Figure 7-5 Extracted charge at open circuit voltage (V) and electron lifetime as function of V.. Left panel: Extracted
charge at open circuit voltage (Voc) and right panel: electron lifetime as function of V,. for DSCs employing pure (a)
D35, (b) 10:1 D35:XY1, (c) 4:1 D35:XY1, (d) 1:1 D35:XY1, (e) 1:4 D35:XY1, (f) 1:10 D35:XY1, to (g) XY1

7.2.2 Transient absorption and steady-state absorption spectroscopy.

To gain better insight into the electron transfer dynamics of the D35/XY 1 co-sensitized mesoscopic
TiO, films, time resolved nanosecond transient and steady-state absorbance measurements were
performed. In total, we examined 7 dye-sensitized TiO; electrodes with different D35/XY1 loading
ratios of: (a) 100% D35, (b) 9% XY1, (c) 20% XY1, (d) 50% XY1, (e) 80% XY1, (f) 90% XY1,
and (g) 100% XY1. The relative surface coverage by the two sensitizers will differ from their con-
centration ratios in the staining solution. This is confirmed by the absorption spectra of the sensi-
tized TiO,, Figure 7-6b. Photoinduced Absorption Spectroscopy was performed to resolve oxidized
dyes spectra adsorbed on TiO, along with bleaching of their ground states. We use this measure-
ment to extract two wavelengths to preferentially monitor one oxidized dye or the other. Figure 7-6a
shows that at 780 nm we mainly observe oxidized XY1 (oxidized D35 minimum absorbance and
oxidized XY1 close to its maximum absorbance), while the 1200 nm probing will target oxidized
D35 (oxidized XY 1 minimum absorbance and oxidized D35 close to its maximum absorbance). In
between, a smooth transition is observed, indicating that we effectively load the films with different
concentration ratios. No significant lateral hole transfer takes place between both dyes as none of
the two oxidized species is preferentially observed from the PIA spectra. Transient Absorption
Spectroscopy (TAS) was performed at both wavelengths (780 and 1200 nm) in the micro- to milli-
second timescale to follow the transient decay of the dyes oxidized species, and therefore recombi-
nation of the oxidized dyes with TiO; electrons or regeneration by the copper-based electrolyte. The
time evolution of the transient absorption at 780 nm reflecting the lifetime of oxidized XY1 does
not appear to depend on the dye concentration ratio. In inert electrolyte, we observe similar life-
times for the oxidized state of both dyes, i.e. 2.10 and 1.85 ms for D35 and XY1, respectively
(Figure 7-6¢). Upon addition of Cu(tmby), containing redox electrolyte both sensitizers are effi-
ciently regenerated. From monitoring the transient absorption at 1200 nm we infer that regeneration
of D35 occurs with time constants ranging from 2 to 10.8 ps and without any identifiable trend,
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while at 780 nm we observe the regeneration of XY'1 oxidized molecules with time constants rang-
ing from 1.1 to 5.2 ps (Figure 7-6d). Overall, dye regeneration yields are only marginally affected
by these variations and are all above 99.5%, using pseudo-first-order rate constants for regeneration
and first-order rate constants for recombination reactions. (The lifetimes were obtained fitting the
data with a monoexponential function as in Equation 7-1)

AA(t) = A - e (7:1)
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Figure 7-6 Absorption Spectroscopy and time resolved laser spectroscopy of interfacial electron transfer involving the
D35 and XY1 sensitizers. a) Photoinduced Absorption (PIA) spectra of dye-sensitized TiO, electrodes with different
dye solution ratios of D35 and XY1 organic dyes, from pure (a) D35, (b) 10:1 D35:XY1, (c) 4:1 D35:XY1, (d) 1:1
D35:XY1, (e) 1:4 D35:XY1, (f) 1:10 D35:XY1, to (g) pure XY 1. b) UV-Vis absorption spectra of the corresponding
sensitized TiO2 substrates. Transient absorption decays of the a-g sensitized TiO, films following 532 nm excitation
with ¢) inert and d) Cu(tmby)zm+ based electrolyte. The black solid line in both transient absorption decays represents
the fit of the signal at the 4:1 D35:XY1 dye ratio. The curves of transient absorption decays have an offset of 0.3 for
better visualization.

7.2.3 DSCs performance under indoor-light conditions

Indoor light conditions are very different compared with the solar irradiance outdoors, because the
light intensity is orders of magnitude lower and the spectra of the indoor light sources differs greatly
from the solar emission. Standard indoor illumination has an intensity between 200-2000 lux, where
lux is the unit of light illuminance. Illuminance is analogue to the irradiance (W/m?) that is com-
monly used for outdoor devices, but relates the intensity to how it is perceived by the human eye
instead of the power.181 As a comparison between the two units, full solar irradiation, i.e. 100
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mW/cm® AM 1.5G, corresponds to about 100 000-110 000 lux. Therefore, indoor light at 1000 lux
corresponds to ca 1 % of the standard AM 1.5 solar irradiation.**'*%!®3

Since relatively few reports exist that focus on the use of DSCs for indoor light harvesting, no
standard indoor light source has been established so far. We chose a typical light tube, OSRAM
Warm White 930 (representative spectrum of the light source is given in Figure 7-7 and Figure 7-8),
to test the DSCs under realistic indoor conditions. We measured the light intensity striking the DSC
by the use of a lux meter (TES 1334).
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Figure 7-7 Normalized power spectra of various indoor light sources. For this study OSRAM Warm White 827 (orange, solid line)
and OSRAM Warm White 930 (blue, solid line) were used.
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Figure 7-8 Normalized power spectra of various indoor light sources with estimated integrated currents of TiO, photoanodes. For this
study OSRAM Warm White 827 (orange, solid line) and OSRAM Warm White 930 (blue, solid line) were used.

The DSCs fabricated for the indoor light condition study have a larger area of 2.8 cm” compared
with the normally used laboratory test DSCs (0.22 cm?). The purpose behind this is to have a small-
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er discrepancy between “real life application” and laboratory produced solar cells, which tend to
have better efficiency attributed to their smaller size. Further, the DSCs with a less volatile electro-
lyte solvent, propionitrile (PN) were compared with DSCs using the standard electrolyte composi-
tion, containing acetonitrile.'” Otherwise, the same composition for the Cu™ (tmby), was applied.
The mesoscopic TiO; films were sensitized with D35 and XY1 dyes in the staining solution con-
taining 0.08mM D35 and 0.02mM XY (ratio (c) 4:1). The PV metrics and power output (Poy) of
the DSCs and GaAs solar cells (flexi GaAs Alta Devices), were compared under similar indoor light
conditions in Table 7-2. The efficiencies of the solar cells at indoor conditions were calculated by
Equation 1-10.

Table 7-2 Photovoltaic metrics for DSCs and GaAs solar cells for indoor light sources at 200 lux and 1000 lux. P;, and P, express
the incoming power of the light and the power out by the solar cell. DSC* employs an acetonitrile based electrolyte and DSC® em-
ploys a propionitrile based electrolyte. The PCEs for the solar cells are determined from Equation 1-10. Flexi-GaAs solar cells are
from Alta Devices measured at Geell Ltd (Newport, South Wales) with configuration: 6 cells of 8.33cm? area in parallel and series
connected to a mini-module of 50 cm? size.

Solar Cell Light Light Jsc Vuc FF Pin Pout PCE
N . 2 2
source intensity (LA/em”)  (mV) (%) (uW/em”) (uW/em?) (%)
DSC? 200 lux 27.2 732.0 0.79 61.3 15.6 25.5
b OSRAM
DSC 200 lux 24.8 700.0 0.79 61.3 13.7 22.3
Warm
a White
DSC 930 1000 lux 138.0 797.0 0.80 306.6 88.5 28.9
DSC® 1000 lux 137.2 766.0 0.80 306.6 84.1 27.4
flexi GaAs Alta | OSRAM 200 lux 20.1 870.0 0.75 70.6 13.1 18.6
Warm
. White
flexi GaAs Alta 827 1000 lux 99.0 940.0 0.80 354.0 74.5 21.0

Considering that the spectral region in which the DSCs absorb light is limited to the visible part of
the solar spectrum, it is expected that their efficiency in the visible region (400 -700 nm) is twice
the full spectrum value.'”” Taking into consideration that the indoor light sources emit mostly visi-
ble light, a DSC with 11.3 % PCE under full solar illumination, is expected to have an efficiency
over 20% in their particular spectrum of operation indoors. When an indoor light source was used,
the DSCs outperformed the GaAs solar cells under similar conditions. The illumination intensity of
the indoor light sources was varied between 200 and 1000 lux and, in both cases, the power output
of DSCs was higher. At 200 lux, the best performing DSC yields a power output of 15.6 uW/cm®
(average of 19 samples is 13.5 pW/cm?), which is substantially higher than the 13.1 uW/cm? ob-
tained for GaAs. At 1000 lux the best DSC gives 88.5 uW/cm® (average of 7 samples 80.0 pW/cm?)
again clearly above the 74.5 uW/cm® produced by GaAs, Table 7-2, Figure 7-9. This translates into
a PCE of 28.9% for the DSC operating at 1000 Lux. Low power electronic devices, such as wireless
sensor nodes or low power microcontroller units (MCU), typically consume about 100uW in sleep-
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ing mode.

184-186 Roundy and co-workers illustrate that at this average power consumption, a lem’

primary battery (0.8 Wh/cm®) lasts for about 11 month, before the node goes into idle state. A 2cm”

sized DSC would therefore be able to render the low power device fully autonomous.
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Figure 7-9 Photovoltaic characteristics of co-sensitized DSCs measured under indoor light conditions. J-V curves at 200 lux and
1000 lux of DSCs with the co-sensitized dyes, D35:XY1 (4:1), with Cu(tmby), acetonitrile (solid line) and propionitrile (dashed line)
based electrolyte

We advance the following rational to explain the outstanding ambient light performance of dye sen-

sitized solar cells employing the combination of the two sensitizers with the Cu(Il/I) redox electro-

lyte:

The co-sensitization of mesoscopic titania scaffolds by the two sensitizers whose absorption
spectra are complimentary, extends the light harvesting ability of the device over a wider
spectral domain increasing its short circuit photocurrent. In the present case, the D35 ab-
sorbs mainly blue and green light while the XY'1 covers the yellow and red spectral region.

The sensitizers are judiciously engineered on the molecular scale, such that their electron ac-
ceptor moiety, the cyanoacrylate group, is attached by coordinative bonding to the titanium
ions surface of the TiO, while their arylamine donor group is positioned away from the in-
terface at the opposite end of the dye molecule. In the chemical design of the sensitizer
structure their lowest molecular orbital (LUMO) is adjusted to match the energy of the con-
duction band edge of TiO, formed by the Ti(3d) orbitals. In this way, the energy loss associ-
ated with the interfacial electron injection process is minimized. Optical excitation promotes
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electrons from the donor to the acceptor moiety of the sensitizer enhancing their electronic
coupling with the Ti(3d)-orbitals at the TiO, surface, such that the interfacial electron trans-
fer from the excited sensitizer into the TiO; can proceed very rapidly, i.e. in the femto to pi-
cosecond time range. By contrast, the long distance between the electron in the TiO; and the
hole that is localized on the terminal arylamine group of the sensitizer weakens their elec-
tronic interactions resulting in time constants for the recombination reaction in the millisec-
ond to second domain.

e The two sensitizers undergo synergistic interactions in the adsorbed state. Thus, the second
dye may suppress unfavourable interactions of the first dye with the TiO, surface or with it-
self (dye aggregation). This effect enhances the spectral response of the photocurrent of the
first dye.*’

e The two sensitizers form together a more tightly packed monolayer at the surface than the
individual dyes. This blocks the approach of the Cu(Il) complex to the surface retarding the
unwanted back electron transfer reaction increasing the Voc of the device.

e The close matching of the redox potentials of the sensitizers with that of the Cu(II/I) com-
plexes used as a redox shuttle allows achieving much higher V. values than with the con-
ventional iodide/triiodide redox system.

7.3 Conclusions

We introduce a new DSC design combining two judiciously selected sensitizers enabling incident
light to be harvested over the whole visible range. We use Cu"’(tmby), (tmby = 4,4',6,6'-
tetramethyl-2,2'-bipyridine) as a redox relay, which is capable of successfully regenerating both
dyes at only 0.1 eV to 0.2 eV driving force. In standard AM 1.5G sunlight the PCE reaches 11.3 %
a new record for a copper electrolyte based system. Strikingly, under 1000 lux indoor illumination
the PCE of this new DSC design is 28.9 %, resulting in a power output of 88.5 uW/cm®. This is
sufficient to ascertain autonomous operation of a range of electronic devices in an indoor environ-
ment with a reasonable solar cell size. Therefore, our study suggests that DSCs are ideally suited for
the ambient light applications. We expect our findings to have a major practical impact, since ambi-
ent light energy harvesting to power electronic devices or to extend their battery lifetime will open a
wide field of applications in a wide range of systems requiring electric power to ascertain their au-
tonomous operation.

7.4 Methods

Materials. Acetonitrile and propionitrile (Abcr), tert-butanol (Sigma-Aldrich), TiO; paste (30 NR-
D, Dyesol), LiTFSI (TCI), TBP (TCI), tmby (hetcat) and D35 dye (Dyenamo) were purchased from
commercial sources and used as received, unless stated otherwise. TiO, paste for scattering film
was prepared as previously described.'*! The [Cu'(tmby),]TFSI, and [Cu"(tmby),](TFSI)CI and the

dye XY 1 were synthesized as previously described.'>!78
Fabrication of solar cells. The working electrodes were fabricated as described in Chapter 2.°"'*?

The TiO; films were immersed in dye solutions in acetonitrile/tert-butanol (v/v, 1/1) for 16 h to
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graft the dye molecules onto the TiO; surface. The sensitizing solutions contained the organic dyes
in the following millimolar (mM) concentrations (a) 0. ImM D35, (b) 0.1mM D35 and 0.01mM
XY1 (D35:XY1;10:1), (c) 0.08mM D35 and 0.02mM XY1 (4:1), (d) 0.05 mM D35 and 0.05 mM
XY1(1:1), (e) 0.02 mM D35 and 0.08 mM XY1 (1:4), (f) 0.0lmM D35 and 0.1 mM XY 1(1:10), (g)
0.1 mM XY1. We used FTO glass covered with electrochemically deposited PEDOT films as coun-
ter electrodes.'” The dye-coated TiO, film and the counter electrode were assembled by using
thermoplastic frame (Surlyn, DuPont) heated at 120°C. Electrolyte was injected into the space be-
tween the electrodes through a predrilled hole on the counter electrode under vacuum. The electro-
lyte consisted of a solution of 0.2 M Cu(I) and 0.04 M Cu(Il) complexes and 0.1M LiTFSI as well
as 0.6 M TBP in acetonitrile. The hole was sealed by using the polymer hot-melt (Surlyn). The
DSCs prepared with TiO, area of 2.8 cm” were assembled using UV — glue (Three Bond: 3035B).

Characterization of solar cells. The characterizations of J-J" and IPCE of small-area solar cells are
described in Chapter 2.>' The solar cells (without antireflection films) were masked to attain an il-
luminated active area of 0.158 cm”.

Big area solar cells (2.8cm?) were covered with a mask of the same aperture. The low light meas-
urements were performed using an OSRAM Warm White 930 and Philips-Warm White (PL Elec-
tronic-C; Holland) discharge tubes for DSCs and OSRAM Warm White 827 lamp for GaAs solar
cells. A TES-1334 Luxmeter was used to measure the light intensity. Flexi-GaAs solar cells are
from Alta Devices measured at the Geell-company with configuration: 6 cells in parallel and series
(of 8.33cm?) as module (50cm?). The Luxmeter TES-1334 was used to measure the light intensity at
the DSC. In summary, 63 small area (3 solar cells per condition for 7 conditions, where each was
repeated 3 times) and 15 large area solar cells have been tested. The PCE distribution is within +
0.5%. Care was taken to scan the J-V curve sufficiently slowly so that any hysteresis effect on the
maximum power point remained below 2%. Hysteresis was checked by scanning the J-V curve in
forward and backward direction and comparing the PV metrics obtained for the two scanning direc-
tions. Indoor light sources. (The indoor light sources OSRAM Warm White 827 hat 1.77 W/m® was
used at Geell for GaAs and OSRAM Warm White 930 hat 1.566 W/m2 was used at EPFL for
DSCs.)

GaAs solar cells: The flexi-GaAs-module is from Alta Devices measured at Geell-company with
the following configuration: 6 cells (of 8.33cm?) as module (50cm?) with parallel and series connec-
tions as 2 groups of 3 cells (in parallel) measured in series = 2 cells(2x25c¢m?) in series.

UV/Vis spectroscopy. UV/Vis absorption data was collected by a Perkin-Elmer Lambda 950 spec-
trophotometer.

Extracted Charge and Electron Lifetime Measurements. Electron lifetime measurements were per-
formed as detailed in Chapter 2.'"

Transient Absorption Spectra (TAS) and Photoinduced Absorption Spectroscopy (PIA). The photo-
induced kinetics was measured with an Ekspla NT-342 Q-switched Nd:YAG laser using 532 nm as
excitation wavelength. The pulse width was 4-5 ns (FWHM) and the repetition rate was 20 Hz. The
probe light source was a halogen lamp and probe wavelengths at 780 and 1200 nm were chosen
using a monochromator (Omni-A 150, Oriel). The film was positioned at approximately 45° angle
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with respect to the incoming laser pulse, for front illumination. The signal was detected using a pho-
tomultiplier tube (R9110, Hamamatsu) in the visible and an InGaAs diode (SMO5PD5A, Thorlabs)
in the near infrared, then recorded using an oscilloscope (DPO 7014, Tektronix). The radiant output
of the laser was attenuated to 50 pJ/cm” using grey optical density filters. Low light intensity value
was deliberately chosen in order to ensure that on average less than one electron was injected per
nanoparticle, lifetimes were obtained fitting the data with a monoexponential function (see SI for
details, Equation S1). Satisfactory signal-to-noise ratios were typically obtained by averaging over
1000 laser shots.

The PIA spectra of the various cells were recorded over a wavelength range of 500-1160 nm fol-
lowing an (on/off) photo-modulation using a 9 Hz square wave emanating from a blue laser (405
nm). White probe light from a halogen lamp (20 W) was used as an illumination source. The light
was focused onto the sample and sent into a monochromator (Gemini, Horiba), and detected using a
photodiode connected to a lock-in amplifier (SR830, Stanford Research Systems).
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Achieved results

In this thesis, we firstly concentrated our efforts to minimize dye regeneration overpotentials in
DSCs. In order to achieve this, we used copper redox mediators with bipyridyl ligands holding me-
thyl groups on the 6,6 positions. With these set of ligands, we could satisfy a low reorganization
energy requirement between the Cu(I) and Cu(Il) transition and thus we showed that a driving force
of 0.1eV is enough to sustain an efficient dye regeneration. The open-circuit values over 1.0V were
obtainable without compromising the photocurrents.

Meanwhile, we gained deeper understanding on copper species (especially for Cu(Il)) in terms of
synthesis and the interaction with other electrolyte additives. We could trace that Cu(Il) synthesized
by the CuCl, precursor is not electrochemically identical to Cu(I) species because of the CI” coordi-
nation. We proposed different methods to produce neat Cu(Il) species, and we could achieve better
kinetics at the counter electrode and better mass transport with this neat product. Furthermore, we
investigated the effect of base coordination to the Cu(Il) complex on the different DSC processes.
By employing different bases, we could trace different resistances for the counter electrode and
diffusion. In addition, dye regeneration and charge recombination kinetics were influenced with the
base additive due to the changes in molecular geometries of the complexes.

Especially in the case of charge recombination process, substantial differences are expected in the
absence and presence of bases. According to our DFT analysis, the presence of TBP in the electro-
lyte medium, results in penta-coordinated complexes and this leads to higher reorganization ener-
gies (A = 1.23-1.40 eV). By considering these values, the charge recombination is expected to occur
in the Marcus normal regime. On the contrary, without TBP the charge recombination is expected
to occur in the Marcus inverted regime. Nevertheless, the recombination with copper redox media-
tors were found to be lower than the standard cobalt complex.

We demonstrated remarkable power conversion efficiencies with our copper redox mediators and
the Y123 dye, both for liquid state (10%) and solid state devices (11%). Also, we showed remarka-
ble PCE values (28.9 %) under ambient lighting (1000lux) by employing co-sensitized TiO; films
and Cu"""(tmby), (tmby = 4,4',6,6'-tetramethyl-2,2"-bipyridine). We believe that these high perfor-
mances will bring DSC technology one step closer for powering a range of electronic devices in-
cluding e-Readers, tablets, and loT-related appliances and accordingly commercialization.

Future development

In a few recent publications, new record PCE values for DSCs employing Cu™"(tmby), were re-
ported. Cao et al'® achieved PCE values of 13.1% and 32% under air mass 1.5 global 100 mWcm™
solar radiation and ambient light (1000 lux), respectively, by employing XY1 and Y123 dye blends.
By employing cu™ D(tmby), as a HTM , Zhang et al. '*° reported PCE of 11.6% under AM 1.5 G
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illumination with the WS- 72 dye. These studies reveal that with device optimizations and with dif-
ferent dye alternatives, the PCE values can be increased further in the future.

In order to enhance the PCE values for the DSCs employing copper redox couples, some additional
work can be proposed as below:

e By designing new ligand structures, the redox potential of the copper complexes can be
tuned in order to sustain dye regeneration with the dyes having more negative HOMO lev-
els.

e Charge injection overpotentials can be reduced either by tuning the LUMO level of sensitiz-
ers or by employing different semiconductors or doped TiO,. Voc values can be further in-
creased in this way.

e Marcus inverted regime for charge recombination, can be achieved experimentally by avoid-
ing the bases in the electrolyte. Advantages/disadvantages of the inverted regime can be in-
vestigated in detail.
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Chapter 8 Appendix

8.1 Appendix to Chapter 2

8.1.1 Methods and computational details

All the calculations have been performed with the G09 suite of programs for quantum chemistry.

The PBEO hybrid DFT approach has been applied in all the calculations together with SDD ECP-basis set for Cu and TZVP basis set
for C, H and N atoms.

The acetonitrile solvent is described by the PCM implicit solvation model with the last parameterization of non-empirical solvation
term known as SMD.

Vertical excitation energies are computed with the TD-DFT approach by considering the non-equilibrium PCM model to include the
solvent effects.

Ground-state minimum-energy structures have been computed considering the default maximum force and displacement tolerance
parameters in Gaussian. Molecular frequencies have been computed within the harmonic oscillator approximation, and the thermo-
chemical data are derived at room temperature (298 K) and considering the most common atom isotopes.

Internal reorganization energies (A;,) have been computed with a common approach by considering the Cu(I)L, and Cu(II)L, mini-
mum-energy structures in solution. A;, is evaluated in the gas phase as the energy differences of Cu(I) complexes evaluated at the
relaxed geometries that correspond to the initial and final electronic states.

®

HOMO

Figure 8-1 Frontier molecular orbitals (HOMO and LUMO) for Cu(I)(dmp),.
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Table 8-1 TD-DFT results: first vertical excitation energies (AE.x.) and corresponding oscillator strength (f) in acetoni-
trile solution.

AEy, (nm) S/
Cu(dmp),"* 466 0.1996
Cu(dmby)," 474 0.1722
Cu(dmp),"* 463 0.1903

Table 8-2 Geometrical features of the minimum-energy structures for CuL, (L=dmp, dmpy, tmby) complexes in ace-
tonitrile solution.

dmp | dmby | tmby

Cu(I) complexes

distance Cu-N (A) 2.074 | 2.068 | 2.067

angle N-Cu-N, (°) 81.0 | 80.0 80.0

dihedral N-C;-C,-N; (°) 0.0 2.6 2.0

Cu(IT) complexes

distance Cu-N (A) 2.041 | 2.025 |2.021

angle N;-Cu-N; (°) 81.8 | 81.2 81.3

dihedral N;-N,-Cu-N;’ (°) 0.4 9.0 7.1

8.1.2 Synthesis of copper 2,2’-dimethyl phenanthroline (Cu”(dmp),TFSI; )

Cu™"(dmp),TFSI,(1,2) Figure 8-2

For (Cu(dmp),TFSI) (1), 1 eq. of Cul (35 mg, 0.175 mmol) was mixed with 4 eq. of Neocuproine hydrate (100 mg, 0.7 mmol ) in
ethanol, under nitrogen atmosphere, at room temperature for 2 hours. Complex (1) was collected by filtration and washed with water
and diethyl ether. The resulted complex (1) was obtained as intense red, crystalline powder. The yield was 90 % (0.16 mmol).

For Cu(dmp),TFSI, (2), Complex (1) (100 mg, 0.13 mmol) was dissolved in acetonitrile. To this solution, 1 equivalent of NOBF, (16
mg, 0.13 mmol) followed by 5 equivalents of LiTFSI (37 mg, 0.65 mmol) were added after 30 min. The solution was further stirred
for 2 hours at room temperature and under nitrogen atmosphere. The solvent was removed by rotatory evaporation and the crude
redissolved in minimum amount of dichloromethane. Complex (2) was collected by filtration after precipitation from diethylether
and washed with diethyl ether. The yield was 72 % (0.09 mmol). The product was a bright violet powder.

"H NMR (400 MHz, acetone d6): 8 8.75 (d, J(H-H) = 8.21 Hz, 1H), 8.23 (s, 1H), 7.98 (d, J(H-H)= 8.24 Hz, 1H), 2.52 (s, 3H).
MALDI-MS: (1) m/z (%) 473.132 (90)([Cu(dmp), TFSI]"); (2) m/z (%) 479.182 (90) ([Cu(dmp), TFSI]>")
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Figure 8-2 Synthetic procedure for Cu“/”)(dmp)zTFSIl/z

8.1.3 Synthesis of copper complexes: 6,6'-dimethyl-2,2'-bipyridine (Cu®'’(dmby),TFSI;,)
(3,4) and 4,4',6,6'-tetramethyl-2,2'-bipyridine

(Cu™(tmby),TFSI,5) (5,6) Cu”(dmby),TFSI,;, or (Cu™(tmby),TFSI,),) (3,5) (Figure 8-3):

For (Cu(dmby),TFSI) and (Cu(tmby),TFSI) (3,5), one equivalent of Cul (35 mg, 0.175 mmol) was mixed with 3 equivalents of
6,6'-dimethyl-2,2'-bipyridine (120 mg, 0.7 mmol) or 4,4',6,6'-tetramethyl-2,2'-bipyridine (150 mg, 0.7 mmol) in 20 ml ethanol, under
nitrogen atmosphere, at room temperature for 2 hours. The resulted complex (1) was obtained as intense red, crystalline powder. The
product was filtered and redissolved by addition of 5 ml of deionized water followed by an addition of 5 equivalents of LiTFSI (37
mg, 0.65 mmol). The solution was further stirred for 2 hours at room temperature and under nitrogen atmosphere resulting in red
precipitation. The complex (3,5) was collected by filtration and washed with water. The yield of the products was 80 % (mol). In
both cases product was a bright red powder.

'H NMR (400 MHz, acetone d6): 8 8.75 (d, J(H-H) = 8.21 Hz, 1H), 8.23 (s, 1H), 7.98 (d, J(H-H)= 8.24 Hz, 1H), 2.52 (s, 3H).
MALDI-MS: (3) m/z (%) 431.124 (90)([Cu(dmby),TFSI]"); (5) m/z (%) 487.188 (90) ([Cu(tmby), TFSI]")

For (Cu(dmby),TFSI,) (4) or (Cu(tmby),TFSL) (6): One equivalent of CuCl, (35 mg, 0.175 mmol) was mixed with 3 equivalents
of 6,6'-dimethyl-2,2'-bipyridine (120 mg, 0.7 mmol ) or 4,4',6,6'-tetramethyl-2,2'-bipyridine (150 mg, 0.7 mmol ) in 20 ml ethanol,
under nitrogen atmosphere, at room temperature for 2 hours. The resulted complex (1) was obtained as green powder. The product
was filtered and redissolved by addition of 5 ml of deionized water followed by an addition of 5 equivalents of LiTFSI (37 mg, 0.65
mmol). The solution was further stirred for 2 hours at room temperature and under nitrogen atmosphere resulting in green precipita-
tion. The complex (3,5) was collected by filtration and washed with water. The average yield was 70 % (mol). The products were
green powders.

'"H NMR (400 MHz, acetone d6): 8 8.75 (d, J(H-H) = 8.21 Hz, 1H), 8.23 (s, 1H), 7.98 (d, J(H-H)= 8.24 Hz, 1H), 2.52 (s, 3H).
MALDI-MS: (4) m/z (%) 431.129 (90) ([Cu(dmby),TFSIT*"); (6) m/z (%) 487.197 (90) ([Cu(tmby), TFSI]*")
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Figure 8-3 Synthetic procedure for Cu”™(dmby),TFSI;,) (3,4) and (Cu”™(tmby),TFSI; ) (5,6)

8.2 Appendix to Chapter 5

8.2.1 Synthetic procedures

EN [
| o
> NO. Z g

NN mepsa 75% wt 3 eq. KNO, 2 4eq. NaH 50% wt N 1

MCPBA 75% W 369 KNOs —
N_J cHep H,S0, 98% BoH Z
0°C to RT 120°C
1 : 4 5
49% 81%

Figure 8-4 Synthetic procedure of eto="4-ethoxy-6,6'-dimethyl-2,2'-bipyridine’ ligand. Conditions: (i): 1 eq. mCPBA
75% wt, CHCI3, 0°C to RT, o.n., 62%; (ii): 3 eq. KNO3, H2S04 98%, 120°C, o.n., 57%; (iii): 4 eq. NaH 50% wt,
EtOH, 100°C, o.n., 49%; (iv) 3 eq. PBr3 1M, CHCI3, 60°C, o.n., 81%.

Synthesis of 6,6'-dimethyl-[2,2'-bipyridine] 1-oxide (2)

6,6'-dimethyl-2,2'-bipyridine(1) (1.2 g, 6.51 mmol, 1.0 eq.) was dissolved in 5 mL chloroform and cooled down to 0°C
with an ice bath. Then, mCPBA (2.02 g (75% wt), 6.51 mmol, 1.0 eq.) in 15 mL chloroform was added dropwise over 2
hours. Once the addition completed, the ice bath was removed and the reaction mixture allowed to warm up to RT be-
fore stirring overnight. After that, chloroform was washed with saturated sodium carbonate (3 x 20 mL) and dried over
magnesium sulfate. The product used without further purification for the next step (0.809 g, 62%).
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'"H NMR (400 MHz, Chloroform-d) & 8.58 (d, J = 7.9 Hz, 1H), 8.00 (dd, J = 7.1, 3.0 Hz, 1H), 7.72 (t, J = 7.8 Hz, 1H),
7.34 - 7.25 (m, 2H), 7.21 (d, J = 7.7 Hz, 1H), 2.64 (s, 3H), 2.61 (s, 3H).

*C NMR (101 MHz, Chloroform-d) & 177.41, 158.04, 149.85, 149.73, 147.83, 136.31, 125.63 (d, J = 1.7 Hz), 125.04,
123.61, 122.54, 24.60, 18.46.

Mass Spectrometry (APPI", m/z): [M+H'] calculated: 201.1022 found: 201.1020

Synthesis of 6,6'-dimethyl-4-nitro-[2,2'-bipyridine] 1-oxide (3)

6,6'-dimethyl-[2,2"-bipyridine] 1-oxide (2) (0.778 g, 3.89 mmol, 1.0 eq.) and potassium nitrate (1.178 g, 11.66 mmol,
3.0 eq.) were charged in a round bottom flask equipped with a condenser. Then, 5 mL Sulfuric acid 98% were added
and the mixture stirred until dissolution of the solids. The obtained yellow solution was heated at 120°C over night. The
reaction flask was then cooled down to RT, poured over ice and basified with a solution of sodium hydroxide 6 M. The
obtained solid was filtered off and dried on the bench. The product was obtained as a beige solid 0.544 g (57 %) and
was used without further purification.

'"H NMR (400 MHz, Chloroform-d) & 8.98 (d, J = 3.2 Hz, 1H), 8.61 (d, J = 7.9 Hz, 1H), 8.13 (d, J = 3.3 Hz, 1H), 7.77
(t,J= 7.8 Hz, 1H), 7.30 (d, J = 7.3 Hz, 1H), 2.68 (s, 3H), 2.66 (s, 3H).

C NMR (101 MHz, Chloroform-d) & 158.75, 151.65, 147.64, 136.67, 124.72, 123.04, 122.16, 120.08, 118.65, 118.17,
24.60, 18.75.

Mass Spectrometry (APPI', m/z): [M+H'] calculated: 246.0873 found: 246.0872

Synthesis of 4-ethoxy-6,6'-dimethyl-[2,2'-bipyridine] 1-oxide (4)

Sodium hydride (0.338 g(50% wt), 7.06 mmol, 4.0 eq.) was charged in an over dried schlenk tube under Argon atmos-
phere. Then, 4 mL anhydrous Ethanol were slowly added under vigorous stirring and was left at RT until Hydrogen
evolution stopped. Then, (6,6'-dimethyl-4-nitro-[2,2'-bipyridine] 1-oxide (3) (0.433 g, 1.77 mmol, 1.0 eq.) was added
and the beige suspension was heated to 100°C overnight. The reaction mixture was cooled down to RT and diluted with
water. The aqueous phase was washed with Chloroform (3x30 mL) and dried over magnesium sulfate. Finally, evapora-
tion of the solvent afforded a green solid as the desired product 0.210 g (49%).

'"H NMR (400 MHz, Chloroform-d) & 8.67 (d, J = 7.9 Hz, 1H), 7.71 (t, J = 8.1, 1H), 7.55 (d, J = 3.6 Hz, 1H), 7.21 (d, J
=7.7 Hz, 1H), 6.85 (d, J = 3.6 Hz, 1H), 4.33 — 4.03 (m, 2H), 2.63 (s, 3H), 2.59 (s, 3H), 1.46 (td, J = 7.0, 1.4 Hz, 3H).

C NMR (101 MHz, Chloroform-d) 8 157.90, 155.94, 150.56, 149.78, 148.13, 136.28, 123.67, 122.73, 112.70, 110.69,
64.33,24.64 , 18.84, 14.55.

Mass Spectrometry (ESI', m/z): [M+H'] calculated: 245.1285 found: 245.1285
Synthesis of 4-ethoxy-6,6'-dimethyl-2,2'-bipyridine (5)

4-ethoxy-6,6'-dimethyl-[2,2'-bipyridine] 1-oxide(4) (0.210 g, 0.86 mmol, 1.0 eq.) was charged in an oven dried round
bottom flask brought under Argon and dissolved in 5 mL Chloroform and cooled down to 0°C with an ice bath. Then,
Phosphorus tribormide (1.0 M in dichloromethane) (2.58 mL, 2.58 mmol, 3.0 eq.) was added dropwise to the mixture.
The reaction was then warmed up to RT and heated at 60°C for 24 hours. After that, the obtained suspension was
poured over ice and basified with sodium hydroxyde 6 M to afford the formation of a beige solid, which was removed
by vacuum filtration. The remaining filtrate was then washed with Chloroform (3x10 mL) and dried over magnesium
sulfate. Evaporation of the solvent afforded the desired product as a beige solid 0.159 g (81 %)

'"H NMR (400 MHz, Chloroform-d) & 8.18 (d, J = 7.8 Hz, 1H), 7.78 (d, J = 2.3 Hz, 1H), 7.74 — 7.66 (m, 1H), 7.17 (d, J
= 7.7 Hz, 1H), 6.70 (d, J = 2.3 Hz, 1H), 4.21 (qd, J = 7.0, 1.9 Hz, 2H), 2.65 (s, 3H), 2.59 (s, 3H), 1.48 (td, J = 7.0, 1.9
Hz, 3H).

C NMR (101 MHz, Chloroform-d) & 166.25, 159.31, 157.74 (d, J = 1.9 Hz), 155.83, 136.98 (d, J = 5.1 Hz), 123.12,
118.34, 118.18, 109.77, 104.40, 63.46, 24.77, 24.69, 14.63.
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Mass Spectrometry (ESI', m/z): [M+H'] calculated: 229.1330 found: 229.1335

Synthesis of copper 4-ethoxy-6,6'-dimethyl-2,2'-bipyridine [Cu(eto),][TFSI] (6) and [Cu(eto),][TFSI], (7) (Figure
8-5)

For [Cu(eto),][TFSI] (6), one equivalent of Cul (27.8 mg, 0.139 mmol) was mixed with 3 equivalents of 4-ethoxy-6,6'-
dimethyl-2,2'-bipyridine (95.8 mg, 0.42 mmol) in 20 ml ethanol, under nitrogen atmosphere, at room temperature for 2
hours. The resulted complex was obtained as intense red, crystalline powder. The product was filtered and redissolved
by addition of 5 ml of deionized water followed by an addition of 5 equivalents of LiTFSI (200 mg, 0.7 mmol). The
solution was further stirred for 2 hours at room temperature and under nitrogen atmosphere resulting in red precipita-
tion. The complex (6) was collected by filtration and washed with water. The yield of the products was 85.6 % (mol).

'"H NMR (400 MHz, Chloroform-d) & 8.14 (dd, J = 8.3, 3.7 Hz, 1H), 8.00 (dt, J = 10.9, 5.4 Hz, 1H), 7.64 (s, 1H), 7.44
(dd, J=17.9, 3.6 Hz, 1H), 6.93 (s, 1H), 4.39 — 4.19 (m, 2H), 2.24 (dd, J = 21.2, 3.8 Hz, 6H), 1.54 (dt, /= 10.8, 5.0 Hz,
3H).

'3C NMR (101 MHz, Chloroform-d) & 166.70, 158.70, 157.03, 153.16, 151.81, 138.18, 125.71, 119.28, 111.19, 106.59,
64.77, 25.24, 25.09, 14.43.

Mass Spectrometry (ESI', m/z): calculated: 519.1821 found: 519.121 [Cu(eto),]"

Elemental Analysis: Measured N 8.016 (%);C 44.341 (%);H 4.146 (%);Calculated N 8.75 (%);C 45.02 (%);H 4.03(%);

For [Cu(eto),][TFSI], (7): One equivalent of CuCl, (19.6 mg, 0.1 mmol) was mixed with 3 equivalents of 4-ethoxy-
6,6'-dimethyl-2,2'-bipyridine (67 mg, 0.3 mmol ) in 20 ml ethanol, under nitrogen atmosphere, at room temperature for
2 hours. The resulted complex was obtained as green solution. Addition of 5 ml of deionized water followed by an addi-
tion of 5 equivalents of LiTFSI (145 mg, 0.5 mmol). The solution was further stirred for 2 hours at room temperature
and under nitrogen atmosphere resulting in green precipitation. The complex (7) was collected by filtration and washed
with water. The average yield was 63.4 % (mol). The product was collected as green powder.

Mass Spectrometry (ESI', m/z): calculated: 519.1821 found: 519.189 [Cu(eto),]*"

Elemental Analysis: Measured N 8.212 (%);C 43. 015 (%);H 3.972 (%);Calculated N 7.78(%);C 35.57 (%);H 2.99(%);
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Figure 8-5 Synthetic procedure for [Cu(eto)2][TFSI] and [Cu(eto)2][TFSI]2
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8.3 Appendix to chapter 6

a PEDOT/Cu(ll/l) TiO,/Y123/Cu(Il/l) b
_____ N = experimental data
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Figure 8-6 (a) Equivalent circuit model to analyze EIS of DSCs based on the volatile electrolyte and the amorphous
conductor. At intermediate and higher forward biases, electron transport resistance in TiO, is much lower than recom-
bination resistance (Rye). A simplified equivalent circuit’, where the transmission line element is replaced by a parallel
R..C,, circuit, is used to fit the impedance spectra. For liquid DSCs, the equivalent circuit model is composed of a paral-
lel R..C, in series with an RC element for the counter electrode and a Warburg diffusion resistance for the ionic
transport in the electrolyte. For ssDSCs, we used a similar equivalent circuit model, where a Ry,0Chole €lement replaces
the Warburg impedance. (b) A typical spectroscopy of a DSC measured by EIS. The data can be best fitted by using the
equivalent circuit models in (a). The arrow indicates frequency-dependent semi-circle (from high to low frequency)
corresponding to the interface of PEDOT/Cu(1l/1), the interface of TiO2/Y 123/Cu(1l/1), and the Cu(Il/I) transport mate-
rial in DSCs. (c) Photocurrent-dependent conductivity of the amorphous transport and the volatile electrolyte. The solar
cells were measured under irradiation intensity of 1,000 W/m?® provided by a white light-emitting diode (LED). The
conductivity was calculated by L/(4 x R), where L (around 9 pm) is the thickness of the hole conductor or electrolyte
between the two FTO glasses, 4 (0.286 cm?) is the photoactive area of DSCs and R is resistance obtained by EIS meas-
urements. The average (symbols) and standard deviation (error bars) were calculated from solar cell number between
four and six.
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Figure 8-7 Picosecond time resolved transient absorbance of (a) A1203/Y123/inert electrolyte and (b) TiO2/Y 123/inert
electrolyte. The inert electrolyte contains 0.1 M LiTFSI and 0.6 M TBP in acetonitrile.
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Table 8-3 Photovoltaic parameters of ssDSCs based on Cu(Il/I) HTM with different thickness of mesoscopic TiO2
films. The solar cells were measured under standard AM1.5G conditions.

Ti0; film thickness (um) Jie (mA/cm?) Voe (V) FF PCE (%)
2.2° 10.21 1.09 0.72 8.0
3.5 11.78 1.07 0.71 8.9
6.8° 11.40 1.05 0.64 7.7
3.543.0° 13.16 1.07 0.70 9.9

*The thickness of transparent mesoscopic TiO; films.
®The thickness of mesoscopic TiO; films composed of 3.5 pm-thick transparent mesoscopic TiO,

layer + 3.0 pm-thick light scattering TiO; layer.
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