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Abstract

Green energy production is crucial to reducing CO, emissions and reaching the Paris agreement goals. As society
transitions to a circular economy, renewable energy technologies will play a crucial role in our energy decarboni-

zation.

Dye-sensitized solar cells (DSSCs) can be designed in various colors and transparency for building-integrated
photovoltaics (BIPV). They have gained a lot of attention owing to its remarkably high power conversion efficien-

cy (PCE) under indoor lighting, with PCEs up to 34% under 1000 lux.

To improve the performance of DSSCs, different approaches to study and reduce the interfacial recombination
of the electrons from the conduction band (CB) of the semiconductor to the electrolyte were implemented in

this thesis. The studied methods lead to minimized power losses in the devices.

One of the approaches was the introduction of the radical AZADO (AZ*/°) to an electrolyte with [Co(bpy)s]**/3* to
form the tandem electrolyte containing two redox species in the liquid electrolyte. DSSCs with tandem electro-
lytes showed increased open-circuit voltages (Voc) values of 1009 mV, while the one-mediator electrolytes
showed lower performance. The Voc enhancement was determined to result from the higher redox potential of
(AZ*/°) and the slower electron recombination rate. Our findings demonstrate the advantages of tandem electro-

lytes and indicate that further work could improve the Voc and overall performance of DSSCs.

To decrease the solvent’s volatility and increase the recombination resistance in cobalt-based electrolytes, we
implemented the in-situ photopolymerization of a thiol-siloxane with an acrylate monomer, such as PEGMA and
PEGDA, through a click thiol-ene reaction. The formed hyperbranched networks were denoted HB1 (thiol-
siloxane and PEGMA) and HB2 (thiol-siloxane and PEGMA). Electrolytes containing 20% of HB1 and HB2 in the
cobalt electrolyte retained the liquid electrolyte up to 98% of their initial weight until 150 °C. The highest per-
formance was achieved using 10%(v/v) of HB1 with a Voc of 875 mV, short-circuit current (Jsc) of 14.75 mAcm™,
and fill-factor (FF) of 0.66 for a PCE of 8.52% under AM1.5, comparable to a PCE of 9.36% for the cobalt refer-
ence electrolyte. An upward-shift in the CB of TiO, compared to the cobalt reference was observed for all the

3+/2+

HB-electrolytes. In addition, they presented longer electron lifetimes than the Co electrolyte, explaining the
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Abstract

higher Voc values for the HB electrolytes. Electrical impedance spectroscopy (EIS) analysis showed that the HB
polymers suppress the interfacial electron recombination and enhance the photovoltaic performance under low
light intensity leading to a PCE of 23.19% under 1000 lux for devices containing 15% of HB1 compared to 20.37%

for the Co-reference.

We then developed a new dye, R7, with a strong electron-donating PAH core and BPT2 as the central building
block and a bulkier HF donor to decrease electron recombination at the interface TiOy/electrolyte. We found
that in the presence of a copper electrolyte, the dye R7 outperformed devices with the blue dye R6. EIS revealed
that the bulky HF-donor introduction effectively suppressed the electron recombination between the TiO; sur-
face and the redox shuttle. Additionally, we employed a co-sensitized system of R7+Y123 to reach the outstand-
ing parameters of Jsc of 16.15 mAcm2, Voc of 1035 mV, FF of 0.76 to achieve a top PCE of 12.7%. To the best of

our knowledge, this is the highest for copper-based DSSCs using a blue photosensitizer.

Lastly, we studied interfacial phenomena in DSSCs with carbon counter electrodes (CCEs) and copper-based
electrolytes to determine the feasibility of the production of monolithic DSSCs with copper-based hole-
transporting materials. We found that the electron transport in devices with CCEs to be in the same order of
magnitude as those with PEDOT. However, the devices with CCEs presented a decrease of 2 orders of magnitude
in the recombination resistance, resulting in decreased Voc and Jsc and leading to a PCE of 17% compared to

24.5% for PEDOT devices under 1000 lux illumination.

Keywords

Dye-sensitized solar cells, tandem redox electrolytes, aza-adamantane, hyperbranched polymers, photopolymer-

ization, dye engineering, thiol-ene reaction, Hagfeldt donor, R7, carbon counter electrodes, monolithic structure.



Résumé

La production d'énergie verte est essentielle pour réduire les émissions de CO; et atteindre les objectifs de I'ac-
cord de Paris. Avec la transition vers une économie circulaire, les technologies des énergies renouvelables joue-

ront un réle crucial dans notre décarbonation énergétique.

Les cellules solaires a colorant, ou DSSC, sont considérées comme une technologie émergente prometteuse.
Elles peuvent étre congues dans différentes couleurs et transparences pour le photovoltaique intégré au bati-
ment (BIPV). En raison de leur efficacité de conversion de puissance (PCE) remarquablement élevée sous éclai-
rage intérieur, atteignant 34% sous 1000 lux, elles ont attiré beaucoup d'attention auprés des chercheurs et du

public.

Pour améliorer les performances des DSSC, nous avons mis en ceuvre différentes approches pour étudier et
réduire la recombinaison interfaciale des électrons de la bande de conduction du semi-conducteur a I'électro-

lyte. Nos méthodes permettent de minimiser les pertes de puissance dans les cellules solaires.

L'une des approches consiste en I'introduction du radical AZADO (AZ*/°) dans un électrolyte avec [Co(bpy)s]?*/3*
pour former I'électrolyte en tandem contenant deux espéces redox dans I'électrolyte liquide. Les DSSC avec des
électrolytes en tandem ont montré des valeurs de Voc accrues jusqu'a 1009 mV, tandis que les électrolytes a
médiateur unique ont montré des performances inférieures. L'amélioration des Voc a été déterminée comme
résultant du potentiel redox plus élevé du médiateur (AZ*/°) et du taux de recombinaison électronique réduit.
Nos résultats démontrent les avantages des électrolytes en tandem et indiquent que des travaux supplémen-

taires pourraient améliorer le Voc et la performance globale des DSSC.

Pour diminuer la volatilité du solvant et augmenter la résistance a la recombinaison dans les électrolytes a base
de cobalt, nous avons mis en ceuvre la photopolymérisation in-situ d'un thiol-siloxane avec un monomere acry-
late, tel que PEGMA et PEGDA, via une réaction click thiol-éne. Les réseaux hyper-ramifiés formés sont notés
HB1 (thiol-siloxane et PEGMA) et HB2 (thiol-siloxane et PEGMA). Les électrolytes contenant 20% de HB1 et HB2
dans I'électrolyte au [Co(bpy)s]**/? ont conservé I'électrolyte liquide jusqu'a 98% de leur poids initial jusqu'a une

température de 150 ° C. Les performances les plus élevées ont été obtenues en utilisant 10% (v/v) de HB1, per-
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mettant d’atteindreun Voc de 875 mV, un Jsc de 14.75 mAcm? et un FF de 0,66 pour un PCE de 8,52% sous
AM1.5, comparable a un PCE de 9.36 % pour I'électrolyte de référence au cobalt. Un déplacement vers le haut
de la bande de conduction (CB) du TiO2 par rapport a la référence de cobalt a été observé pour tous les électro-
lytes HB. En outre, ils ont présenté des durées de vie des électrons plus longues que I'électrolyte au Co, expli-
quant les valeurs de Voc plus élevées pour les électrolytes HB. L'analyse EIS a montré que les polyméres HB sup-
priment la recombinaison électronique interfaciale et améliorent les performances photovoltaiques sous faible
intensité lumineuse, conduisant a un PCE de 23,19% sous 1000 lux pour les dispositifs contenant 15% de HB1

contre 20,37% pour la co-référence.

Nous avons également développé un nouveau colorant, nommé R7, constitué d’un noyau de PAH donneur
d'électrons fort et de BPT2 comme bloc de construction central ainsi qu’'un donneur HF plus volumineux pour
diminuer la recombinaison d'électrons a l'interface TiO,/électrolyte. Nous avons constaté qu'en présence d'un
électrolyte de cuivre, le colorant R7 surpassait les cellules solaires utilisant R6. L'EIS a révélé que l'introduction
du donneur volumineux HF supprimait efficacement la recombinaison électronique entre la surface de TiO; et la
navette redox. De plus, nous avons utilisé un systéme co-sensibilisé de R7+Y123 pour atteindre les paramétres
exceptionnels de JSC de 16.15 mAcm2, Voc de 1035 mV, FF de 0.76, menant aun PCE supérieur de 12.7%. A notre
connaissance, il s’agit de I'efficacité la plus élevée pour les DSSC a base de cuivre utilisant un photosensibilisa-

teur bleu.

Finalement, nous avons étudié les phénomenes interfaciaux en DSSC avec des contre-électrodes en carbone
(CCE) et des électrolytes a base de cuivre pour déterminer la faisabilité de la production de DSSC monolithiques
avec les matériaux de transport de trous a base de cuivre. Nous avons constaté que le transport d'électrons dans
les cellules avec CCE était du méme ordre de grandeur que pour ceux avec PEDOT. Cependant, les appareils avec
CCE ont présenté une diminution de 2 ordres de grandeur de la résistance a la recombinaison, entrainant une
diminution des VOC et JSC et menant a un PCE de 17%, comparé a 24.5% pour les cellules basées au PEDOT sous

1000 lux d'éclairage.

Mots-clés

Cellules solaires sensibilisées aux colorants, électrolytes redox en tandem, aza-adamantane, polymeéres hyper-
ramifiés, photopolymérisation, technique des colorants, réaction thiol-ene, donneur Hagfelt, R7, contre-

electrode en carbone, structure monolithique
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Abbreviations

PV Photovoltaic devices

PCE Power conversion efficiency

CIGS CulnGaS

OPV Organic photovoltaics

QDSsC Quantum Dots Solar Cells,

ETA Extremely Absorbent Cells

DSSC Dye-Sensitized Solar Cells,

PSC Perovskite Solar Cells

HOMO Highest occupied molecular orbital
LUMO Lowest unoccupied molecular orbital
CB Conduction band

CE Counter electrode

WE Working electrode

TCO Transparent conductive oxide

FTO Fluorine doped tin oxide F:SnO>
PEDOT Poly (3,4-ethylenedioxythiophene)
GNP Graphene nanoplatelets

AM 1.5G Air mass, standard lighting conditions
Voc Open circuit voltage

PCE Power conversion efficiency

IPCE Incident photon to current conversion efficiency
SHE Standard hydrogen electrode

LHE Light harvesting efficiency

TAS Transient absorption spectroscopy
EIS Electrochemical impedance spectroscopy
HB Hyperbranched polymers

MN Monolithic
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Symbols

Symbols

Voc

Jsc

FF

Pin

m

Is
Rseries
Rshunt
Jon
Errio,

Eredox

dye
frequency
Plank’s constant
mediator
redox potential
electron transfer constant rate
activation energy
Free Gibbs energy
reorganizational energy
Boltzmman constant
temperature
electronic coupling
constant for distance in electronic coupling
distance between donor and acceptor
power
current
current density
voltage
open circuit voltage
short circuit current density
fill factor
incident power
ideality factor
saturation current
series resistance
shunt resistance
photogenerated current density
Fermi level of TiO;

redox potential
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Nce

Ncs

Aelectrode
Dn

Jiim

F

l

Jo

R

Rer

Zw
Rtrans

Rer

DOS
g(E)

elementary charge
electron concentration
density of states in the CB
formal redox potential
concentration of oxidized species
concentration of reduced species
electron injection efficiency
electron collection efficiency
dye regeneratio efficiency
absorbance
integrated short cuircuit current density
electron transport constant
electron recombination constant
electron injection constant
relaxation constant
intensity
strectched exponential factor
extintion coefficient of the dye
electron lifetime
extracted charge
number of electrons transfer
electrode’s surface area
diffusion coefficient
Limiting current
Faraday’s constat
distance between electrodes
Exchange current
gas constant
charge transfer resistance
impedance
Warburg element
transport resistance
recombination resistance
chemical capacitance
density of states

density of states
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Ln

electron transport time in the transmission line

electron diffusion length
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Chapter 1  Introduction

1.1 Energy deployment

As we start 2021, after one year of the Covid-19 pandemic, we can see more than ever the disparities in our
modern society and the real energy crisis we face. The pandemic’s unprecedented measures included lockdowns
for several months with substantially decreased economic and individual activities worldwide. From these
measures, we expected that the energy consumption would drastically reduce. However, we still faced an annu-
al increase of 1.3% global energy demand in 2020, just half of the annual increase in 2018 before the health crisis
(2.8%), according to the statistical review of world energy 2020 from BP.! The increase in CO; emissions fell only
down to 0.5% compared to 1.1% in 2018. The exceptional decrease during the present crisis is expected to be
only temporary and to rebound by 2025 to the pre-Covid19 trends with a continuous increase in energy demand
due to an (expected) boost in economic growth to overcome the global economic recession.>? Several studies

including different scenarios predict an increase in the energy demand up to 28% in 2040.*

The challenge to cover the increasing energy demand will grow in complexity as we must decrease CO, emis-
sions to reach the targets specified in the Paris Agreement by the United Nations to limit the temperature in-

crease to 1.5 °C.>

There is no single answer to solve the global climate crisis, therefore employing all possible technologies using
clean energy is more critical than ever. The strategies to meet the CO; emission targets include research and
development of renewable energy deployment technologies, energy efficiency implementation, and carbon

capture.*®

Several international policies and plans aiming to reach carbon-neutrality by 2050 have discussed the im-
portance of implementing those strategies, such as the Energy Strategy 2050 from the Swiss Federal Council and
the European Commission’s Green Deal. We can only achieve these targets by the contribution of each stake-
holder in the energy field to speed a radical transformation to shift from a fossil fuel-based to a renewable-

based energetic matrix.%®
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Renewable energy sources such as hydro-, wind-, and solar power are vital for achieving a low carbon-based
economy. The provision of clean energy is rapidly growing, but its share of the total energy usage is less than
one-fifth of the current energy supply worldwide. Solar energy offers the best potential to increase the total

share of renewable energy.

1.2 Solar Energy

The amount of energy reaching the earth’s atmosphere from the sun is 340 W/m? and approximately 600 TW
reaching the earth’s surface.” The conversion of only 10% of this energy into electrical energy could supply about
60 TW of clean energy. Harvesting solar energy with efficient photovoltaic devices (PV) capable of transforming

solar energy into electricity is one of the best strategies to boost renewable energy use.

The first generation of PV solar cells is based on p-n junctions of monocrystalline silicon (c-Si), with record power
conversion efficiencies (PCE) of 26.7 %.2 This is the most market-mature PV technology and has seen an unprec-
edented decline in manufacturing costs and prices, reaching the consumer at final prices lower than $ 0.1/W,.
However, a further decrease in prices must be reached to make this technology accessible to a broader segment

of the world population and beat oil-produced electricity prices.

The second generation of PV cells is based on p-n junctions of polycrystalline and amorphous silicon and other
materials such as CdSe, CulnGaS (CIGS), and GaAs, among others. The record PCEs of 23.2% for polycrystalline
Silicon cells, 21.2% for thin-film technologies, 27.8% for GaAs, 23.4% for CIGS, 22.12% for CdSe, according to the
latest NREL chart. In recent years, the costs of these photovoltaic technologies have been significantly reduced.
Silicon-based technologies, including mono and polycrystalline PV, currently account for 95% of the PV market.
According to the Fraunhofer Institute for Solar Energy Systems (ISE), the installed PV cumulative capacity for

2020 was 635 GW.2

The thermodynamic limit establishes the maximum theoretical PCE for a solar cell, which depends on the mate-

rial’s bandgap. For crystalline silicon with a bandgap of 1.1 eV, the maximum theoretical PCE is around 31%.%%0

Traditionally, the third generation of solar cells also named emerging technologies include Organic Photovolta-
ics, OPV,*! Quantum Dots Solar Cells, QDSSC,'? Extremely Thin Absorbent Cells, ETA,*3 Dye-Sensitized Solar Cells,
DSSC,** and hybrid organic/inorganic Perovskite Solar Cells, PSC.%® It is estimated that these technologies could

potentially exceed the theoretical efficiency limit or be produced at a low cost and a reduced carbon footprint.®
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As the world’s requirements for solar cells increase, mass-production in a sustainable fashion will be a decisive
factor in the photovoltaics market. New technologies produced from cheap and environmentally friendly mate-
rials, reducing CO, emission from production and transport.? Third-generation PV technologies can be produced
from inexpensive, earth-abundant materials and can potentially transform the energy sector by making renewa-
ble energy more accessible to society worldwide. Additionally, these solar cells’ production can easily be inte-
grated into a circular economy, which is also part of several climate actions such as a Circular Economic Action

Plan (2020) proposed by the European Commission.*®

Flexibility and affordability are some of the numerous benefits these technologies offer. Unlike silicon
technology, they can be embedded into everyday objects such as clothes, electronic devices, or building
materials. Progress towards making solar energy more sustainable has primarily involved developing more

powerful light-absorbing materials.

1.3 Dye-Sensitized Solar cells

Dye-sensitized solar cells were first introduced in 1991 by Michael Gritzel and Brian 0O’Reagan,’’ with a study
reporting DSSC with a PCE of 7.12%, using TiO, nanoparticles in the anatase phase as semiconductor, sensitizing
with a ruthenium dye, and using an electrolyte with the redox couple I3 /I~. In recent publications, up to 14.3%
efficiency has been achieved.*® As mentioned above, DSSCs are considered third-generation cells since they have
advantages such as low production and investment costs than other existing technologies. Variety in design,
such as transparency, multiple color options, flexibility, and excellent performance under diffuse light.*® The
design and operation diagram of a DSSC is shown in Fig 1.1. DSSC has recently attracted much attention due to

their remarkably high PCE under indoor illumination, up to 34% under 1000 lux.2°
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Figure 1.1. (a) Schematic representation of a DSSC and (b) operation scheme.
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In general, DSSCs are composed of a photoanode, electrolyte, and counter electrode. The photoanode or work-
ing electrode (WE) is fabricated with a mesoporous-semiconductor such as TiO, deposited on a conducting-glass
substrate (usually SnO2:F, FTO). The chemisorption of a monolayer of dye molecules sensitizes the semiconduc-
tor. The counter electrode (CE), placed on top of the WE, is composed of another glass substrate with a thin
layer of an electrocatalytic material such as Pt, graphene, or poly(3,4-ethylenedioxythiophene) (PEDOT). The

liquid electrolyte or solid hole transport material (HTM) is filled in between the two electrodes.?*

Incoming light from the sun excites electrons from the HOMO of the dye to its LUMO. The excited electrons are
later injected into the semiconductor’s conduction band and transported through localized states into the FTO
electrode, exiting the circuit.??2 The electron in the external circuit can provide power to electronic devices and
then return to the system through the counter-electrode. After electron injection, the dye’s oxidized form can
be regenerated to the ground state by electron transfer from a redox couple in the electrolyte or by a hole
transporting material (for all-solid DSSCs). The dye regeneration process is vital for the well-functioning of the

cell. Therefore, the electrolyte plays a pivotal role in attaining high energy conversion efficiencies.

The redox couple I~ /I3 has been widely used because it presents significant recombination resistance and pro-
vides high electron lifetimes;?32* thus, high energy conversion efficiencies can be obtained.?> Nevertheless, this
redox couple has several disadvantages. This includes corrosiveness, light absorption in the visible range, subli-
mation, and a significant potential drop due to the mismatch of the redox potential of I~ /I3 and the highest
occupied molecular orbital (HOMO) level of most sensitizers; limiting the open-circuit voltage, Voc, to values

between 0.7-0.8 V.26:%7

Photoexcitation (step 1): the dye molecule absorbs energy from the photon from sunlight and goes from its

ground state to its excited state. An electron is promoted from HOMO to LUMO with the energy of the absorbed

photon.?®

D + hv — D*

Equation 1.1. Dye excitation

Electron injection (step 2): the electron located in the LUMO of the dye is transferred to the conduction band

(CB) of TiO2 because it is slightly lower in energy (driving force), leaving the dye in its oxidized form. This reac-
tion must be faster than the recombination reaction from Eq. 1.5 to avoid kinetic competition between these
reactions.

D* — Dt +e”

Equation 1.2. Electron injection
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Charge transfer in TiO, (step 3): the electron is transported through the TiO; layer by trapping-detrapping ran-

dom events to the FTO. From there, the electron passes through the external circuit to the counter electrode

(step 4).

Dye Regeneration (step 5): in this step, the reduction of the dye’s oxidized species occurs through the oxidation

of the mediator M.

Dt +M° —> D+ Mt

Equation 1.3 Dye regeneration

Mediator’s regeneration (step 6): in this step, the redox mediator’s oxidized species are reduced by electron

transfer at the counter electrode, closing the circuit.

Mt +e” — MO

Equation 1.4 Shuttle’s regeneration

Recombination of electrons with the electrolyte (step 7): The electrons in the CB of TiO, recombine with the

mediator’s oxidized state in the electrolyte. This process is faster than the recombination with the dye (step 8)
because the Fermi level of M (redox potential) has a lower energy level than the oxidized state of the dye. This

recombination is responsible for the dark current in cells.?

Mt +e” — MO

Equation 1.5 Recombination to the mediator

Recombination with the dye (step 8): electrons in the CB of the TiO, recombines with the dye’s oxidized state,

regenerating it and thereby decreasing the extracted photocurrent.

Dt+e  — D

Equation.1.6 Recombination to the dye

Recombination by decay (step 9): The dye molecule returns from its excited state to its ground state, releasing

the absorbed energy as heat.

D* — D+ hv

Equation 1.7 Decay from the excited state

For proper cell operation and to obtain high efficiencies, the recombination reactions ( steps 7-9) must be slower

than charge transport reactions in the desired direction.
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1.4 Components of a DSSC

1.4.1 Substrates

As observed from Fig.1.1, a DSSC is composed of two glass substrates that must be transparent, have low sheet
resistance, and good thermal and mechanical stability. Typically, a thin layer of a transparent conductive oxide

(TCO), such as fluorine-doped tin oxide (F: SnO,, FTO), is deposited on the glass to decrease the sheet resistance.

1.4.2 Semiconductor

The most widely used semiconductor is TiO; in its anatase phase (bandgap of 3.2 eV). A mesoporous semicon-
ductor with a large surface area is needed to increase dye loading. Generally, the working electrode (WE), or
photoanode, is assembled by deposition of a TiO; “blocking” layer (approx.50 nm) in order to prevent contact of
the electrolyte with the FTO and to reduce deleterious recombination of electrons at the substrate. The blocking
layer can be deposited by chemical bath deposition, spray pyrolysis, sputtering and atomic layer deposition.
Subsequently, a “light-absorbing” layer of TiO, with particle sizes between 20-40 nm is deposited using screen
printing techniques. For devices employing Co and Cu complexes in the electrolyte, the light-absorbing layer’s
typical thickness is approximately 4-5 um. Successively a “scattering” layer, with particle sizes between 400 nm,
of approximately 3-4 um is deposited to decrease light reflection and losses. Lastly, a thin layer of TiO, (approx-

imately 1 nm) is deposited by treatment with TiCls, followed by a treatment sintering process at 450 °C.’

1.4.3 Dyes

The sensitizer must meet specific requirements, including good adsorption into the TiO, (by an anchoring group,
such as -COOH). The LUMO of the dye must be at a higher energy level than the CB of TiO to secure enough
driving force for electron injection. The HOMO of the dye must be at a lower energy level (more positive) than
the reduction potential of the redox mediator in the electrolyte for sufficient driving force for dye regeneration.
It must have a high molar extinction coefficient and overlap with the solar spectrum and should be chemically

stable in its oxidized state and with the solvent used for the electrolyte.

Traditionally, Ru-based dyes with high extinction coefficients were employed in DSSC with I3 /I~ for high photo-
currents.3° Nonetheless, for cobalt and copper complexes as redox mediators, the best-performing dyes are
completely organic molecules, employing D-m-A architectures that separate the HOMO in the acceptor group

(anchored to TiOz) and the LUMO in the donor moiety. The extension of the 7 bridge increases the extinction



Chapter 1. Introduction

coefficient.332 Dyes can be engineered to prevent interfacial recombination to the electrolyte, as will be pre-

sented in chapter 4.

1.4.4 Electrolyte

Generally, the liquid electrolytes employ organic solvents, or ionic liquids, or a quasi-solid matrix. Solid hole
transport materials can also be used. The redox mediator in the electrolyte must be chemically and thermally
stable. They must present high conductivity to secure a rapid diffusion of the charge carriers. On the other hand,
the redox mediator should present slow recombination kinetics for Eq.1.5, and electrochemical reversibility.
Some additives such as 4-tert-butylpyrine (TBP) are used to shift the CB of TiO, towards a higher energy level
and decrease recombination, increasing the generated photovoltage. While lithium salts such as LiTFSI are
known to shift the CB of TiO, towards a lower energy level, increasing the driving force for injection and the

generated photocurrent.3334

1.4.5 Counter electrode

Usually, Pt, PEDOT,3> graphene nanoplatelets (GNP),3® or carbon-based materials,3” are deposited on the glass
substrate. This reduces the glass substrate’s resistance to values from 0.1-1 Q/cm?, compared to the bare FTO

glass around 100 Q/cm?. Several review papers describe in detail each component of DSSC.3%38

1.5 Thermodynamics of electron transfer

The minimal driving force for regeneration is around 0.1-0.15 eV.3° Employing a mediator with a high redox po-
tential implies less energy loss in the dye-regeneration process, and higher photovoltage could be expected.
Such is the case of Co and Cu mediators when compared to the I3 /I~ redox pair. Nonetheless, this also increas-
es the driving force for the back recombination reactions of electrons from the TiO, CB or the FTO contact, in-
creasing the dark currents and decreasing the Voc.*® The standard Gibbs free energy is the thermodynamic driv-

ing force for dye regeneration and can be calculated as:

AGgeg = Eg’(D+/DO) - Eredox
Equation 1.8 Driving force for dye regeneration
Eredox = EIE"),(M+/MO )

Equation 1.9 Redox potential of the mediator
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The Gerischer model can be used to represent the Gaussian distribution of energetic levels both for the dye and
the redox mediator and is presented in Fig. 1.2, where Eq.o is the optical transition from the ground to the excit-
ed state of the sensitizer. For Co(bpy)s3*/%* the standard redox potential is 0.56 V, and most organic dyes have a

HOMO level around 1.05 V and a LUMO around -1.14 V (higher than the CB edge of TiO; around -0.5 V vs. SHE).

EF,TiOZ ————————————— - —— -

A

E°(M*/M?)

Figure 1.2. Gerischer Diagram for electron transfer in DSSC.

The Marcus theory can explain the electron transfer of outher-sphere species, where the rate of electron trans-
fer, ket, depends on the electronic coupling (Has), the reorganization energy (1), and the Gibbs free energy for
the transfer reaction (AG°).#**2 The reorganization energy accounts for two main contributions, the internal
reorganization energy (4;,,) due to the change in bond lengths and bond angles and the external reorganizational
energy (A,s) due to the rearrangement of the solvent shell.**#* The electronic coupling decreases with the donor
and acceptor’s distance due to a lower probability of coupling. For non-adiabatic reactions, the electron transfer
rate increases with the driving force, and the maximum rate is obtained at AG¥=0 and -AG°= A. This behavior is
denoted as the Marcus normal region. If the transfer rate decreases with the driving force, this behavior is de-

noted as the Marcus inverted region and is presented in Fig.1.3.

|Hap? (AG° + 2)?
ket =——=exp| ————5—
JandkyT 42kgT

Equation 1.10 Electron transfer rate

|Hap|? = [Hyp|?(r = rp)exp[—B(r — 1]

Equation 1.11 Electronic coupling
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_ (AG° + 1)?

AG?
42

Equation 1.12 Activation energy

For most cobalt and copper complexes, the dye regeneration rate falls in the Marcus normal region.*

AG®

Marcus normal region Marcus inverted region

Figure 1.3. Energetic parabolas for the Marcus normal and Inverted region

1.6 Characterization Techniques

1.6.1 J-V characteristic curves

The solar spectrum can be approximated to a black-body radiation, an ideal body that absorbs all wavelength
light. By convention, measurements of the efficiency of a solar cell are carried out to an AM (Air Mass) standard
of 1.5 G, which simulates the conditions when the sun is at an elevation of 48° with the horizontal and the irradi-
ance is 1000 W/m?, at room temperature (25 °C). The standard AM1.5 corresponds to an angle of incidence of

48-, which is chosen as the standard spectrum for solar-cell characterization.*® The AM1.5 spectra is shown in

Fig.1.4.
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Figure 1.4. AST G173-03 reference spectra for AM1.5
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The cell’s load has an infinite resistance at open-circuit conditions, and the current is zero. Under standard light-
ing conditions (AM 1.5G), the open-circuit voltage, Voc, is generated between the cell terminals and is the maxi-
mum voltage that the cell can reach. The short circuit current, Isc, is the current generated under standard light-
ing conditions when the load has near-zero resistance, and in this case, the voltage is zero. The short circuit cur-
rent density (Jsc) normalized by the active area is the maximum current under illumination. A typical characteris-

tic J-V is shown in Fig.1.5.
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Figure 1.5. Characteristic J-V curve for a cobalt-based DSSC.

Using a resistive load R, the voltage, V, is smaller than Voc, and the current density J, is smaller than the short-

circuit current Jsc. The maximum generated power is calculated as:*®

P=JV

Equation 1.13 Power calculation

dP =d(J V) =]dV +Vd] =0

Equation 1.14. Power derivation

Pmax = ]max Vmax

Equation 1.15 Maximum power

The fill factor (FF) is defined as:

FF = Pmax =]mameax
]SCVOC ]SCVOC

Equation 1.16 Fill factor calculation

10



Chapter 1. Introduction

The PCE (n ) is determined by the ratio of the maximum power and the incident power (Pi, ) from the solar simu-
lator at AM1.5.

_ JscVocFF

PCE =n D
i

Equation 1.17 Power conversion efficiency

When applying a bias in the dark, a dark current density Jqark is generated in the opposite direction to the photo-

generated current:

v
Jaark =Js (ekBT - 1)
Equation 1.18 dark current

where I, is the saturation current ranges from 107-10° A, V the applied voltage, q the elementary charge, ks the
Boltzmann constant, and T the absolute temperature. Upon irradiation, the photogenerated current density ],

is

_av_
J =]ph — Jaark =]ph —Js (ekaT _ 1)

Equation 1.19 Current density

Where m is the ideality factor and the shunt resistance, R, is the slope of the dark current vs. applied bias. The
values for Rshunt Should be as high as possible to avoid a shunt current Js,, parasitic current. The series resistance
Rseries, ON the contrary, should be as low as possible to allow the transport of the photogenerated current to the
external circuit. The Rseries €stimates the overall resistance of the glass substrates and contacts. The short circuit

current Jsc=Jph when the applied bias V=0.%"
qV
] =]ph _]dark _]shunt = ]ph _]s (ekaT - 1)
Equation 1.20 Ideality factor
At open circuit conditions, with no external load (J=0), the Voc can be obtained by eq 1.21, where can denote the

photovoltage’s dependence with the photogenerated current.*® The general equivalent circuit of a solar cell is

presented in Fig.1.6.

mkpT In (]p—h + 1) = M In (];J—h>

Equation 1.21 Voc dependence on the photocurrent

11
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Figure 1.6. Equivalent circuit of a solar cell.

The Voc is determined by the difference between the quasi-Fermi level of the TiO; and the mediator’s redox

potential in the electrolyte.

Voc = EF,TL'OZ — Eredox

Equation 1.22 Voc determination

Where normally the Er 1o, value lies around -4.0 eV in the absolute scale,*>*0 and can be converted to the

Standard Hydrogen Electrode (SHE) by the relation Er 19, = —4.5 €V — e,Epeqox-"

The quasi-Fermi level of TiO; depends on the electron density in the conduction band ncs, and the density of
states in the CB, Ncg,>® and can be obtained by:
kgT (nCB)

Errio, = Ecp — Tln N_CB

Equation 1.23 Fermi level determination

The redox potential of the mediator can be obtained from the standard reduction potential E®’ (referred to SHE)

and the concentration of the oxidized and reduced species by the Nernst equation as follows:

RT C
Eredox = EY — ﬁ In (Cw;)
re

Equation 1.24 Nernst equation
1.6.2 [PCE

The incident photon to current conversion efficiency (IPCE) corresponds to the photoelectric density produced in

the external circuit under monochromatic illumination, divided by the incident photon flux.>* It can be expressed

12
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in terms of the light-harvesting efficiency (LHE), the electron injection efficiency ¢;,;, the electron collection

efficiency @.,;, and the dye regeneration efficiency @4

_Jse Jsc
IPCE = e (DO\) - 1240}‘Pin(}\) - LHE(Pinjq)collq)reg

Equation 1.25 IPCE determination

The light-harvesting efficiency of the dye depends on the absorption coefficient (A) as follows:

LHE =1-1074

Equation 1.26 Light-harvesting efficiency

The integrated short circuit current density can be obtained from the integration of the IPCE at all the illuminat-

ed wavelengths according to Eq.1.27. A typical IPCE curve is presented in Fig.1.7.

my = J IPCE (V) e @()d ()

Equation 1.27 Integrated current density

Ity c(mAem™)

T T J
200 400 600 800
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Figure 1.7. Typical IPCE curve for a DSSC employing a cobalt-based electrolyte.

The collection efficiency is determined by the competition of the transport of electrons constant rate and the

recombination constant rate to the electrolyte.

k trans

QPeont =
ktrans + krec

Equation 1.28 Electron collection efficiency
The injection efficiency is determined by injection rate (usually from Femto to Picoseconds) and the relaxation
rate from the dye’s excited state to the ground state (nanoseconds). All the rate constants are assumed to be

pseudo-first-order.

13
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Equation 1.29 Electron injection efficiency

1.6.3 UV-Vis spectroscopy

The absorption properties of dyes can be studied by UV-Visible spectroscopy.®® The absorbance is calculated
from the transmittance of the sample over a range of wavelength as Eq.1.30. An example of an UV-Vis spectra of

a dye designed for DSSCs is presented in Fig.1.8.

AA) = —log,eT(D)

Equation 1.30 Absorbance calculation

The extinction coefficient can be estimated according to Lambert-Beer Law:

A = ¢Cl

Equation 1.31 Lambert-Beer Law

Where C is the concentration and [ is the path length.
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Figure 1.8. UV-Vis spectra for the dye R7.

1.6.4 TAS

The kinetics of dye regeneration and other dye photo-excited processes can be studied by transient absorption
spectroscopy (TAS).>> Pump pulses generated by a laser such as Nd:YAG, and a continuous probe pulse from a

white light source are used to excite the sample and track the induced changes using silicon photodiodes or

14
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photomultipliers as detectors over time, as shown in Fig.1.9. The change in absorbance is calculated from the

probe’s intensity change in the presence and without the pump as:

I (/Dpumped
ad (/1) B _log (I(/Dunpumped)

Equation 1.32 Absorbance change in TAS

The recombination halftime can be fitted from the absorption decay. The halftime corresponds to the time when

the initial amplitude decreased to half, where (5 is the stretched exponential factor

M) = M, ®)

Equation 1.33 Absorbance decay

The decay of the dye’s excited state in the presence of the inert electrolyte (krec) and with the redox mediator in

the electrolyte allowing to obtain the regeneration efficiency is determined as:

kreg

-1— krec -1— Trec

(p = =
res kreg + krec

kredox Tredox

Equation 1.34 Dye regeneration efficiency

The injection yield can also be determined from TAS in the range of nano-millisecond traces, from the ratio of
oxidized molecules to the sum of absorbed photons. le is the intensity of the pump laser, &,, is the extinction
coefficient of the dye according to Eq.1.35.

AA(A)

Pinj = 2D X @ing X Ly x 1000

Equation 1.35 Injection efficiency
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Figure 1.9. (a) schematic representation of a TAS set-up and (b) TAS measurements for a sample sensitized with
XY1 and Co(bpy)s**/?* electrolyte and with inert electrolyte.
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The J-V curves’ characterization only reflects the cell’s behavior regarding the characteristic parameters Jsc, Vo,
and FF to determine the overall performance and the PCE. The internal behavior can be studied by other tech-
niques such as small light-perturbation voltage/current measurements and Electrochemical Impedance Spec-

troscopy (EIS).

1.6.5 Toolbox measurements

The lifetime measurements can provide valuable information about the electron lifetimes and interfacial elec-
tron recombination to the electrolyte. The DSSCs are kept at open-circuit conditions for electron lifetime meas-
urements, and the Voc decay is measured as a function of time at different light intensities after they are turned

off.>* The Voc decay can be analyzed and fitted from:

Te

_ —kyT (dl/(m)_1
e dt

Equation 1.36 Electron lifetime

Charge extraction measurements at open circuit conditions can be used to determine the extracted charge, Qqoc,
of a solar cell. The Qqoc is related to the stored charge in the TiO, mesoporous layer upon irradiation. These stud-
ies are beneficial for determining CB shifts and comparing the Voc’'s behavior in different solar cells. The extract-

ed charge at open circuit conditions can be calculated at different light intensities, and can be calculated as:

EFTI.

EFTL - EFO
= [ o0 = gy (oxp (P ) 1)
Er, McKpr

Equation 1.37 Charge extraction

where mc is the trap distribution parameter and is related to the average trap depth. From eq.1.36 we can note
that the Voc in a DSSC and the charge extraction are exponentially related to traps’ distribution in the conduction

band. Fig.1.10 illustrates the electron lifetime and charge extraction measurements for DSSCs.

16
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Figure 1.10. (a) Electron lifetime vs. Ef 1;0,and (b) charge extraction vs. Eg 1;, for DSSC with cobalt-based
reference electrolyte and 10% of polymer HB2.

1.6.6 Cyclic voltammetry

Cyclic voltammetry (CV) can be used to determine the redox potential of the redox mediators or the oxidation

potential of dyes.>® A typical voltammogram in shown in Fig.1.11.

The standard reduction potential E®’ (referred to SHE) used to determine the redox potential of the mediator
with the Nernst equation (Eq 1.24), can be obtained from the half-wave potential, E; /5, under standard condi-

tions as the middle point of the oxidation and reduction peaks as shown in Eq.1.38.

Epo+Epr

E” =), =
1/2 2

Equation 1.38 Redox potential calculation from CV

The electrochemical reversibility of the redox mediator can be determined from the distance in the oxidation

and reduction peaks and the number of transferred electrons, n, as follows:

n|E

oo — Epr| =0.057V

Equation 1.39 Peak distance relation
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Figure 1.11. Cyclic voltammograms for the redox mediator Co(bpy);

0.0 0.5
Potential (V)

AZ+/AZO.

3+/2+ and the auxiliary redox mediator

The Levich equation estimates the diffusion coefficients of the active species in electrolytes according to the eq.

1.40.

i

Equation 1.40 Levich equation

zF
1.61

= 6y1/2p2/3

Where i, is the limiting current, c; is the species’ concentration, v the kinematic viscosity, w the rotation rate in

rad s, and D the diffusion coefficient. The typical shape of a CV using a rotating disk electrode is shown in

Fig.1.12.
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Figure 1.12 Cyclic voltammetry with a rotating disk at 50 rpm

The electrochemical behavior of the redox species in the electrolyte can also be studied through symmetrical or

dummy cells, enclosing the electrolyte under study into CE substrates. The Jiim can be obtained from cyclic volt-

ammetry and be used to determine the diffusion coefficients of the species in the electrolyte.>

Equation 1.41 Limiting current

2nFCD
Jiim = " n/l

18



Chapter 1. Introduction

Generally, the diffusion coefficients are determined by the minority species with sluggish electron transfer from
the CE in complete devices. For iodide-based electrolytes, the concentration of I3 is used to determine the diffu-

sion coefficient, the Co(lll) species for cobalt-based electrolytes, and Cu(ll) species for copper electrolytes.

From the same voltammograms, the exchange current, Jo, obtained at the intercept V=0, can be used to study
the reversibility of electron-transfer at the CE. The charge transfer resistance, Rer. Generally, values ranging from

0.1-2 Qcm? are obtained using PEDOT as a CE with cobalt and copper electrolytes.

]0 = RF/TlRCT

Equation 1.42 Exchange current

1.6.7 EIS

Electrochemical impedance spectroscopy, EIS, is generally used to study in detail all the interfacial phenomena in
DSSC. Small variations in V(w) and I(w). EIS is a steady-state technique, where a small AC voltage perturbation
produces a small change in the corresponding AC current, with a phase shift ¢, compared to the applied voltage,
as presented in eq. 1.43 and 44.

V(t) =V, sin(wt) =V, exp (iwt)

Equation 1.43 AC voltage

I(t) = L, sin(wt + @) = I exp (iwt)

Equation 1.44 AC current

The frequency is, f = w/2m. Thus, the impedance is a complex number, with Z'(w) being the real part and

Z" (w) the imaginary part of the impedance. >’

2(@) = exp (i9)

Equation 1.45 Impedance calculation

Z(w)=Z"(w) + Z" (w)

Equation 1.46 Impedance as a complex number

The measurements are conducted to ensure a linear dependence of I(w) and V(w) during the impedance
measurement to avoid perturbation noises.”® A frequency scan, from MHz to mHz at a given steady voltage, will

produce a Nyquist plot as shown in Fig.1.13. Typically, these measurements are carried at a voltage range, e.g. O-
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1V, resulting in a Nyquist plot for each voltage step. The Nyquist plots are fitted with an equivalent circuit to
unveil all the resistive (R) and capacitive (C) elements that account for the interfaces of the cell’s different com-
ponents. The Warburg elements (W) describe processes of diffusion of active species in the electrolyte. The illu-
mination or dark conditions are kept constant during the whole EIS scan, where a J-V curve can be measured

simultaneously.

10
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N 44
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Figure 1.13. Typical Nyquist plot for a DSSC with 10% of polymer in a cobalt-based electrolyte at 0.85 V.

The complete equivalent circuit for a DSSC is shown in Fig.1.14, where the main components are the series re-
sistance Rseries, arising from the contacts and connections, and as stated before, should be as low as possible. The
transport resistance (Rtrans) is the resistance opposed by the TiO; mesoporous network to the electron transport
on their random path to reach the FTO contact (transmission line) after injection from the dye. The recombina-
tion resistance (Rcr) represents the resistance opposed to the recombination of the electrons from TiO, to the
electrolyte.®® Ryans should be at least a couple of orders of magnitude lower than Rcr for a suitable performing
device. The chemical capacitance at the TiO,-electrolyte interface (C, ) represents the accumulation of charges
at that interphase.®® The Nernst (Warburg) diffusion (Z4) corresponds to the electrolyte’s resistance to the diffu-
sion of the chemical species. Moreover, the counter-electrode resistance (Rce) accounts for the load resistance

at the counter electrode.

—MA_
Rseries

Figure 1.14. The complete equivalent circuit for a DSSC including the transmission line.®?
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When a bias change towards higher voltages is applied to a DSSC, the Fermi level of the TiO; shifts towards the
CB of the semiconductor, changing the electrons’ chemical potential and increasing the chemical capacitance.
Therefore, Cu is proportional to the density of available states (DOS), following an exponential trend as a func-
tion of the applied voltage. The increase in charge due to a small voltage disturbance (dV) corresponds to the

traps’ filling at the semiconductor’s Fermi level.

dn
dEg,

C,=q

Equation 1.47 Chemical capacitance

_ N E—Ecp)
8(E) = 1b-exp [~

Equation 1.48 Density of states in the CB

The electron transport in the transmission line occurs through surface states by trapping-detrapping.®®®2 When a
bias is applied to the semiconductor, the chemical capacitance is also loaded by surface states; this charge trans-
fer produces resistance to recombination with the electrolyte in parallel with the chemical capacitance, as

shown in the equivalent circuit in Fig. 1.14.

At dark conditions, an applied bias induces electron injection into the CB of TiOy; this is coupled with dark cur-
rent from the movement of the ionic species of the electrolyte. In the dark, the semiconductor’s Fermi level is in
equilibrium with the redox system’s potential. Under irradiation, the photogenerated electrons are injected into

the TiO,, shifting the Fermi level towards the CB, increasing the chemical capacitance, as mentioned above. 634

The behavior of a DSSC varies with the applied voltage. At high applied voltages (close to the Voc), the TiO; be-
haves like a conductor since most of the CB’s traps are filled with electrons. The Fermi level gets closer to the CB
edge of the semiconductor. At these conditions, the resistance Rero at the substrate is almost negligible. The Rer
to the electrons’ recombination from the CB of the TiO; to the electrolyte is the primary resistive process at the
high voltage range. With an increasing number of electrons extracted into the external circuit and subsequently
back to the CE, the ionic species Zg mobility is sufficient to be observed at low-frequency values. The simplified

equivalent circuit under high voltages is illustrated in Fig.1.15.

The electron occupation in the CB of TiO, decreases at medium potentials, causing a resistance opposed by the
TiO; to transport electrons throughout the whole layer. This behavior is commonly denoted as the transmission
line and is generally fitted with the Bisquert’s transmission line model. The Rcr increases significantly at this po-

tential range, and the Warburg element Zq4 is no longer visible.
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Figure 1.15. Simplification of the DSSC’s equivalent circuit according to the voltage range, obtained from ZView®.

When the applied voltage is low, generally between 0-0.3 V, the TiO, behaves as an insulating material, and the
induced electrons in the system recombine with the electrolyte (dark current). Therefore, at low voltages, the

most critical interface is the FTO / electrolyte, with high values for Rero.

From the analysis of the EIS measurements in the whole voltage range, important information can be calculated
from the fitted values of Rcr, Rirans, Cu such as the electron lifetime 7., the transport time 7,455, the DOS, elec-
tron diffusion coefficient D, and diffusion length, L,. The C,is adjusted to C, corrected by Nnormalizing the obtained
capacitance (CPE-T) by a simple relation accounting for the deviation of the constant phase element to the ideal
behavior of a capacitive element (CPE-P) and the associated resistance. For example, the chemical capacitance

at the interface with the electrolyte CPEcr is corrected as Cy corrected=((Rcr*CPEct-1)(CPEcr-p))/Rcr.

kBT(dVOC>_1

te = g \ dt

Equation 1.49 Electron lifetime

_ 1 ajrec -
Rer =75y

Equation 1.50 Recombination resistance

Te = RCTC ,corrected

Equation 1.51 Electron lifetime

Ttrans = Rtrans Cu,corrected

Equation 1.52 Transport time
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6.4 x 1018
DOS = m Cu,corrected

Equation 1.53 Density of states
LZ

Ttrans =
D.
n

Equation 1.54 Transport time

Equation 1.55 Electron diffusion length

EIS is also used to study symmetrical or “dummy” cells fabricated with two CE substrates and filled with the elec-
trolyte. In general, a frequency scan is set at 0 V, and the obtained Nyquist plots are simulated using the equiva-
lent electrical model shown in Fig 1.16. The series resistance of the symmetric cell (Rseries), the charge-transfer
resistance (Rcr), and the diffusion resistance of the active species in the electrolytes ( Zw) can be obtained from
the EIS analysis. These measurements are helpful to characterize the behavior of the active species in liquid,
polymeric, or ionic liquid electrolytes and to study the charge transfer at the interface of the chosen material as

the counter electrode, e.g., PEDOT, Pt, functionalized materials, among others.

Rseries RCE Ws1

N\ W=
CPE-CE
>—

Figure 1.16. The equivalent circuit for symmetrical cells for electrochemical studies, obtained from ZView?®.

1.6.8 FTIR

The functional groups from molecular species can be studied by Fourier Transformed Infrared Spectroscopy
(FTIR).>* The vibrational stretch of the bonds of different functional groups absorbs infrared radiation at specific
frequencies that allow for its identification in the sample. An illustration of an FTIR spectrum is displayed in
Fig.1.17, where the presence of a siloxane in a sample was determined by the peak at 2600 cm™ corresponding

to the stretch of the Si-H bond.
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Figure 1.17. FTIR spectra for a polymer mixture containing a polyacrylate and a siloxane.

1.6.9 SEM

Scanning Electron Microscopy (SEM) can be used to study the morphology of samples by scanning the sample

with a focused beam of electrons.>® The electrons interact with the sample, and the signals can be used to re-

construct the surface’s topology as the picture presented in Fig.1.18.

10 pm* EHT= 3.00kV Signal A = InLens
WD= 85mm Photo No. = 53008

Figure 1.18. Top-view image of a carbon-based counter electrode obtained by SEM.

1.7 Redox mediators

One of the essential components in a DSSC is the redox mediator. It can significantly influence the main parame-
ters in a DSSC, Jsc, Voc, FF, and PCE. The essential function of the redox pair is dye- regeneration, directly influ-
encing the photogenerated current. Moreover, as stated before, the Voc is controlled by the difference between

the mediator's redox potential and the TiO,'s Fermi level. The FF is also impacted by the CE material's ability to
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transfer charge to the redox mediator efficiently. Another vital factor highly influenced by the used mediator is
the diffusion of active species in the electrolyte, which depends on the active species' size. An appropriate redox
mediator for high performing DSSCs must be stable and present electrochemical reversibility, afford fast regen-

eration kinetics, relatively high diffusion coefficients in the electrolyte’s solvent, and low charge Rcrat the CE.®°

1.7.1 lodide

The widely studied mediator I~ /I3 possess a formal redox potential around 0.35-0.4V vs. SHE in ACN,%¢ meets
most of the criteria described above. Therefore, making it one of the most commonly used electrolytes since the
early developments of DSSCs. Several complex reactions and the formation of unstable radicals are involved in
dye regeneration by I~ /I3 and a potential drop around 0.3 eV.%”%® Nonetheless, this mediator presents low
recombination kinetics for the electrons from the CB of TiO, to the I~ /I electrolyte with most ruthenium sensi-

tizers long electron lifetimes, and high diffusion coefficients due to its small size.24%°

The halftimes (7, ;) for the regeneration of most ruthenium dyes by the I7 /I3 shuttle ranges from 10 ns to 10
ps, while the 7, of the recombination of electrons from the TiO's CB to the electrolyte has been estimated to
be around 1 ps and around 100 ns to 1ms for the recombination of electrons from the TiO;'s CB to the oxidized
state of the dye.”® The recombination of electrons at the interface FTO:TiO, is normally negligible due to the
presence of the “blocking layer” discussed in section 1.4.2, which passivates the surface and significantly reduces

the electron recombination with the substrate.”%72

Outstanding performance on DSC devices with PCE from 11.0-11.75% employing ruthenium or Zn porphyrin
sensitizers and Pt in the CE have been reported for I~ /I5.7>7* Recently, an ionic liquid electrolyte and the sensi-
tizer C268 reached 1000 h of stability under light soaking at 60 °C and PCE of 10%.”> While these redox pair is
highly efficient, it’s use in large area DSSCs is restricted due to solvent evaporation, leakage, corrosion at the
metal contacts, the reaction with glass frit sealant, complexation of additives by I~, sublimation of I, among

others.”®77

Nonetheless, the critical disadvantage of I~ /I3, is the substantial energy loss due to the difference of the HOMO
level of dye with the redox potential of around 0.5 eV. This restricts the attainable Voc and has been the main

incentive to search for different redox mediators with higher redox potential.?®
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1.7.2 Cobalt mediators

Higher Voc values can be reached by replacing iodide with transition metal complexes. Outer-sphere redox cou-
ples exhibit fast electron transfer rates, are chemically stable, and undergo minimal structural changes after the

electron transfer steps (low reorganization energy).’®7°

Cobalt complexes with bipyridine ligands have attracted significant attention in DSSC since their redox potential
can be tuned by ligand engineering. The electronic structure of Co(ll) is d’, and high spin (HS) with a paramagnet-
ic nature, whereas Co(lll) is d®, with a low spin state (LS), and diamagnetic nature. A representation of the elec-

tronic configuration of the Co?* and Co®* species is presented in Fig.1.19.

e

g

w I,

Co(II) Co(III)
Quartet-high spin Singlet-low spin

Figure 1.19. Representation of the electronic configuration of Co?* and Co>" species.

Mosconi et al., reported the calculation of the reorganization energy (A) by equilibrium solvation based on the
dye's nature as the difference between the single-point energy of the complex with the product’s geometry in
the solution and the ground-state energy of the reactant cobalt complex. They found that high reorganizational
energy is required in the electron transfer step from Co(lll) to Co(ll) due to the spin change from the Co(lll) low-

spin state to the Co(Il) HS state. For instance, one of the most used cobalt complexes in DSSC, Co(bpy)s3*/2*

, pre-
sents a higher A of around 1.36 eV for the high-spin Co(ll) species compared to around 0.63 eV for the Co(lll) low
spin state.®’ The energetic barrier for the spin change from Co(bpy)s3* to Co(bpy)s?* could slow the dye regenera-
tion process due to slower electron transfer rates.®82 The amount of energy to undergo the spin change adds to

the reorganizational energy to re-arrange Co-ligand length.

For most cobalt outher sphere complexes (Fig.1.20), the one-electron transfer kinetics is relatively fast and with-

in the Marcus normal region, with higher regeneration rates with the increased driving force.?38

The addition of bulkier groups in the ligand to provide steric hindrance decreases the recombination rates from

the electrons in the CB of TiO; to the cobalt mediator. Nonetheless, this will lead to mass-transport limitations in

the electrolyte due to the increase in the complexes' size.*?
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Figure 1.20. Molecular structures of cobalt complexes employing as redox mediators in DSSC.

High PCE’s can be reached with organic dyes and cobalt complexes.® For instance, Yella et al. reported a porphy-
rin dye reaching PCEs of 12.5% under 1 sun illumination in the presence of Co(bpy)s:3*/?*.8¢6 Matthew et al. re-
ported an engineered dye SM315 to decrease recombination, reaching a PCE of 13%.%” Kakiage et al. reported
the highest-performing DSSC to date, employing a new dye denoted ADEKA-1 with an alkoxysilyl-anchoring
group and the mediator Co(phen)s**/?* reaching the outstanding PCE of 14.3%.!® Co-based electrolytes' use is
highly attractive to fabricate semi-transparent DSSC, making them appropriate for building-integrated photovol-

taics (BIPV) applications. Thus, it is a motivation for our research in the following chapters.

1.7.3 Copper complexes

Copper complexes have gained ample attention in the past years due to the high performance attainable with
their use. The electronic configuration of Cu(l) is d*°, generally forming four-coordinate complexes with tetrahe-
dral geometry. The Cu(ll) complexes are d° and can adopt geometries such as distorted octahedral, square py-
ramidal, or trigonal bi-pyramidal. The kinetics for electron transfer steps in Cu(ll/l) systems with distorted te-
tragonal geometry such as Cu(dmp),2*/** is relatively fast. Due to the constraints of the structure formed with

the ligands, they present minimal reorganization energies.®®

One of the main advantages of using copper complexes is the decreased overpotential for dye-regeneration,
leading to Vocs exceeding 1 V. Additionally, the smaller size of these complexes (Fig.1.21) compared to cobalt
mediators renders higher diffusion coefficients in the liquid electrolyte. However, these systems present higher
recombination rates when compared to cobalt complexes. It has been demonstrated that for copper complexes,
the kinetics of electron transfer, the diffusion coefficients, and the electrochemical properties are highly related
to the Lewis base's presence in the electrolyte. For instance, 4-tert-butylpyridine (TBP) can coordinate into the

Cu(ll) species.®®
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The complex Cu(tmby),%/** with two additional methyl groups at 4,6-position have become one of the most
employed copper mediators. It holds lower reorganizational energy than most cobalt complexes used in DSSCs,
around 0.3 eV, and retains the coordination geometry of Cu(l) when oxidizing to Cu(ll). This low A compared to

Co(bpy)s** (around 0.6 eV) indicates rapid self-exchange reactions and fast dye regeneration rates.

Cu(dmp),2+/1+ Cu(tmby), 2+/1+ Cu(dmby), 2+/1+

Figure 1.21. Molecular structures of copper complexes employing as redox mediators in DSSC.

DSSCs employing Cu(tmby),?*/** have reached PCEs of 10% with Voc around 1.01 V.*° Recently, Michaels et al.,
reported the impressive PCE of 34% under 1000 lux, exceeding the performance of other photovoltaic technolo-
gies under these conditions.?? These findings demonstrate that DSSCs are the best candidates for providing
power to a range of electronic devices, including smartphones, tablets, and Internet of Things (loT) related gadg-

ets.

1.8 Interfacial engineering

This thesis aimed to use interfacial engineering to tune the electron transfer rates at the different interfaces

3+/2+ 2+/1+

DSSCs employing Co(bpy)s electrolytes and Cu(tmby): electrolytes to enhance the performance of the

devices.

To enhance the electron transfer at the interface dye/electrolyte, a tandem electrolyte employing a small elec-
tron donor denoted as AZADO (AZ*/°) in conjunction with Co(bpy)s3*/2* was proposed. Additionally, this strategy
was chosen to improve the dye regeneration rate. By improvement of the electrolyte's recombination re-
sistance, it can be expected to increase the Voc attainable by Co-based electrolytes. This work is presented in

chapter 2.
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3+/2+ electrolyte was pro-

In addition, in-situ photopolymerization of hyperbranched networks in the Co(bpy)s
posed to decrease the recombination at the interface TiO,-electrolyte, to increase the Voc and the performance

under low light intensity. This work is presented in chapter 3.

Moreover, the high interfacial recombination of electrons from the TiO, CB to copper-based electrolytes limits
the performance of devices employing copper-complexes. To address this problem, a blue dye with a bulkier

donor moiety leading to high-performing devices was engineered. This work is presented in chapter 4.

Finally, the charge transfer at the interface counter electrode/electrolyte for copper-based electrolytes employ-
ing carbon counter electrodes was studied. The performance of DSSC with liquid electrolytes was tested under
indoor illumination conditions, intending to determine the feasibility of developing monolithic DSSC based on

copper HTMs. This work is presented in chapter 5.
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Chapter 2 Tandem redox systems for reduced

back electron reactions

This chapter is adapted from the paper:

Tandem redox system with cobalt complex and 2-azaadamante-N-oxyl for fast dye regeneration and exceed-

ing open circuit voltage 1 V

Natalie Flores-Diaz, Hee-won Bahng, Nikolaos Vlachopoulos, Jacques-E. Moser, Shaik M. Zakeeruddin, Michael
Grétzel, Anders Hagfeldt
https://pubs.rsc.org/en/content/articlelanding/2019/TA/C9TA00490D#!divAbstract

My contribution was all the device preparation and characterization, electrolytes characterization, and manu-

script writing.

Hee-won Bahng contributed with the TAS measurements

Nikolaos Vlachopoulous contributed with setting up the cyclic voltammetry.

2.1 Motivation

As previously discussed, I~ /I3 has a broad range of applications used due to slow electron recombination and
long electron lifetimes;?3?* being able to attain high energy conversion efficiencies.?> Conversely, this redox cou-
ple has many drawbacks such as corrosiveness, light absorption in the range, but most importantly, a mismatch
of the I~ /I3 redox potential with that of the ground state of most dyes of interest for DSSCs. As a result, a signif-
icant energy loss occurs during dye regeneration, limiting the Voc to values between 0.7-0.8 V for I~ /15 redox

electrolytes.?6?7
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Several studies have shown that the redox potential of [Co(bpy)s]**/%* (where bpy = 2,2’-bipyridine) is closer to
the HOMO level of the most efficient dyes. Therefore, less driving force is needed for dye regeneration, resulting
in higher open-circuit voltages and higher power conversion efficiencies. Notably, the impressive PCE of 14.3%
was reached by the complex [Co(phen)s]**/%* with a co-sensitized organic dyes (ADEKA and LEG4) pho-

toanode.1891,92

Regardless, DSSCs featuring cobalt complex electrolytes typically show mass transport problems in the electro-
lyte due to the large size of the complexes, which decreases the dye regeneration rate, and thus results in devic-

es of inferior efficiency.”

Various authors have demonstrated a different approach to mitigate the voltage loss during dye regeneration
and to decrease mass-diffusion limitations of the redox complexes in the electrolyte by developing the so-called
tandem electrolytes. These systems feature a second redox pair in the electrolyte with a more positive redox

potential than that of either cobalt or copper complexes, often denoted as “auxiliary” mediators.

The auxiliary mediators (also known as small electron donors) are chosen to have a higher redox potential than
the Co complex and thus, play a major role in increasing the Voc of the devices due to an increase in the energet-
ic difference between the Fermi level of TiO2 (Er r;0,) and the redox potential of the auxiliary redox mediator

(Eredox), increasing the Voc, according to Eq. 1.22.

For instance, the organic stable radical (2,2,6,6-tetramethylpiperidin-1-yl)oxyl, TEMPO, with a redox potential of
0.89 V vs SHE,**% was reported to increase the efficiency of DSSC as a tandem partner to [Co(bpy)s]**/2* com-
pared to a [Co(bpy)3]>*/** alone. An increase in PCE from 1=7.1% to n=8.4 was made possible by using a tandem

electrolyte.®®

Furthermore, a tandem electrolyte based on [Co(bpy)s]>*/%* and the organic electron donor tris(p-anisyl)amine
(TPPA) the latter with E° = 0.94 V vs SHE, achieved better DSSC metrics of Voc=920 mV, Jsc=15.5 mAcm?, FF=73%
and PCE =10.5 % compared to Voc=820 mV, Jsc=13.9 mAcm™, FF=72.4% and PCE=8.3 % for the reference devices

without TPPA.%7 A schematic representation of the mechanism for tandem electrolytes is shown in Fig. 2.1.

The oxidized species of the auxiliary mediators are regenerated by Co?* species, which can also contribute to the
dye regeneration. This overall effect of using tandem electrolytes is higher Jsc values due to the improved regen-
eration rates. Reducing the electron recombination rates at the TiO,+dye/electrolyte interface is crucial to en-
hance the performance of DSSCs to efficiencies up to 17%. Engineering and optimization of tandem electrolytes

and highly efficient sensitizers with fine-tuning of HOMO and LUMO levels could lead to highly efficient DSSCs.
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Figure 2.1. Schematic representation of the energetic levels in DSSC employing tandem electrolytes.

2.2 New stable organic radical 2-Azaadamantane-N-oxyl|

With the aim to increase the stability of the TEMPO* cation in a tandem electrolyte, a TEMPO derivative was
judiciously selected. This could potentially result in enhanced Voc in the solar cells, leading to increased device
performance. The organic radical 2-azaadamantane-N-oxyl, AZADO (abbreviated as AZ), as illustrated in Fig 2.2,
was chosen as a donor with a higher steric impediment than TEMPO.%® The bulkiness of AZADO offers higher
stability to its oxidized form AZADO*, as previously demonstrated by Kato et al.?® The rigidness of AZADO pre-
vents self-disproportionation from the abstraction of an alpha H atom, which would lead to the formation of a
double bond C=N at the head of the ring.®>1% Moreover, the steric hindrance can provide higher recombination

resistance in DSSCs, leading to higher electron lifetimes and enhanced photovoltage and device performance.

I N\
(@)
5 o,
TEMPO AZADO
E9=0.89 V E9=0.804 V

Figure 2.2. Molecular structures of the radicals used as small donors in tandem redox systems

In principle, the photo-oxidized dye can be regenerated by reacting either with AZ or with Co?*. Given that AZ is a
smaller molecule compared to the bulky cobalt complexes, the diffusion of AZ to the working electrode can be

expected to be relatively fast. It can be reasonably assumed that dye regeneration to a large extent occurs ac-
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cording to Eq. 2.1. The AZ* species produced after dye-regeneration are preferentially reduced to AZ by the Co?*
species. The resulting Co®* species diffuse to the counter electrode as depicted in the reaction from Eq.2.3,
which at the same time can provide good protection to prevent the recombination reaction of CB electrons with
AZ*. The Co(ll) species can also contribute to dye regeneration (Eq.2.2), and higher Jsc can be expected due to an

overall increase in the regeneration rate.

Dt+AZ — D+ AZ*

Equation 2.1 Dye’s regeneration by AZ°

D* + [Co(bpy)s]** — D + [Co(bpy)s]**

Equation 2.2 Dye’s regeneration by Co2*

AZ* + [Co(bpy)s]** — AZ + [Co(bpy)s]**

Equation 2.3 Regeneration of AZ by Co?*

Cyclic voltammetry was performed to determine the redox potential of AZ and is depicted in Fig 2.3. The redox
potentials were referenced first vs. the well-known couple ferrocene/ferrocenium and subsequently vs. the
standard hydrogen electrode (SHE).1°! The redox potential for the organic donor AZ/AZ* was determined to be
0.804 V vs. SHE, which is higher than the [Co(bpy)s]**/** mediator, with a redox potential of 0.56 V vs. SHE. This
indicates an improvement in the difference between the mediator's redox potential and the Fermi level of TiO,.

As a result, higher Voc could be reached employing a tandem electrolyte comprised of AZ and Co complexes.
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Figure 2.3. Cyclic voltammetry with a three-electrode cell with glassy carbon as the working electrode, a
graphite rod as the counter electrode, and a non-aqueous reference electrode of Ag/AgCl (2 M in ethanol) and a
scan rate of 100 mV s7* of (a) AZ 2 mM and (b) [Co(bpy)3]** 2 mM and tandem mixture [Co(bpy)s]>*+ AZ.
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Additionally, the recombination of electrons in the conduction band (CB) of the semiconductor to the AZ* can be
prevented by the steric hindrance from the Co complexes. This can result in longer electron lifetimes, enhanced
photovoltage, and device performance. The proposed mechanism for DSSC bearing tandem electrolytes

AZ+Co(bpy)s is shown in Fig.2.4.
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Figure 2.4. Schematic overview of the energetic levels in a DSSC with a tandem electrolyte [Co(bpy)s]**/>*+AZ*/°,

Different dyes with appropriate HOMO levels (Fig.2.5) were tested in DSSC with a tandem AZ+Co electrolyte to
demonstrate that high Voc values could be achieved by employing tandem systems AZ+Co(bpy)s. The tandem
electrolyte contained 0.22 M Co(ll), 0.05 M Co(lll), 0.15 M AZ, 0.5 M TBP, and 0.1 M of LiTFSI. The obtained J-V

curves are presented in Fig.2.6.
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Figure 2.5. Molecular structures of dyes tested with the tandem electrolyte.
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The characteristic parameters of the best-performing devices for various sensitizers are shown in Table.2.1. It
was confirmed that the use of AZ in the redox mediator leads to high Voc values surpassing 1 V for cells using XY1

as a sensitizer. Consequently, this dye was selected for further optimization of the system.
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Figure 2.6. Photocurrent density vs. voltage (J-V curves) for DSC with tandem electrolyte Co(bpy)s 0.22 M + AZ
0.15 M and different sensitizers and PEDOT as CE.

Table 2.1 Characteristic parameters of DSSCs with tandem electrolyte Co+AZ (0.22 M/0.15 M) and different

sensitizers.

Dye Voc(mV) Jsc(mA cm?) FF 1n(%)

D35 Co ref 910 8.43 0.67 5.10102
D35 Co+AZ 868 9.74 0.74 6.43

XY1 spiro-OMeTAD 942 10.02 0.674 6.69103
XY1 Co+AZ 1008 11.24 0.64 7.28
XY1 /D35 1:4 Co+AZ 920 12.21 0.70 8.06
DB Co ref 757 13.21 0.73 7.3104
DB Co+AZ 893 11.01 0.67 6.74

DB /D35 3:4 Co ref 797 15.60 0.70 8.7104
DB /D35 1:4 Co+AZ 902 11.10 0.72 7.37
WS69 Co+AZ 719 13.12 0.73 6.91

2.3 Electrochemical characterization of the tandem electrolyte

To study the electrochemical properties of the designed tandem electrolytes, symmetric cells bearing PEDOT as
CE material and the designed tandem electrolytes were fabricated. The current density (log J) curves obtained as
a function of voltage (V) are displayed in Fig.2.7. It provides different compositions of the active redox species to

determine each component's effect in the tandem electrolytes.
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Table 2.2 presents the electrochemical parameters obtained from the analysis of the corresponding Taffel plots.
The limiting current remained relatively similar for most of the tandem systems. It was not possible to determine
the diffusion coefficient for the individual components in the tandem electrolytes. Therefore, the limiting cur-

rent accounts for the overall diffusion of all the ionic species in the mixed electrolyte.
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Figure 2.7. Log(J) vs. potential plots for symmetrical cells containing tandem electrolytes.

It is possible to observe from Fig.2.7 that AZ's addition to Co-based electrolytes reduced the exchange current, Jo
(intercept at V=0). The Jo is related to the reversibility of electron transfer with the reduced species at the CE.
The addition of high concentrations of AZ decreased the electron transfer rate at the CE, resulting in higher

charge transfer resistance, Rer, at the PEDOT CE. The Rcr values were calculated according to Eq. 1.42.1%

To confirm the Taffel plots' trends, we conducted EIS measurements in the symmetric cells, and the obtained
Nyquist plots were fitted using the equivalent circuit from Fig.1.15. The values corresponding to the symmetric
cell's series resistance, Rseries, the charge-transfer resistance Rcr, and the diffusion resistance of the redox species

in the tandem electrolytes, Zy. The results are summarized in Table 2.2.

Additionally, a rotating disk electrode was used to determine the diffusion coefficients for the tandem electro-
lyte. The values provided in Table 2.2, account for the overall diffusion of the species Co?* and AZ in each mix-
ture, and it was not possible to associate the respective contribution of each species to the overall limiting cur-
rent (Fig. 2.16). The obtained value for the Co(bpy)s:?* species was 7.26x10°® cm?s?, which is consistent with the
values recorded by several authors.196197 The AZ° species in the AZ*/° electrolyte showed a diffusion coefficient

of 1.58x10° cm?s?, as predicted from its smaller size compared to the cobalt complexes. In addition, we deter-
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mined the diffusion coefficient of the AZ* species (Table 2.5 in the experimental section) in the AZ*/° electrolyte
to be 1.87x107 cm?s?, which is two orders of magnitude slower than the diffusion coefficient of the AZ° species.
The low diffusion coefficient for AZ* can contribute to the high Rcr at the PEDOT CE observed for the AZ*° elec-
trolyte in the symmetrical cells. In a working DSSC under light irradiation, the AZ* species generated after dye
regeneration can be reduced back to AZ by a nearby Co?* molecule, thus, the low diffusion coefficients observed

for AZ* species are not a limiting factor for the well-functioning of the cells.

Table 2.2. Characterization data of symmetric cells from Log(J) vs. potential plots and from EIS analysis

Electrolyte Jiim Jo Rs Rer Zw D
(mAcm2) (mAcm??) (Qem?) (Qecm?) (Qecm™?) (cm?s?)
[Co(bpy)s]**/?* 16.71 8.87 7.53 0.34 7.14 7.26x10°
Co/AZ 1:1 10.94 4.00 8.82 0.54 24.21 1.39x10°
Co/AZ 1:0.8 16.26 7.17 8.20 0.28 15.09 1.67x10°
AZ/Co 1:0.9 17.51 7.64 7.57 0.69 13.55 1.40x107
AZ*/AZ 15.42 1.12 7.32 81.4 182.6 1.54x107°

The EIS measurements obtained the same patterns observed from the Taffel plots. The system with AZ/Co 1:0.9
presented the lowest value of Nernst diffusion impedance, Zy in the electrolyte among the three tandem elec-
trolytes. This can be associated with lower resistance to the actives species' diffusion in the tandem electrolyte,

resulting in higher diffusion coefficients.

2.4 Device optimization

To better understand each species' role in the tandem systems, different electrolyte compositions were em-
ployed in DSSCs. An equimolar ratio of Co?* and AZ is denoted as (Co/AZ 1:1), an excess of Co?* denoted as
(Co/AZ 1:0.8), an excess of AZ denoted as (AZ/Co 1:0.9). From the J-V curves in Fig. 2.8, we can notice the Voc
and Jsc enhancement when using tandem electrolytes Co(bpy)s+AZ compared to bare Co electrolyte, and the
characteristic parameters are shown in Table 2.3. Fig.2.8(b) shows that there is a substantial difference in the
cobalt reference electrolyte photocurrent at various light intensities, which is well-known to be due to the slow
diffusion of the bulky complexes at high light intensities. It can be inferred that in complete devices, the addition
of AZ molecules decreases the diffusion limitations typically presented by cobalt complexes, enhancing the dye

regeneration rates and improving the linear dependence of photocurrent with the incident light.
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Figure 2.8. (a) J-V curves for DSSC with tandem system electrolytes and PEDOT as CE. The Co ref electrolyte is
composed of 0.25 M Co(bpy)sTFSl,, 0.05 M Co(bpy)sTFSls, 0.1 M LiTFSI, and 0.5 M 4,5-nonylpyridine, and the
tandem systems were prepared using a concentration of Co(bpy)s?* of 0.25 M, and the showed ratios of AZ. (b)
light intensity current dependence.

The higher Jsc was reached by the tandem electrolyte composed of an excess of cobalt (ll) (Co/AZ 1:0.8). This
could be explained by the fact that there is enough Co(ll) in the electrolyte to transfer charge to the AZ* mole-
cules. It could also indicate that in the tandem system Co(ll) also plays a role in the dye regeneration and indi-
cates an enhancement in the dye regeneration rate compared to the Co-reference. For the tandem system with
an excess of AZ (AZ/Co 1:0.9), a higher photovoltage exceeding 1 V was obtained. This indicates that AZ plays a

significant role in determining the Voc in the cell, as previously discussed.

Table 2.3 Characteristic parameters for the best DSSC using XY1 as sensitizer and the different tandem
electrolytes.

Electrolyte Voc(mV) Jsc (mAcm??) FF 1n(%)
[Co(bpy)s]**/?* 896 12.87 0.69 7.96
Co/AZ 1:1 997 12.89 0.68 8.52
Co/AZ 1:0.8 968 13.23 0.71 9.15
AZ/Co 1:0.9 1007 13.16 0.69 8.97
AZ*/AZ 856 11.82 0.66 6.67

The non-linearity observed for the AZ*/° electrolyte Fig.2.8(b) can be explained by AZ's irreversibility at the CE, as
demonstrated by the low exchange current at the PEDOT CE in Fig2.7. This irreversibility affects the FF drastically
with the increase of light intensity. Even though the AZ molecules can easily reach the photoanode and regener-

ate the dye, the AZ* species are not effectively reduced at the CE. This causes a decrease in the AZ's concentra-
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tion and the dye regeneration rate. The tandem system Co/AZ 1:1 presented the same behavior, which indicates
that high concentrations of AZ increase the charge transfer resistance at the CE due to AZ's irreversibility men-

tioned above at the PEDOT CE.

The IPCE for the devices is presented in Fig.2.9. The Co/AZ 1:0.8 tandem system reached the highest IPCE value,
agreeing with the high Jsc obtained by this system. Additionally, the IPCE depends on the light-harvesting effi-
ciency, LHE, electron injection efficiency, ¢;,;, and charge collection efficiency, ¢, as in Eq.1.25. The LHE is
expected to be close to 100% due to the high molar extinction coefficient of XY1, at its maximum light absorp-
tance. Thus, the 1,y does not explain the differences observed in Fig 2.9. It should be noted, the electron col-
lection efficiency and the electron injection efficiency are expected to directly affect the IPCE in tandem electro-
lytes. As demonstrated above, the tandem electrolytes presented faster regeneration of the dye molecules,

increasing @, ;. A faster regeneration rate compared to the recombination rate increase since will increase ¢,..
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Figure 2.9. IPCE curves for the tandem systems

Under illumination, the Voc for DSSC results from the difference of the quasi-Fermi level, Egq, of TiO2, and the
Nernst potential of the redox couple electrolyte. The Erq is determined by electron concentration at the conduc-

tion band, which also depends on the electron recombination rate from the CB to the electrolyte.

Charge extraction measurements as a function of light intensity were employed to undercover the Voc differ-
ences for the tandem electrolytes. The obtained results are presented in Fig.2.10 as a function of Egq. The Eq.
1.23 was used to determine the quasi-Fermi level for devices with the [Co(bpy)s]**/%* and AZ*/AZ electrolyte.'%8

For the tandem electrolytes, the Eregox Was approximated as the average of the Eredox of AZ*/° and [Co(bpy)s]3*/*.
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This estimation was supported by a chronopotentiometry method at zero current, Fig 2.15 (experimental sec-
tion). The Voc of a tandem electrolyte with 2 mM [Co(bpy)s]?*, 0.5 mM [Co(bpy)s]3*, 0.1 M LiTFSI, 2 mM AZ and
0.1 mM AZ* was 0.62 V. Under illumination, the concentration of AZ* is rather uncertain. However, the Co?* spe-
cies can rapidly reduce AZ*, and the concentration of AZ* in the electrolyte can be expected to be low. These
measurements demonstrated that using the redox potentials' average is a good approximation to estimate the

tandem electrolytes' redox potential level.
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Figure 2.10. (a) Charge extraction vs. Fermi level and (b) electron lifetime vs. Fermi level of DSSC containing
tandem electrolyte systems. For both plots, the squares correspond to the [Co(bpy)s]*>*/?* reference, the circles
to Co/AZ 1:1, diamonds to Co/AZ 1:0.8, triangles to AZ/Co 1:0.9, and, inverted triangles to the AZ*/° electrolyte.

A downward shift compared to the [Co(bpy)s]*>*/?* reference was observed for all the tandem electrolytes in
Fig.2.10. The CB’s shift could be associated with the adsorption of the AZ* cations into the TiO; layer, which are

reduced to AZ° by electrons from the CB, resulting in a decrease in the electron concentration in the CB of TiOs.

However, from the J-V parameters, we found that this shift does not result in a Voc decrease, which could be
attributed to a “passivating effect” from the adsorption of AZ* species in the TiO,, decreasing the electron re-
combination rate to the electrolyte, improving the electron lifetime and, consequently, the Voc of the devices.
Moreover, even after the CB edge down-shift from the AZ* adsorption, the CB edge still lies at values above 0 V

vs. SHE.
It is significant to note from Fig 2.10(b), that all the tandem electrolytes presented longer electron lifetimes than

the Co®*/?* electrolyte, which indicates an even lower recombination rate for this system explaining the higher

Voc (exceeding 1 V) obtained for the tandem electrolytes. The differences observed in the IPCE measurements
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can be explained by the slight down-shift of the CB of TiO,, resulting in a larger driving force for electron injec-

tion from the LUMO of the dye to the CB of TiO,. As a result, the 1, is improved.

To better understand the improvement in Voc observed in the devices bearing tandem electrolytes, EIS analysis
was conducted on complete devices in the dark. The obtained Nyquist plots (Fig. 2.18) were fitted following the
transmission-line model from Bisquert et al.,*® to determine the recombination resistance for the electrons in
the TiO, conduction band to the electrolyte Rer, the chemical capacitance Cu, and the transport resistance Rirans.
The obtained results are presented in Fig. 2.11. The electron recombination and electron lifetime follow the
same trends under illumination observed from Fig. 2.10. The tandem electrolytes presented improved recombi-

nation resistance and longer electron lifetimes than the cobalt reference.

In the high forward bias region, the tandem electrolyte Co/AZ 1:0.8 presented higher recombination resistance
than the cobalt reference. This effect is more prominent from 900 mV to higher voltages. Additionally, all tan-
dem electrolytes presented smaller Rirans than the cobalt reference. As expected from the IPCE curves, this ex-
plains an improvement in the electron collection efficiency. These findings explain that the highest performance

in the J-V measurements for the tandem electrolyte results from improved Rcr and Rerans.

In Fig 2.11(b) we can note a slight upward shift of the CB edge for all the devices containing AZ compared to the
cobalt reference, contrary to the behavior observed from the charge extraction measurements under illumina-
tion. These findings show that under dark conditions, the generated amount of AZ* is minimal. The CB’s dis-
placement to lower energetic values under illumination can be attributed to the adsorption of the AZ* cations

into the TiO; layer.
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Figure 2.11. EIS analysis. (a) Continuous lines with solid markers represent the charge transfer resistance Reras a
function of applied voltage, and the dotted lines with open markers the transport resistance Rirans. (b) Voltage vs.
DOS/cm?™.
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Transient absorption spectroscopy measurements were performed to confirm the improved dye-regeneration
rates by implementing tandem electrolytes in DSSC, and the results are presented in Fig.2.12. The regeneration
half-times obtained from the decay-plot fitting are presented in Table 2.4. The regeneration halftimes for all the
tandem electrolytes are faster than the cobalt reference. These results can be explained by the small size and
high diffusion coefficients of AZ. Additionally, the Co?* species contribute to the regeneration of the dye, result-
ing in improved regeneration rates. This is further proved by the fact that the regeneration halftimes for the
AZ*/° are slower than the tandem systems. The higher Jsc for the tandem electrolyte Co/AZ 1:0.8 can be ex-

plained by the fast regeneration halftime among the studied electrolytes.

Table 2.4. Regeneration halftimes obtained from transient absorption spectroscopy measurements.

Electrolyte T reg. Nreg (%)
(us)
[Co(bpy)s]3*/** ref. 6.29 99.22
Co/AZ (1:1) 2.81 99.65
Co/AZ (1:0.8) 2.13 99.73
AZ/Co (1:0.9) 2.45 99.69
AZ0.25M 3.58 99.56
Inert, ACN 0.81 Ms (T ;¢c) -
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Figure 2.12. Transient absorption spectroscopy measurements of DSSC with tandem electrolytes.

2.5 Tandem electrolytes with Cu complexes

Recently, the introduction of copper complexes, with high redox potentials ranging between 0.87-0.97 V de-
creasing the driving force for dye regeneration to only 0.1 — 0.2V, has lead to remarkable performances with Voc

exceeding 1 V.1%%110 Even though the copper complexes absorb light in the visible region, conversion efficiencies
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of 10% for liquid electrolytes,*! and 11% for solid-state devices using copper complexes as hole transporter
materials have been acheived.!!?

It has been previously reported that DSSCs based on Cu(tmby)i””electrolyte with Y123 as a sensitizer show
Voc higher than 1 V with high power conversion efficiencies. As previously discussed, the use of small electron
donors such as TEMPO and TPPA proved to enhance DSSC's performance when used in tandem electrolytes with
cobalt complex. The energetic levels of the TEMPO (0.89 V) and TPPA (0.94 V) are slightly more positive than
that of Cu(tmby), (0.87 V) and have a relatively better match with the HOMO level of the dye Y123. Thus, it
could be expected to further enhance the Voc and the overall device performance by developing tandem electro-
lytes. In this regard, novel tandem electrolytes with Cu(tmby),+TEMPO or Cu(tmby),+TMPA were proposed,

following a charge transfer mechanism as the one shown in Fig. 2.13.
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Figure 2.13. Schematic representation of the energetic levels in dye-sensitized solar cells.

For this purpose, DSSCs were fabricated by using Y123 as sensitizer, PEDOT as counter electrode (CE) in combi-
nation with the electrolytes; a) Cu(tmby),TFSI as reference electrolyte (0.22 M of Cu(l), 0.04 M Cu(ll), 0.5 M of
TBP and 0.1 M of LiTFSI), and tandem electrolytes by adding b) 0.1 M of TEMPO and c) 0.1 M of TPAA to the
reference electrolyte. The best performances are presented in Fig.2.14. It was observed that the addition of
either TEMPO or TPAA to form tandem electrolytes with Cu(tmby), decreased all the PV characteristic parame-
ters of the cells compared to the copper reference cell. Even though the energetic levels of the small donors
should allow a fast dye regeneration, the interactions of this species with the copper complexes retard this pro-
cess, and low Jsc were obtained for the tandem systems. Also, the low FF indicates high recombination rates.
Consequently, it is concluded that tandem electrolytes with copper complexes are not the best approach to

optimize the dye regeneration over potential in DSSC.
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Figure 2.14. Photocurrent density vs voltage (J-V curves) for DSC with Y123 as sensitizer, PEDOT as CE and
electrolytes with a) Cu(tmby),, b) Cu(tmby), + TEMPO, and c) Cu(tmby),+TPPA.

Table. 2.5 Characteristic parameters for the best DSSC using Y123 as sensitizer and the different tandem
electrolytes with the copper complex Cu(tmby),.

Electrolyte Voc(mV) Jsc (mAcm??) FF 1n(%)
[Cu(tmby),]2** 1028 10.92 0.72 8.20
[Cu(tmby)2]2* + TPAA 909 8.57 0.70 5.55
[Cu(tmby)2]2"* + TEMPO 986 10.7 0.38 4.09

2.6 Conclusions

The performance of tandem electrolytes containing two redox species in the liquid media was analyzed. The
organic radical 2-azaadamante-N-oxyl with the corresponding form (AZ°/AZ*) and the well-known redox pair
[Co(bpy)s]*/3*. The highest performance of DSSCs employing tandem electrolytes was reached by the (Co/AZ
1:0.8) tandem electrolyte, while the system (AZ/Co 1:0.9) reached Voc values up to 1009 mV. All the tandem
electrolytes presented higher performance than the DSSC devices with the single redox mediators. The im-
provement in Voc was determined to be a result of two main factors, the more positive redox potential of the
AZ*/° redox couple and the lower recombination rates of the electrons from the CB to the electrolyte. From
studying different composition systems, an optimal concentration for AZ°/AZ* was obtained. It was determined
that high concentrations of AZ decrease the fill factor and may also induce the adsorption of AZ* molecules on
the oxide surface. These results demonstrate the advantages of using tandem electrolytes containing two redox

mediators and indicate that future work could further improve the Voc and overall performance of DSSCs.
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It was found that the use of small electron donors such as TEMPO and TPAA in conjunction with copper com-

plexes such as Cu(tmby), causes a detrimental effect on the overall performance of DSSC.

2.7 Supporting information

Experimental methods

All chemicals and solvents were purchased from Sigma-Aldrich and TCI chemicals, if not otherwise noted, and

were used without further purification.

DSSC fabrication: Glass substrates with fluorine-doped tin oxide (FTO, NSG-10, Nippon Sheet Glass) were
cleaned with 0.2% (w/w) detergent solution in an ultrasonic bath for 1 h and rinsed with water, ethanol and
acetone, followed by a UV/Os3 (Model no.256-220, Jeligth Company, Inc.) treatment for 15 min. The FTO sub-
strates were immersed for 30 min in a 40 mM aqueous TiCls solution at 70 °C, to form a thin TiO; blocking layer
and then washed with water and ethanol, followed by a sintering process at 250 °C for 2 h. Mesoporous TiO;
films of 0.25 cm? were prepared by screen printing a 4.5 um thick colloidal TiO, (Dyesol paste DSL 30 NRD-T)
layer and drying at 120 °C in air for 5 min. If needed additional transparent colloidal TiO; layers were added to
increase the film thickness layers by screen Subsequently, a 4 um thick light-scattering layer consisting of 400 nm
sized TiO; particles (Dyesol WER2-0) was deposited on top by screen-printing. The films were then gradually
heated in air in an oven (Nabertherm controller P320), applying a four-level program: 125 °C (10 min), 250 °C (10
min), 350 °C (10 min), and 450 °C (30 min). After sintering, the electrodes were treated in aqueous TiCl; at 70 °C
for 30 min, and washed with water and ethanol. The thickness of the TiO; films was measured with a profilome-
ter (Veeco Dektak 3). A final heating step at 500 °C (30 min) was performed followed by overnight immersion of
the electrodes in the dye bath solution. The dye bath composition was 0.1 mM XY1 (Dyenamo AB chemicals)
with 5 mM CDCA (chenodeoxycholic acid) in tert-butyl alcohol and acetonitrile (1:1). After immersion, all films
were rinsed in acetonitrile to remove the excess of dye. Solar cells were assembled using a 25 um thick thermo-
plastic Surlyn® frame as sealant and spacer between electrodes, with a counter electrode composed of poly (3,4-
ethyl-enedioxythiophene) (PEDOT) deposited on NSG TEC8™ (Pilkington) FTO-type conducting glass. The PEDOT
electrodes were prepared by electropolymerization of 3,4-ethylenedioxythiophene (EDOT) from a micellar
aqueous solution of 0.1 M sodium n-dodecyl sulfate (SDS) and 0.01 M EDOT. The electrolyte solution was intro-
duced under vacuum through a hole predrilled in the counter electrode, which was sealed with thermoplastic
Surlyn® and a glass coverslip. The electrolyte compositions were

a) the cobalt reference electrolyte: 0.22 M Co(bpy)s(TFSI), (bpy = 2-2'-bipyridine, TFSI = N(CF3S0O;);)
(Dyenamo AB chemicals), 0.05 M Co(bpy)s(TFSI); (Dyenamo AB chemicals), 0.1 M LiTFSI, and 0.5 M 4-(5-

nonyl)pyridine (NP) in acetonitrile, and the tandem systems consisted of:
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b) Co/AZ 1:1: 0.22 M of AZ, 0.22 M Co(bpy)s(TFSI),, 0.05 M Co(bpy)s(TFSI)3, 0.1 M LiTFSI, and 0.5 M NP in
acetonitrile,

c) Co/AZ 1:0.8: 0.17 M of AZADO, 0.22 M Co(bpy)3(TFSI), 0.05 M Co(bpy)s(TFSl)3, 0.1 M LiTFSI, and 0.5
M NP in acetonitrile,

d) AZ/Co 1:0.9: 0.17 M AZ, 0.15 M Co(bpy)s(TFSI)2, 0.0375 M Co(bpy)s(TFSl)s, 0.1 M LiTFSI, and 0.5 M NP
in acetonitrile and

e) the AZ*/AZ° electrolyte: 0.25 M AZ, 0.05 M AZ*, 0.1 M CDOA, 0.1 M LiTFSI, and 0.5 NP. In the latter
electrolyte, AZ* is generated by addition of the oxidant 0.05 M NOBF, into an electrolyte containing 0.3M AZ and
the other components. The symmetric cells were fabricated with two PEDOT/FTO electrodes sealed together

with 35 Bm Surlyn® and filled with the redox electrolytes to be tested.

Electrochemical Measurements: Cyclic voltammetry measurements were performed with a potentiostat Bio
Logic SP300, in a three-electrode setup cell. A glassy carbon electrode served as the working electrode (0.07cm?
area) and a graphite rod as the counter electrode; a non-aqueous reference electrode of Ag/AgCl (1 M LiCl in
ethanol) was used, with an intermediate bridge tube containing the same supporting electrolyte as the working
electrode compartment. The electrolyte solutions contained 2 mM of AZ, and 0.1 M of LiTFSI as supporting elec-
trolyte in dry acetonitrile. The scan rate was 100 mV s™!, formal potentials were determined vs ferroceni-
um/ferrocene as a reference system, and then vs SHE (with a value established for Fc*/Fc = 0.624 V versus SHE in
acetonitrile and 25 °C).1%? Cyclic voltammetry measurements to determine the current-potential plots of the

symmetrical cells were also performed with the Bio Logic SP300 potentiostat.

Solar Cell Characterization: Current-voltage (I-V) characteristic curves and photocurrent-dynamics were meas-
ured using a 450 W Xenon lamp (Oriel USA) as light source, with a K113 filter Schott Tempax and matched to AM
1.5G solar standard conditions using a reference Si photodiode. The current and voltage were measured and
controlled by a Keithley 2400 digital source meter (Keithley, USA) and the current measurement was set up to be
delayed 80 ms from applying the potential. A set of metal mesh filters was used to adjust the light intensity to a
desired level. A black metal mask with a 0.16 cm? aperture was used to define the active area.

Incident Photon to Current Efficiency, IPCE: Data were obtained using a modulated light intensity with a fre-
quency of 1 Hz. Light from a 300 W xenon light source (ILC Technology, USA), was focused through a mono-
chromator (JobinYvon Ltd., UK) and directed to the device under test. A white light bias was used to have similar

light intensity conditions as during normal operation.

Electron lifetime measurements: The measurements were recorded with a Dyenamo AB (Sweden) toolbox using
a white LED (Luxeon Star 1W) as light source. Voltage traces were recorded with a 16-bit resolution digital acqui-
sition board (National Instruments); lifetimes were obtained by monitoring photovoltage transients at different

light intensities upon applying a small square wave modulation to the base light intensity. The photovoltage

47



Chapter 2 Tandem Electrolytes

response was fitted using first-order kinetics to obtain time constants. The quasi-Fermi level of TiO; for the de-

vices was calculated by subtracting the reached values of Vqc, to the redox potential of each specific electrolyte

Electrochemical Impedance Measurements (EIS): Impedance measurements were performed using a Bio Logic
SP300 potentiostat, over a frequency range from 1 MHz down to 0.1 Hz at bias potentials between 0 and 1.1V
(with a 10 mV sinusoidal AC perturbation). All measurements were done at 20 °C. The resulting impedance spec-

tra were analyzed with Z-view software (v2.8b, Scribner Associates Inc.).

Transient Absorption Spectroscopy: Nanosecond flash photolysis was used to monitor the microsecond-to-
millisecond dynamics. Excitation pulses were generated by frequency-doubled (532nm) Q-switched Nd:YAG laser
(Continuum Surelight, 20 Hz repetition rate). The excitation fluence for observing charge recombination was
attenuated to less than <30 ul/cm? per pulse, which ideally corresponds to an average of less than 1 electron
injected per TiO; particle. A continuous wave, cw, Xe arc lamp was used to generate the probe beam. This beam
was passed through various filters, a monochromator and multiple lenses before reaching the sample. The re-
sulting probe signal was set at a wavelength of 735 nm and the beam passing through a sample is collected by a
second monochromator and delivered to a fast photomultiplier tube (R9910, Hamamatsu) supplied with 750 V,
in which the absorption of photons results in electron emission. To obtain a satisfactory signal-to-noise ratio, a
digital signal analyzer (DPO 7104C, Tektronix) records the induced transient voltage signal, and the data acquisi-

tion is averaged over 3000 laser shots, resulting in a sensitivity of 10* AA.
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Figure 2.15. Plot of voltage vs time in a chronopotentiometry method (zero current) of (a) 2 mM Co(bpy)s?*, 0.5
mM Co(bpy)s3*, 0.1 M LiTFSI (dash-dotted black line), (b) 2 mM Co(bpy)s?*, 0.5 mM Co(bpy)s>*, 0.1 M LiTFSI, 2
mM AZ (dotted red line) and (c) 2 mM Co(bpy)s%*, 0.5 mM Co(bpy)s3*, 0.1 M LiTFSI, 2 mM AZ, 0.1 mM AZ* by

adding the corresponding amount of NOBF4 (solid blue line), and (d) excess of NOBF,.
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Diffusion coefficients measurements:

Current-voltage measurements were performed via a rotating disk electrode. A potentiostat/galvanostat AUT
71326 Metrom/Autolab, with a three-electrode set-up with a glassy carbon rotating disk electrode as working
electrode and a graphite rod as the counter electrode; a non-aqueous reference electrode of Ag/AgCl (1 M LiCl
in ethanol) were used, with an intermediate bridge tube containing the same supporting electrolyte as the work-
ing electrode compartment. A water flow at 25 °C was used to keep the cell temperature constant at 25 °C. The
rotor speed was controlled by a speed control unit (Radiometer Analytical-CVTV101) and set at 1000 rpm for all
the experiments. A calibration with an electrolyte of 1 M NaOH, 1.00x102 M of Fe(CN)¢* and 1.04x102 M
Fe(CN)s* was performed, using the diffusion coefficients of 6.77x10°® cm?s™ and 5.81x10respectively, as report-
ed by Bazan, et.al.!’® The Levich equation (Eq.2.4) was used to determine the diffusion coefficients, where i, is
the limiting current (A cm™), ¢; the concentration in mol cm, v the kinematic viscosity in cm?s, w the rotation
rate in rad st and D the diffusion coefficient in cm? s, and the electrode are was determined to be 0.0337 cm?
zF

i, = mciv—uewuzDiz/s

Equation 2.4 Diffusion coefficient from rotatory disk electrode

3.0x10™ 2.5x10*
" Co(bpy)3
2.0x10™ 4 2.0x10 Co/AZ 1:1
Co/AZ 1:0.8
< 1.0x10* 4| ——AZ/Co1:09
< 10410 21.5)(10 AZ+/AZ
E =
g 0.0 @ 1.0x10"
-1.0x10 5.0x107°
-2.0x10™ 0.0
-3.0x10" N - - - - -5.0x10° x : x x x x
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 04 06 0.8 1.0 1.2 1.4
Voltage (V) vs SHE Voltage (V) vs SHE

(a) (b)

Figure 2.16. Current vs voltage plots measured with a rotatory disk electrode (a) calibration with Fe(CN)¢* and
Fe(CN)e* electrolyte and (b) tandem system electrolytes.
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Table 2.5. Diffusion coefficients of the actives species in acetonitrile, measured with a rotatory disk electrode.

Electrolyte Active species Concentration (mM) Jlim (A/cm?2) D (cm?/s)
Co(bpy)s co(ll) 2.00 3.91+ 0.15E-03 7.2620.42E-06
Co(lll) 0.5 -8+1E-04 1.11+0.22E-05
AZ AZ 2 3.22+0.05E-03 1.54+0.02E-05
AZ*+ 0.4 -4,2+0.2 E-05 1.87+0.1E-07
Co/AZ 1:1 co(ll) 2 - -
AZ - -
Total 4 6.04+0.07E-03 1.39+0.03E-05
Co(lll) 0.5 -2.73+0.1E-04 3.04+0.1E-06
Co/AZ 1:0.8 co(ll) 2.4 - -
AZ 2 - -
Total 4.4 7.48+0.04E-03 1.67+0.01E-05
Co(lll) 0.5 -3.40+0.08E-04 4.22+0.1E-06
AZ/Co 1:0.9 co(ll) 1.8 - -
AZ 2 - -
Total 3.8 5.46+0.05E-03 1.40+0.02E-05
Co(lll) 0.4 -3.22+0.4E-04 3.90+0.7E-06
140
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— — Co/AZ1:1
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Figure 2.17. Nyquist plots for symmetric cells containing the tandem electrolyte systems, at 0 V.
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Table 2.6. Photovoltaic parameters of DSSC with the dye XY1, PEDOt as CE and different electrolyte systems

Light intensity Co(li/u) Ref Co(ll)/AZ1:1  Co(ll)/AZ1:0.8 Co(ll)/AZ 0.8:1 AZ+/AZ
0.1 Sun 823 +22 839+4 853+9 858 +13 811+13
1.36 +£0.09 1.30+0.03 1.33+0.05 1.29+0.05 1.37+0.04
0.76 £0.01 0.73+0.01 0.77 £0.03 0.78 £0.05 0.73 £0.02
8.4+04 8.11 +0.05 8.4+0.2 8.4+0.1 8.2+04
0.5 Sun 862 +21 952+8 947 +11 957 +17 863 +20
Jsc(mAcm) 6.8+0.3 6.4+0.2 6.8+0.2 6.8+0.1 58+04
0.71+0.01 0.67 £0.01 0.71+£0.02 0.70+£0.03 0.55+0.06
79+0.3 7.8+0.4 8.6+0.2 8.5+0.2 5.3+0.5
1 Sun 881+ 18 996 +2 992 +13 999 + 20 894 + 18
Jsc(mAcm) 124+0.9 11.8+0.5 12.7+0.2 125+0.2 10.2+04
0.68 £0.01 0.64 £0.01 0.69 +0.02 0.68 +0.02 0.48 £ 0.07
7.4+0.6 7.5+0.3 8.6+0.3 8.4+0.3 44+0.6
# of devices 5 4 6 6 9
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Figure 2.18. Nyquist plots under dark conditions for DSSC with electrolytes of a) [Co(bpy)s]**/?* reference, b)
Co/AZ 1:1, c) Co/AZ 1/0.8, d) AZ/Co 1:0.9 and e) AZ*/AZ electrolyte.
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Figure 2.19. EIS analysis. (a) Nyquist plots at open-circuit voltage for each electrolyte system, (b) continous lines
with solid markers represent the charge transfer resistance Rcras a function of applied voltage, the dotted lines
with open markers the transport resistance Rirans, dash-dotted lines with and x marker represents capacitance,
(c) electron lifetime and transport time vs density of states, DOS. For all the plots, the squares correspond to the
[Co(bpy)3]**/* reference, the circles to Co/AZ 1:1, diamonds to Co/AZ 1/0.8, triangles to AZ/Co 1:0.9, and
inverted triangles to the AZ*/AZ electrolyte.
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Chapter 3  In-situ photopolymerization by thi-
ol-ene “click” reaction in cobalt based electro-

lytes

This chapter is adapted from the paper in manuscript for submition:

Photopolymerization of hyperbranched networks by thiol-ene “click” reaction in cobalt-based electrolytes for

Dye-Sensitized Solar Cells

Natalie Flores-Diaz, Sandy Sanchez-Alonso, Jean-David Décoppet, Shaik M. Zakeeruddin, Michael Grdéitzel, Anders
Hagfeldt.

My contribution was all device preparation and characterization, electrolytes characterization and manuscript

writing.

Sandy Sanchez-Alonso contributed with the TGA measurements.

3.1 Motivation

The development of cobalt-based solid or quasi-solid electrolytes represents a significant challenge to boost the
commercialization of stable DSSC. In-situ polymerization of the electrolytes could potentially lead to highly sta-

ble cobalt-based modules.

A strategy to decrease the liquid electrolyte volatility and improve stability is to enclose the redox species in a

polymer matrix to create quasi-solid state electrolytes.
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For instance, Bella et al. reported the in-situ photopolymerization in cobalt-based electrolytes, using the mono-
mer precursor, BEMA or PEGMA, and a photoinitiator. The precursors are mixed with the cobalt electrolyte and
injected into the DSSC. Subsequent UV irradiation through the CE provided the polymerization of cobalt-
electrolytes. They performed dark-soaking at 60 °C for 1500 h and soaking at 1 sun irradiation for 300 h at 40 C.
Reporting 90% of the initial PCE of 6% after 300 h.114

Hyperbranched polymers (HBPs) are macromolecules with a 3D structure given by multiple branches and inter-
connections. They are generally amorphous, with relatively low Tg values, lower viscosities than linear polymers,
and easy to synthesize on a large scale.}*>!1® One method to prepare HBPs involves the radical-mediated thiol-
ene “click” reaction,''” which rapidly proceeds to completion with high yields and high selectivity of the desired

product, 118119

UV-light absorption can initiate the “thiol-ene” reaction between a polyacrylate monomer and a thiol-
functionalized polysiloxane.'?® The photopolymerized HBPs generally present low T, values, high thermal and
electrochemical stability, high conductivity, and hydrophobicity.'?*22 This kind of HBPs have been extensively
applied to develop gas separation membranes,*?312* and flexible membranes and solid polymer electrolytes for

lithium-ion batteries.125:126

This work aims to apply hyperbranched polymers into cobalt electrolytes for DSSC by in situ photopolymeriza-
tion of simple polyacrylate monomers and a thiol-functionalized polysiloxane. We chose the simple approach of
thiol-click chemistry to produce a polymer network inside the cobalt electrolyte. This reaction is known to be
highly stable in the presence of oxygen and water.'?> Polymer membranes formed by photopolymerization of
PEGDA and different thiol-siloxanes have been studied for Li-ion batteries and other applications. The acrylate
monomer PEGMA has only one reaction site on the terminal acrylate group. The photopolymerization with a
thiol will create a more flexible hyperbranched network than PEGDA, which has two possible reaction sides in

the terminal acrylate groups.

3.2 Thiol-ene reaction

The reaction mechanism is shown in Fig.3.1. It starts with the absorption of a UV photon by a photoinitiator
molecule (Pl). After absorption, an inter-system crossing from a singlet to a triplet state leads to a radical for-
mation. The former reacts with the thiol-siloxane (hence radical initiated reaction) and creates a thiol-radical,

which breaks the acrylate C=C bond, creating the hyperbranched polymer.
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The reaction of PEGMA and PEGDA with the thiol-siloxane to form the networks HB1 (PEGMA+thiol-siloxane)
and HB2 (PEGDA+thiol-siloxane) was monitored by FTIR. For this purpose, the ratio of acrylate monomer to si-

loxane was fixed as 1:0.2. A 20% of the polymer mixture was added to the cobalt electrolyte and cured it at

350nm in a UV chamber for 120s.
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Figure 3.1. Thiol-ene reaction and molecular structures of thiol-siloxane, polyacrylate monomers PEGMA, and
PEGDA and simplified hyperbranched products, HB1 (PEGMA+thiolsiloxane) and HB2 (PEGDA+thiolsiloxane).

The reactions were monitored from 0Os to 240s under UV illumination in ACN to simulate the electrolytes envi-
ronment. The obtained FTIR are presented in Fig.3.2. The thiol-ene reaction will only happen between the acry-
late double bonds and the thiol group. Therefore, to monitor the reactions, we tracked the decrease in intensity
of the C=C stretch around 1650 cm™, the S-H peak at 2600 cm™, and the C-H stretch from the alkene groups at

3100 cm™. The typical Si-O-C peak for the siloxane around 1110cm™ is overlapped with the C-O-C peak at 1110

cmt and, thus, not used for the reaction monitoring.

It can be noted from Fig 3.2 that the click reaction at room temperature in ACN is reasonably fast and 1 min of

UV curation is enough to drive the reaction to completion for both polymers, as expected from previous studies

in toluene.127.128

The formation of HB polymers would lead to limited mobility of the carbon chain compared to the initial mono-

mers, preventing the complete conversion of the thiol-ene reaction due to mass diffusion constraints.'?° Addi-
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tionally, both acrylate monomers PEGMA and PEGDA are only partially miscible with thiol-siloxane in ACN.
Nonetheless, as seen in Fig.3.2(a)-(b) for both polymers, the reaction was almost completed after 60 s of UV
irradiation for both polymers. The prominent peaks for the acrylate back-bone at 2800 cm™ from the stretch of
C-H bonds in the polymers, the —C=0 stretching at 1700 cm™ and the C=C acrylate band at 1410 cm™ can still be
observed after the photopolymerization, demonstrating that the HB polymers preserve the characteristics of the

monomers core.
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Figure 3.2. (a) FTIR of electrolyte with HB1 (PEGMA + thiol-siloxane) in ACN from Os to 240 s of UV curing. (b)
FTIR of HB2 (PEGDA + thiol-siloxane) in ACN from Os to 240 s of UV curing.

Similarly, the hyperbranched polymer formation by adding 20% (v/v) of the mixtures HB1 and HB2 were moni-
tored in the liquid Co(bpy)s-based electrolytes. The obtained FTIR are presented in Fig.3.3. The C=C stretch
peak's disappearance could not be tracked due to the aromatic C=C bonds from the cobalt complexes and the
nonyl-pyridine base. However, the C-H stretch intensity for alkenes at 3100 cm™ was reduced after 120 s of UV
curing. This confirms the formation of the HBs in the presence of the Co-complexes and the additives LiTFSI and

4,5-nonylpyridine.
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Figure 3.3. (a) FTIR of electrolyte with Co ref +HB1 (PEGMA+Thiolsiloxane) 20% (v/v) at Os and after 120 s of UV
curing.(b) FTIR of electrolyte with Co ref+HB2(PEGDA+Thiolsiloxane) 20% (v/v) at Os and after 120 s of UV curing.
The Co ref contains 0.23M Co(bpy)sTFSI;, 0.05 Co(bpy)sTFSIs, 0.1 M LiTFSI and 0.6 M 4,5-nonylpyridine.

Thermogravimetric analysis was performed on the acrylate monomers, thiol-siloxane, the co-reference electro-
lyte, and electrolytes containing 20% of HB1 and HB2 (cured under UV for 120 s). Surprisingly, the in-situ pho-
topolimerization of HB1 and HB2 inside the cobalt electrolyte prevents weight loss up to 150 °C, as noted from
Fig.3.4, which could be attributed to an "entrapping" effect by the polymeric network. This behavior is highly

beneficial to prevent the volatilization of the ACN solvent in DSSC.
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Figure 3.4. TGA analysis of the monomers, a [Co(bpy)3]3*/?* reference electrolyte, and electrolytes containing
20% of HB1 and HB2.

3.3 Electrochemical characterization

To study the electrochemical properties of the electrolytes with hyperbranched networks, symmetric cells com-
posed of PEDOT as counter electrode (CE) material, the formed HB1 and HB2 from 10-20% (w/w) in the cobalt
reference electrolyte were studied. A schematic representation is presented in Fig.3.5(a). Previous studies with
polymeric networks and cobalt electrolytes have demonstrated mass-diffusion limitations with a higher polymer

content than 20% (v/v). Thus, We chose to limit the electrolytes' polymer content to a maximum of 20% (v/v).13

The Tafel polarization curves are presented in Fig.3.5(b), and the electrochemical parameters are summarized in
Table 3.1. As expected, the Cobalt reference exhibits the higher limiting current, Jim, which is related to the dif-
fusion of the ionic species in the electrolyte. The formation of a polymeric network limits the ionic species’ mo-

bility in the electrolyte (Co?* and Co3*). As a result, the limiting current is drastically decreased with the increase

in polymer content.
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Figure 3.5. (a) and (b) Representation of symmetric cells with the photopolymerized electrolytes, (c) Taffel plots,
and (d) Nyquist plots at 0 V.

The diffusion coefficients, Dy, for the Co3* species were obtained from the Jim and Eq.1.41 and are listed in Table
3.1. The obtained values for the reference electrolyte are in agreement with previous studies reported by sever-
al authors.36:106107.131 Aq anticipated, the diffusion coefficients decrease with the percentage of photopolymer-

ized network, which could lead to severe mass-diffusion problems for working DSSC under 1 Sun illumination.

The exchange current, Jo (intercept at V=0), obtained from the Tafel plots is related to the reversibility of elec-
tron transfer at the CE with the reduced species. The higher the concentration of polymer content, the more
pronounced the decrease of the electron transfer rate at the CE, which at the same time can be related to an
increase in the charge transfer resistance, Rcr, according to Eq.1.42.205132 |t can be noted that the electro-

catalytic ability of the PEDOT electrode is not drastically affected by the addition of 10% of polymer for each HB.

EIS spectra were obtained to further study the electrochemical characteristics of the polymer-containing electro-

lytes in the symmetric cells. The obtained Nyquist plots Fig.3.5(d), were simulated using the equivalent electrical
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model shown in Fig.1.17. We determined the series resistance of the symmetric cell (Rs), the charge-transfer
resistance (Rcr), and the diffusion resistance of the active species in the electrolytes (Zw). The obtained values

are presented in Table 3.1.

All the symmetrical cells showed similar Rs, ranging from 3-6 Qcm? in agreement with previous studies by Bai et
al.’33 The obtained Rcr values agree with previous studies by Kang,'3* and remained relatively low for all the elec-
trolytes in contrast to the values obtained from the Taffel plots. The Zw was severely affected by a higher poly-

mer content in the electrolyte, as shown by previous quasi-solid cobalt-based electrolytes. 13136

Table 3.1. Characterization data of symmetric cells from Log(J) vs. potential plots and from EIS analysis

Electrolyte Jiim Jo TafelRer Dn Rs Rer Zw
(mAcm*?) (mAcm-?) (Qcm?) (cm2s-1) (Qcm?) (Qcm?) (Qcm?)

[Co(bpy)s]3+/2* 31.63 24.55 1.04 8.20E-06 4.01 0.07 2.30

HB1 10% 20.33 10.47 2.44 5.27E-06 4.28 0.23 8.90

HB1 15% 6.59 4.57 5.59 1.70E-06 4.64 0.13 9.73
HB1 20% 5.05 4.07 6.27 1.31E-06 3.48 0.27 11.30
HB2 10% 16.23 12.59 2.03 4.21E-06 4.48 0.07 12.30

HB2 15% 7.80 6.31 4.05 2.02E-06 3.71 0.15 9.75
HB2 20% 3.29 2.66 9.61 8.51E-07 5.48 0.02 24.54

3.4 DSSC with HB polymers

The effect of creating hyperbranched networks in the Co-based electrolytes was studied with complete DSSC
devices using XY1b as a sensitizer (Fig.3.6) and direct contact of a PEDOT CE sealed with and UV-cured glue. The
corresponding J-V curves under 1 sun and 0.1 Sun are presented in Fig.3.7, and the obtained photovoltaic pa-

rameters are summarized in Table 3.2.

Figure 3.6. Molecular structure of XY1-b used as the sensitizer for DSSCs with HB polymers
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Figure 3.7. (a) J-V plots under 1.5 AM, (b) J-V plots under 0.5 Sun and (d) 0.1 Sun and (d) IPCE curves.

The low diffusion coefficients of the cobalt redox mediators in the electrolytes with hyperbranched networks
observed from the symmetric cells are expected to be a significant limitation to achieve high performance in
DSSC. 37 Nevertheless, as observed in Fig. 3.7, the devices with 10% of HB1 reached an open circuit voltage (Voc)
of 875 mV, a short circuit current (Jsc) of 14.75 mAcm™?, and a fill factor (FF) of 0.66 for a power conversion effi-
ciency (PCE) of 8.52% under 1 sun illumination. This performance remained very similar to the devices with the
cobalt reference electrolyte. For higher polymeric contents, the low PCEs under 1 sun result from mass-diffusion
problems reflected in low Jsc and FF due to the lower diffusion coefficients of the Co®* species. It is important to
note that the in-situ photopolymerization increases the Voc compared to the cobalt reference. Moreover, the
performance at 0.1 Sun for most of the devices surpassed that of the reference device. This behavior can be
rationalized by the fact that at low light intensities, the produced photocurrent is very low, and there are enough

Co?* species in the surrounding to regenerate the dye. Therefore, the mass-diffusion problems of Co3* are no
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longer an impediment to the device’s performance. This is particularly important for designing DSSC for indoor
applications, where the photocurrents range from 100-200 pAcm, and increasing the Voc is crucial to provide

power to small electronic devices.

Table 3.2. Photovoltaic characteristic parameters for DSSC with photopolymerized electrolytes.

0.1 Sun 1 Sun
Voc Jsc Voc Jsc int)c

Electrolyte (mV) (mAcm-2) FF 1 (%) (mV) (mAcm?) (mAcm?) FF 1 (%)
[Co(bpy)s]3+/2* 816.0 1.72 0.74 9.62 863.7 15.49 14.99 0.72 9.36
HB1 10% 829.9 1.71 0.74 9.74 875.9 14.75 14.60 0.66 8.52
HB1 15% 828.7 1.71 0.74 9.72 874.1 12.86 13.45 0.51 5.72
HB1 20% 841.0 1.72 0.73 9.72 887.4 12.94 12.99 0.39 4.44
HB2 10% 821.7 1.74 0.76 10.08 865.8 15.16 15.00 0.58 7.68
HB2 15% 846.8 1.58 0.76 9.36 895.1 13.52 13.61 0.51 6.17
HB2 20% 835.9 1.71 0.75 9.88 877.7 12.85 13.37 0.36 411

The differences observed in the Voc for the polymer electrolytes were studied by charge extraction and Voc de-
cay measurements as a function of light intensity. The results are presented in Fig.3.8. Under illumination, the
Voc of a DSSC is the difference between the redox potential of the redox mediator and the quasi-Fermi level, Er g,
of the TiO,. The quasi-Fermi level was obtained by the Eq.1.22,%8 where for all the devices, the redox potential
of [Co(bpy):]®*/?* was obtained by the Nernst equation (Eq.1.24). The charge extraction and electron lifetimes

are depicted vs. Erq under illumination for complete devices in Fig 3.8.a-b.

It can be observed from Fig. 3.8(a) an upward-shift of the TiO, conduction band (CB), for all the hyperbranched
electrolytes compared to the [Co(bpy)s]**/?* reference. Additionally, we could note from Fig. 3.8(b), that all the

3+/2+ electrolyte, indicating lower recombination

HB electrolytes presented longer electron lifetimes than the Co
rates for the devices with polymeric networks in the electrolyte. The higher Voc obtained for the HB electrolytes
can be attributed to a higher quasi-Fermi level and improved recombination resistance. Moreover, the clear
effect of using HB polymers in cobalt-based electrolytes reflected in higher Voc values was confirmed in Fig.
3.8(c) at different light intensities. It was possible to attribute this behaviour to a TiO; surface passivation effect

by the polymers. Thus, shifting the Fermi level of TiO, up and decreasing the recombination of electrons to the

electrolyte.
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Figure 3.8. (a) Charge extraction vs Fermi level (b) electron lifetime vs Fermi (c) Voc vs light intensity and (d) Jsc vs
light intensity of DSSC containing photopolymerized electrolytes. (e) Current density vs voltage for symmetric

As expected, the linearity of the current density as a function of light intensity is affected by the photopolymeri-
zation due to mass-diffusion limitations at higher intensities, as seen from Fig.3.8(d). However, a polymer con-

tent from 10 to 15% of HB1 and HB2 did not affect the photocurrent's linearity up until 60% sun. These findings

cells. The quasi-Fermi level was calculated by the relation Ef-q=Eredox-Voc.

show that the use of HB electrolytes on DSSC could be beneficial for low-light applications.

To better understand the effect of the in-situ photopolymerization in the internal processes of DSSCs, electro-
chemical impedance spectroscopy (EIS) was performed.3%138 To this end, a frequency scan from 0.5 MHz to 0.2
Hz at room temperature was set for a voltage range from 0.6 V to 0.05 V further than that the Voc of each device

(approx. 0.9 V). The alternating current (AC) amplitude of 10 mV. The EIS data recorded at 1 Sun and 0.1 Sun

were fitted with the typical three-channel model, using ZView® software.
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At 1 Sun illumination conditions, the formation of the polymer network in the electrolytes, slightly enhances the
charge transfer resistance compared to the cobalt reference as observed from Fig.3.9(a). This hampers the re-
combination of electrons from the TiO, CB to the electrolyte. The relation between applied bias and the density
of states (DOS) in Fig.3.9(b), shows a shift of the conduction band of TiO, toward higher values for all the electro-
lytes with polymers compared with the cobalt reference, following the same trends from the Voc decay meas-

urements from Fig.3.8.(a).
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Figure 3.9. EIS analysis. (a) continuous lines with solid markers represent the charge transfer resistance Rer as a
function of applied voltage, and the dotted lines with open markers the transport resistance Rirans. (b) voltage vs.
DOS/cm™3

The higher Rer values for all the devices containing HB electrolytes can be associated with higher electron life-
times, confirming that the improved Voc can be attributed to a slight upward shift of the TiO, CB band edge and
higher electron lifetimes (improved recombination resistance). Nonetheless, as observed from the J-V in Fig.
3.7(a), the performance under 1 Sun decreases with polymer content in the electrolyte due to lower Jsc and FF,
which we rationalized to be attributed to the lower diffusion coefficients found from the symmetric cells. This
was confirmed by EIS analysis and showed in Fig.3.10 where the Warburg resistance for the cobalt species in the
electrolytes increased exponentially with the polymer content and was still visible in the Nyquist plots at low

voltages.
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From the J-V curves in Fig.3.7, we observed that most of the HB-electrolytes presented enhanced performance
under 0.1 sun illumination than the cobalt electrolyte. We performed EIS analysis under 0.1 sun illumination to
elucidate this behaviour. It can be noted from Fig.3.11(a) that all the polymeric electrolytes presented improved
recombination resistance compared to the cobalt reference and also lower resistance to the transport of elec-
trons in the TiO; scaffold to the external circuit. The upward-shift of the TiO, CB is clearly visible for all the poly-
meric electrolytes in Fig.3.11(b), showing a surface “passivating effect”, decreasing the interfacial recombina-
tion. These outcomes suggest that the use of polymeric electrolytes is one of the best ways to improve the per-

formance of DSSC working under low-light intensities.
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Figure 3.11. EIS analysis. (a) continuous lines with solid markers represent the charge transfer resistance Rcr as a
function of applied voltage and the dotted lines with open markers the transport resistance Rrans. (b) voltage vs.
DOS/cm™3
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Even though the highest performance for DSSC has been reached by copper-based electrolytes, reaching re-
markable efficiencies up to 34% under 1000 lux, the study of DSSC using electrolytes based on cobalt remains a
big challenge for building integrated photovoltaics requiring transparent electrolytes. The PCE of polymeric elec-
trolytes based on iodide or cobalt mediators under 1000 Lux illumination range from 19-24%. The polymer con-

tent for most studies was set under 20% to avoid mass-diffusion limitations.13%:140

To study the performance of devices with a larger active area of 2.8 cm? were tested under 1000 lux, and the
obtained J-V curves are presented in Fig.3.12(a). As expected from the observed trends under 0.1 Sun illumina-
tion, all the devices with hyperbranched networks surpassed that of the cobalt liquid electrolytes. We performed
EIS for the best-performing devices for each HB electrolyte, which in both cases was achieved with a 15% of
polymeric content. The EIS analysis is shown in Fig.3.12(b) and (c). In agreement with the previous analysis, the
photopolymerization of hyperbranched networks on the cobalt-electrolyte improves the recombination re-
sistance, leading to higher electron lifetimes. An overall enhancement of the device's performance was achieved

by the polymer electrolytes as shown in Table 3.3.
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Table 3.3. Photovoltaic characteristic parameters for DSSC with photopolymerized electrolytes under 1000 lux
illumination.

Voc Jsc w

Electrolyte (mV) (RAcm2) FF (HMWem?2) 1 (%)
[Co(bpy)s]3+/2+ 745.92 108.74 0.799 64.83 20.37
HB1 10% 788.87 123.25 0.750 72.97 22.93
HB1 15% 745.32 128.82 0.768 73.82 23.19
HB1 20% 779.38 123.84 0.751 72.46 22.77
HB2 10% 749.73 122.51 0.778 71.49 22.46
HB2 15% 778.51 123.71 0.749 72.11 22.66
HB2 20% 806.29 113.95 0.740 68.03 21.30

3.5 Conclusions

The effect of in-situ photopolymerization of a thiol-siloxane with an acrylate monomer, such as PEGMA and
PEGDA, via a click thiol-ene reaction in the performance of dye-sensitized solar cells with cobalt-based electro-
lytes was studied in the present work. The formed hyperbranched networks denoted HB1 (thiol-siloxane and
PEGMA) and HB2 (thiol-siloxane and PEGMA). Monitoring the thiol-ene reaction by FTIR revealed that 1 min of
UV curation suffices to drive the reactions to completion. TGA analysis showed that electrolytes containing 20%
of HB1 and HB2 entrap the liquid ACN-based electrolyte and retain up to 98% of their initial weight up 150 °C.
From symmetrical cells, we found that the diffusion coefficients for Co3* in the electrolytes decrease with poly-
mer content. The highest performance was reached by a 10%(v/v) of HB1 with a Voc of 875 mV, Jsc of 14.75
mAcm™2, and FF of 0.66 for a PCE of 8.52% under 1 sun illumination, comparable to a PCE of 9.36% for the cobalt
reference electrolyte. For higher polymeric contents, the low PCEs under 1 sun result from mass-diffusion prob-
lems in the electrolyte. An upward-shift compared to the [Co(bpy)s]*>*/?* electrolyte as a reference was observed
for all the electrolytes containing the hyperbranched electrolytes, together with longer electron lifetimes com-
pared to the Co®*/?* electrolyte, explaining the higher Voc values obtained for the HB electrolytes. EIS analysis
under 1 sun illumination revealed that the polymer network formation leads to a slight enhancement in recom-
bination suppression compared to the cobalt reference. Additionally, under 1 sun illumination, the Warburg
resistance for the cobalt species in the electrolytes increases exponentially with the polymer content. EIS analy-
sis also revealed that the higher performance for all the devices with HB1 and HB2 under low light intensity is
attributed to higher Rcr and lower Rirans, leading to a PCE of 23.19% under 1000 lux for devices containing 15% of

HB1 compared to 20.37% for the Co-reference.
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3.6 Supporting Information

Materials and Methods
All chemicals and solvents were purchased from Sigma-Aldrich and TCI chemicals, if not otherwise noted, and

were used without further purification.

DSSC fabrication: Glass substrates with fluorine-doped tin oxide (FTO, NSG-10, Nippon Sheet Glass) were
cleaned with 0.2% (w/w) detergent solution in an ultrasonic bath for 1 h and rinsed with water, ethanol and
acetone, followed by a UV/Os (Model no.256-220, Jeligth Company, Inc.) treatment for 15 min. A thin TiO2
blocking layer was deposited on the FTO substrates at 450°C by spray-pyrolysis of a solution prepared with 0.6
mL titaniumdiisopropoxide bis(acetylacetonate), 75 wt % in IPA, 0.4 mL of acetyl acetone and 9 mL of dry etha-
nol. Mesoporous TiO; films of 0.25 cm2 were prepared by screen printing a 4.5 um thick colloidal TiO, (Dyesol
paste DSL 30 NRD-T) layer and drying at 120 °C in air for 5 min. Subsequently, a 4 um thick light-scattering layer
consisting of 400 nm sized TiO; particles (Dyesol WER2-0) was deposited on top by screen-printing. The films
were then gradually heated in air in an oven (Nabertherm controller P320), applying a four-level program: 125 °C
(10 min), 250 °C (10 min), 350 °C (10 min), and 450 °C (30 min). After sintering, the electrodes were treated in
aqueous TiCls at 70 °C for 30 min, and washed with water and ethanol. The thickness of the TiO2 films was
measured with a profilometer (Veeco Dektak 3). A final heating step at 500 °C (30 min) was performed followed
by overnight immersion of the electrodes in the dye bath solution. The dye bath composition was 0.1 mM XY1
(Dyenamo AB chemicals) with 5 mM CDCA (chenodeoxycholic acid) in tert-butyl alcohol and acetonitrile (1:1).
After immersion, all films were rinsed in acetonitrile to remove the excess of dye. Solar cells were assembled by
direct contact of the sensitized electrodes with pre-drilled counter electrodes composed of poly (3,4-ethyl-
enedioxythiophene) (PEDOT) deposited on NSG TEC8TM (Pilkington) FTO-type conducting glass, sealed with UV-
cured glue ThreeBond3035B. The PEDOT electrodes were prepared by electropolymerization of 3,4-
ethylenedioxythiophene (EDOT) from a micellar aqueous solution of 0.1 M sodium n-dodecyl sulfate (SDS) and
0.01 M EDOT. The electrolyte solution was introduced under vacuum through a hole predrilled in the counter
electrode, sealed with UV-cured glue ThreeBond3035B. The devices containing the polymer mixtures where
cured with a Dentmate Traydex™ 18 (375-470 nm) for 2 min to undergo the thiol-ene reaction. The electrolyte
compositions were a) the cobalt reference electrolyte: 0.25 M Co(bpy)s(TFSI); (bpy = 2-2'-bipyridine, TFSI =
N(CF3S03),) (Dyenamo AB chemicals), 0.05 M Co(bpy)s(TFSI); (Dyenamo AB chemicals), 0.1 M LiTFSI, and 0.25 M

4-(5-nonyl)pyridine (NP) in acetonitrile. The polymeric systems consisted of:

a) HB1: 80%(w/w) of Poly(ethylene glycol) methacrylate (PEGMA) and 20% of
(mercaptopropyl)methylsiloxane homopolymer from GELEST.
b) HB2: 80%(w/w) of Poly(ethylene glycol) dimethacrylate (PEGDA) and 20% of

(mercaptopropyl)methylsiloxane homopolymer form GELEST.
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Subsequently, the electrolyte mixtures were prepared by adding HB1 or HB2 from 10-20% (v/v) to the cobalt
reference electrolyte, and a 3% (w/w of added HB) of the photoinitiator 2,2-Dimethoxy-2-phenylacetophenone.
The symmetric cells were fabricated with two PEDOT/FTO electrodes sealed together with 35 um Surlyn® and

filled with the redox electrolytes to be tested.

Electrochemical Measurements: Cyclic voltammetry measurements were performed with a potentiostat Bio
Logic SP300, in a three-electrode setup cell. A glassy carbon electrode served as the working electrode (0.07cm?
area) and a graphite rod as the counter electrode; a non-aqueous reference electrode of Ag/AgCl (1 M LiCl in
ethanol) was used, with an intermediate bridge tube containing the same supporting electrolyte as the working
electrode compartment. The electrolyte solutions contained 2 mM of AZ, and 0.1 M of LiTFSI as supporting elec-
trolyte in dry acetonitrile. The scan rate was 100 mV s-1, formal potentials were determined vs ferroceni-
um/ferrocene as a reference system, and then vs SHE (with a value established for Fc+/Fc = 0.624 V versus SHE
in acetonitrile and 25 °C).%%* Cyclic voltammetry measurements to determine the current-potential plots of the

symmetrical cells were also performed with the Bio Logic SP300 potentiostat.

Solar Cell Characterization: Current-voltage (I-V) characteristic curves and photocurrent-dynamics were meas-
ured using a 450 W Xenon lamp (Oriel USA) as light source, with a K113 filter Schott Tempax and matched to AM
1.5G solar standard conditions using a reference Si photodiode. Additionally, the indoor light was delivered by
an Osram 930 Warm White tube light or Warm White 3000 K LED (EGLO). The light intensities were calibrated by
a light meter (TES-1334, TES). The current and voltage were measured and controlled by a Keithley 2400 digital
source meter (Keithley, USA) and the current measurement was set up to be delayed 80 ms from applying the
potential. A set of metal mesh filters was used to adjust the light intensity to a desired level. A black metal mask

with a 0.16 cm2 aperture was used to define the active area.

Incident Photon to Current Efficiency, IPCE: Data were obtained using a modulated light intensity with a fre-
quency of 1 Hz. Light from a 300 W xenon light source (ILC Technology, USA), was focused through a mono-
chromator (JobinYvon Ltd., UK) and directed to the device under test. A white light bias was used to have similar

light intensity conditions as during normal operation.

Electron lifetime measurements: The measurements were recorded with a Dyenamo AB (Sweden) toolbox using
a white LED (Luxeon Star 1W) as light source. Voltage traces were recorded with a 16-bit resolution digital acqui-
sition board (National Instruments); lifetimes were obtained by monitoring photovoltage transients at different
light intensities upon applying a small square wave modulation to the base light intensity. The photovoltage
response was fitted using first-order kinetics to obtain time constants. The quasi-Fermi level of TiO; for the de-

vices was calculated by subtracting the reached values of Vo, to the redox potential of each specific electrolyte.
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Electrochemical Impedance Measurements, EIS: Impedance measurements were performed using a Bio Logic
SP300 potentiostat, over a frequency range from 1 MHz down to 0.1 Hz at bias potentials between 0.5 and 1.1V
(with a 10 mV sinusoidal AC perturbation). All measurements were done at 20 °C. The resulting impedance spec-
tra were analyzed with Z-view software (v2.8b, Scribner Associates Inc.).

Thermogravimetric Analysis, TGA: Measurements were performed using a Perkin Elmer TGA 4000, with a tem-
perature range of 30 ° C to 950 ° C, with nitrogen gas and a 45-slot autosampler. The measurement was carried

out in a cycle of 25 ° C to 400 ° C at a rate of 10 ° C per minute.

Fourier-transform infrared, FTIR: Measurements were performed using a FTS 7000 use a He-Ne laser operating
at 632.8 nm with a MCT detector for mid-IR measurements and a 896b interferometer. The real panel of the
spectrometer is connected for a Far-IR power source, an external source, purged air and water coolant. Infrared
measurements were recorded in the 4000-600 cm™ spectral range with 4 cm™ spectral and 0.242 s time resolu-

tion.
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Table S.3.1. Statistics for 7 devices per electrolyte

0.1 Sun 0.5 Sun 1Sun
vocC JsC vocC Jsc vocC JsC
Electrolyte (mv) (mAcm-2) FF 1 (%) (mv) (mAcm-2)) FF 1 (%) (mv) (mAcm-2) FF 1 (%)
[Co(bpy)3]3+/2+ 807427 1.60+0.1 0.76+0.03 9.3+0.6 849430 7.7+0.6 0.75+0.02 9.5+0.4 862432 14 +1 0.72+0.02 9.1+0.2
HB1 10% 83549 1.5#0.3 0.77+0.2 9.8+0.4 87048 7.0+1.0 0.74+0.02 9.40+0.3 87748 13.24+1 0.69+0.03 8.1+0.4
HB1 15% 83346 1.61+0.1 0.77+0.04 9.9+0.2 87016 7.5%0.7 0.71+0.04 8.81+0.1 870+14 12.30+0.4 0.66+0.09 6.86+1.0
HB1 20% 829415 1.61+0.13 0.75+0.03 9.51+0.3 866114 7.620.6 0.67+0.06 8.05 87510 12.5+1 0.56+0.16 6+1
HB2 10% 822410 1.73%0.1 0.74+0.03 9.78+0.3 855+10 8.3+0.6 0.67+0.06 8.9+0.7 86149 13.4+1.8 0.64+0.1 7.57+1
HB2 15% 828419 1.61+0.08 0.77+0.02 9.74+0.5 865+18 7.85+0.3 0.71+0.01 9.2+2 870+14 12.73#1 0.65+0.9 7.28+0.6
HB2 20% 814429 1.67+0.1 0.78+0.02 9.92+0.2 852+17 6.97+0.9 0.7+0.07 7.76+0.6 870+7 11.15+1.7 0.59+0.1 6.31+0.9
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Figure 3.13. Nyquist plots for a device with Co-reference electrolyte at 1 sun illumination.
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Figure 3.14. Nyquist plots for a device with 10% of HB1 electrolyte at 1 sun illumination.
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Figure 3.15. Nyquist plots for a device with 15% of HB1 electrolyte at 1 sun illumination
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Figure 3.16. Nyquist plots for a device with 20% of HB1 electrolyte at 1 sun illumination.
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Figure 3.17. Nyquist plots for a device with 10% of HB2 electrolyte at 1 sun illumination.
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Figure 3.18. Nyquist plots for a device with 15% of HB2 electrolyte at 1 sun illumination.

el6-100%sun_02_SPEIS.mpt; Step #8
el6-100%sun_03_SPEIS.mpt; Step #1
el6-100%sun_03_SPEIS.mpt; Step #2
el6-100%sun_03_SPEIS.mpt; Step #3
el6-100%sun_03_SPEIS.mpt; Step #4
el6-100%sun_03_SPEIS.mpt; Step #5
el6-100%sun_03_SPEIS.mpt; Step #6
el6-100%sun_03_SPEIS.mpt; Step #7
el6-100%sun_03_SPEIS.mpt; Step #8
el6-100%sun_03_SPEIS.mpt; Step #9
el6-100%sun_03_SPEIS.mpt; Step #10
el6-100%sun_03_SPEIS.mpt; Step #11
el6-100%sun_03_SPEIS.mpt; Step #12
- el6-100%sun_03_SPEIS.mpt; Step #13

750 1000 1250

12|

theta

10*

10°

10°

10'

vl vl il

107 10°

10° 10°
Frequency (Hz)

10°

25

50

vl vl g

Lol rnl

10" 10°

10° 10° 10 10° 10°

Frequency (Hz)

10’

Figure 3.19. Nyquist plots for a device with 20% of HB2 electrolyte at 1 sun illumination.
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Figure 3.20. Nyquist plots for a dev ice with Co-reference electrolyte at 0.1 sun illumination.
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Figure 3.21. Nyquist plots for a device with 10% of HB1 electrolyte at 0.1 sun illumination.

76



Chapter 3 Hyperbranced Electrolytes

-15000

-10000

i -5000

5000

6l2-10%sun_02_SPEIS mpt;
el2-10%sun_02_SPEIS mpt;

T

RRRRRRRRRRNIR

el2-10%sun_02_SPEIS.mpt;
el2-10%sun_03_SPEIS.mpt;
el2-10%sun_03_SPEIS.mpt;
el2-10%sun_03_SPEIS.mpt;
el2-10%sun_03_SPEIS.mpt;
el2-10%sun_03_SPEIS.mpt;
el2-10%sun_03_SPEIS.mpt;
el2-10%sun_03_SPEIS.mpt;
el2-10%sun_03_SPEIS.mpt;
el2-10%sun_03_SPEIS.mpt;
el2-10%sun_03_SPEIS.mpt;
el2-10%sun_03_SPEIS.mpt;

Step #6
Step #7
Step #8
Step #1
Step #2
Step #3
Step #4
Step #5
Step #6
Step #7
Step #8
Step #9
Step #10
Step #11

-20000

-10000

5000

15000

20000

7

10000
0

el3-10%sun_02_SPEIS.mpt;
el3-10%sun_02_SPEIS.mpt;
el3-10%sun_02_SPEIS.mpt;
el3-10%sun_03_SPEIS.mpt;
el3-10%sun_03_SPEIS.mpt;
el3-10%sun_03_SPEIS.mpt;
el3-10%sun_03_SPEIS.mpt;
el3-10%sun_03_SPEIS.mpt;
el3-10%sun_03_SPEIS.mpt;
el3-10%sun_03_SPEIS.mpt;
el3-10%sun_03_SPEIS.mpt;
el3-10%sun_03_SPEIS.mpt;
el3-10%sun_03_SPEIS.mpt;

el3-10%sun_03_SPEIS.mpt;

Step #6
Step #7
Step #8
Step #1
Step #2
Step #3
Step #4
Step #5
Step #6
Step #7
Step #8
Step #9
Step #10
Step #11

20000

30000

12|

theta

2|

-100

50

N
°.

50

10"

T Ty TPy T Ty T7m

Ll

Ll

vl

Ll

10°

10’

10°

10°

10*

Frequency (Hz)

10°

10°

Ll

vl

vl

Ll

10°

10’

10°

10°

10*

Frequency (Hz)

10°

10°

L

<,

10°

10’

10° 10°
Frequency (Hz)

10

10°

10°

il

Lol

LN

10"

10°

10’

10 10°
Frequency (Hz)

10*

10°

Figure 3.23. Nyquist plots for a device with 20% of HB1 electrolyte at 0.1 sun illumination.
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Figure 3.25. Nyquist plots for a device with 15% of HB2 electrolyte at 0.1 sun illumination.
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Figure 3.26. Nyquist plots for a device with 20% of HB2 electrolyte at 0.1 sun illumination.
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Figure 3.27. Nyquist plots for a device Co-reference electrolyte at 1000 lux illumination.
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Figure 3.28. Nyquist plots for a device 15% of HB1 electrolyte at 1000 lux illumination.
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Figure 3.29. Nyquist plots for a device 15% of HB2 electrolyte at 1000 lux illumination.
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Chapter 4 Engineering of a novel blue dye for

decreased electron recombination

This chapter is adapted from the paper:

Blue Photosensitizer with Copper(ll/l) Redox Mediator for Efficient and Stable Dye-Sensitized Solar Cells

Yameng Ren, Natalie Flores-Diaz, Dan Zhang, Yiming Cao, Jean-David Decoppet, George Cameron Fish, Jacques-

E. Moser, Shaik Mohammed Zakeeruddin, Peng Wang, Anders Hagfeldt,* and Michael Gritzel*

https://onlinelibrary.wiley.com/doi/10.1002/adfm.202004804

My contribution was device preparation, characterization and manuscript writing.

Yameng contributed with the dye synthesis, device preparation and manuscript editing.

4.1 Motivation

Replacing the I3 /I~ by copper complexes as redox mediators in DSSCs have remarkably increased the open-
circuit voltages (Voc) over 1.0 V, due to their higher oxidation potentials compared to iodide/triiodide and cobalt

complexes, low internal reorganization energies, fast electron transfer rates, and fast diffusion coefficients.*1%112

Notably, DSSCs fabricated with organic dyes, and copper-electrolytes have attained PCE of over 13% under 1 sun
illumination. Moreover, they have displayed an outstanding PCE over 34% under low light intensities or artificial
indoor light,*** making it one of the best technologies for developing electric power sources for portable elec-

tronics and devices for wireless sensor networks or the Internet of Things (IoT).1#?
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However, the Jsc values typically attained by DSSC employing copper-based electrolytes are relatively low, limit-
ing the further enhancement in device performance. The development of new dyes specifically tailored to be
compatible with copper-based electrolytes, with an extended spectral response, is a crucial strategy for boosting

the PCE of DSSCs employing copper complexes.

Previously a strong electron-donating polycyclic aromatic hydrocarbon (PAH) core, 9,19-
dihydrobenzo[1',10']phenanthro[3',4":4,5]thieno[3,2-b]benzo[1,10]phenanthro([3,4-d]thiophene  (BPT2), was
successfully utilized by Ren et al. as the central electron-releasing block of a blue dye R6 with a wide spectral

response for efficient and stable cobalt complex-based DSSCs, reaching high PCEs of 12.6%.43

Meanwhile, the N-(2',4'-bis(hexyloxy)-[1,1'-biphenyl]-4-yl)-2',4'-bis(hexyloxy)-N-methyl-[1,1'-biphenyl]-4-amine,
commonly referred to as the Hagfeldt (HF) donor, has been shown to efficiently suppress electron recombina-
tion from the CB of TiO, to the redox shuttle. The HF donor also prevents the sensitizers’ aggregation into the
TiO; films, resulting in high Voc values for cobalt complex-based DSSCs. On the other hand, the electron acceptor
4-(7-ethynylbenzo[c][1,2,5]thiadiazol-4-yl)benzoic acid (EBTBA) has also been successfully used as the electron

acceptor for high-efficiency zinc-porphyrin and metal-free organic dyes.}**

In this regard, a new blue dye was judiciously designed and synthesized and coded R7. The new dye bears an
electron-rich PAH block BPT2 functionalized with the HF donor and the acceptor EBTBA for copper complex-
based DSSCs. During a preliminary test, the DSSCs with the blue dye R7 in conjunction with Cu(ll/l) bipyridyl

complexes showed superior performance than to the reference dye R6.

4.2 Dye characterization

The effect of the HF donor’s introduction into the R6 dye framework on the optical properties of the new dye R7
was studied by UV-Vis spectroscopy of the dyes dissolved in tetrahydrofuran (THF), as shown in Fig. 4.1(b). It can
be observed that the absorption spectra of the sensitizers are highly similar, as expected given the structural
similarities; only a slight blue-shift of the maximum absorption peak was observed for R7 (626 nm) compared to
R6 (631 nm), Fig.4.2(a). The wavelength-dependent molar extinction coefficients (€) reached remarkably high
maximum € values of 81.8 x 103> M~lcm™ for R6 and 85.5 x 103> M~lcm™ for R7. Therefore, light-harvesting effi-

ciency (LHE) could be expected to be near 100% for these dyes at their maximum peaks.

Cyclic voltammetry was employed to study the effect of the introduction of the HF donor on the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of R7. The corresponding volt-

ammograms in solution and adsorbed on TiO; electrodes are displayed in Fig. 4.3.
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CegH13-0

Figure 4.1. Molecular structures of the dyes Y123, R6, and R7.

The vacuum energy levels were estimated by the equation E =—4.88 — eEonset, Where Eonset is the onset potential
of oxidation and reduction of the ground-state molecule. Typically, for D-m-A dyes, the HOMO level is mainly

delocalized on the dye's donor moiety. In contrast, the LUMO level is mainly delocalized on the acceptor group

to ease the injection of electrons into the conduction band (CB) of the TiO,. 106:145,102
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Figure 4.2. (a) Stationary UV-vis spectroscopies of R6 and R7 in THF (10 uM). (b) LUMO energy levels (values
above color bars), HOMO energy levels (value under color bars), and energy gaps (A, ) of the dye molecules.

Given the extension only on the donor moiety, while the rest of the R6 dye scaffold remained unchanged, it can
be expected that the main effect will be a slight change in the energetic level of the HOMO of the R7 dye. The

HOMO and LUMO energies were determined from the onset of the first oxidation and reduction potential. The
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measured HOMO energy level for R6 is —4.90 eV and -4.95 for R7. These values lie above the CB edge of TiO;
(approx. —4.0 eV vs. vacuum), which implies enough driving force for electron injection from the dye into the CB
of TiO,. The same trend in the HOMO/LUMO energetic levels, maximum absorption peaks, and £ can be repro-

duced by theoretical calculations, as listed in Table 4.1.
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Figure 4.3. (a) Cyclic voltammograms of R6 and R7 in THF. Scan rate: 5 mV s 1. The internal reference was
decamethylferrocene (DMFc), and all potentials were calibrated with the standard ferrocene/ferrocenium
(Fc/Fc*) redox couple. (b) Cyclic voltammograms of R6 and R7 dyes adsorbed on the TiO,/FTO electrode in 0.1 M
LiTFSI + acetonitrile, scan rate 10 mV/s.

As observed in Fig. 4.4, the HOMO is delocalized mainly on the donor moiety for both dyes as expected, and the
LUMO is localized on the anchoring ligand,**® displaying an evident characteristic of intramolecular charge-

transfer as discerned from the contour plots of molecular orbitals.

Table 4.1. Data on frontier orbital energy levels and electronic absorptions.?

CV B3LYP CV B3LYP MEAS, THF TD-MPWIK,THF MEAS, THF
Dye EL EL o EH o EH AABS,MAX ﬂ’ABS,MAX o A AY
[eV] [eV] [eV] [eV] [nm] [nm] (10 Mt cm™]
R6 -3.35 -3.12 -490 -4.89 631 639 1.95 81.82
R7 -3.35 -3.12 -495 -494 626 637 2.08 82.31

@ Frontier orbital energies ( £V and ESY) versus vacuum, measured with cyclic voltammetry. Where E=-4.88-¢E__, E  isthe

onset oxidation and reduction potentials of a molecule in the ground-state in THF. L and H stand for LUMO and HOMO, respective-

ly. Energy levels ( E®"" and E*"Y") are computed at the B3LYP/6-311G(d,p) level of theory for a dye molecule in THF. The maxi-
mum absorption wavelength ( 4;5Y, ) and maximum molar absorption coefficient ( &)z %1%) are derived from electronic absorption

spectroscopies of THF solutions presented in Figure 1. Maximum absorption wavelength ( AI2MWIK) is calculated at the TD-

ABS,MAX
MPW1K/6-311G(d,p) level of theory for a dye molecule in THF.
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Figure 4.4. Contour plots of all the related S1<So transition molecular orbitals. The orbitals were calculated using
DFT/B3LYP/C-PCM(THF). (Isovalue set to 0.03 a.u.). The large hexyl substituents were replaced with ethyl to
improve computational efficiency.

4.3 DSSC employing the engineered R7 dye

2+/1+ i acetonitrile. The obtained cur-

The sensitizers were evaluated in DSCs with the redox mediator Cu(tmby),
rent density vs. voltage (J-V) curves under standard AM 1.5G and the IPCE curves are displayed in Fig 4.5. The

characteristic parameters attained by the devices are summarized in Table 4.2.

All the devices fabricated with the dye R6 and copper electrolyte presented low performance. Under 1 sun illu-
mination, R6 obtained a short-circuit current(Jsc) of 12.65 mA cm, an open-circuit voltage(Voc) of 907 mV, and a
fill factor (FF) of 0.767 to produce a PCE of 8.8%. These results are significantly lower than those previously re-
ported for the R6 dye with Co(bpy)s:3*/%* electrolyte, which obtained a Jsc of 19.69 mAcm2, a Voc of 850 mV, and

a FF of 0.754 for a PCE of 12.6%.1* This is likely due to fast electron recombination or slow regeneration of the
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R6 when using a copper-based electrolyte.’®? The bulkier complexes Co(bpy)s3*/?* are more protected from re-

combination than the smaller Cu(tmby),2*/* species.

Nonetheless, devices with the protected dye R7 attained a Jsc of 13.91 mAcm™2, a Voc of 980 mV, a FF of 0.785,
and a PCE of 10.7% under 1 sun illumination. The higher performance of R7 can be attributed to the insertion of
the HF donor, which dramatically reduces the recombination of electrons from the CB of the TiO, to the oxidized
form of the electrolyte as expected, leading to significantly higher Jsc, Voc, and consequently higher PCE.12 To

the best of our knowledge, R7 is the best performing blue sensitizer for a copper complex based DSSCs.147/148

Aiming to improve the performance of the dye R7 further, we chose the well-known organic dye Y123 as a co-
sensitizer with the blue dye R7.14%1°C Notably, the co-sensitized system with R7+Y123 exhibited outstanding

parameters of a Jsc of 16.15 mAcm?, a Voc of 1035 mV, and a FF of 0.76 to achieve a top PCE of 12.7%.

Most highly efficient photosensitizers (PCE>12%) compatible with copper-based electrolytes employ the conven-
tional electron acceptor cyanoacrylic acid (CA). Previously, dyes with the new acceptor EBTBA such as R6,
showed superior performance compared to dyes with CA as the acceptors for cobalt-based DSSCs. Therefore, to
the best of our knowledge, we, for the first time, achieved the highest PCE for copper complex-based DSSCs

using a blue dye with an EBTBA acceptor (R7).
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Figure 4.5. (a) Current density-voltage (J-V) curves measured under simulated full sunlight conditions for DSSCs.
(b) Incident photon-to-electron conversion efficiencies (IPCEs) at a set of wavelengths of incident
monochromatic lights.

The incident-photon-to-current conversion efficiency (IPCE) for DSCs with R6, R7, and the system R7+Y123 em-
ploying Cu(tmby), electrolyte is shown in Figure 4.5. The IPCE for devices fabricated with dye R6 and the copper-

based electrolyte was about 66%, much lower than the IPCE obtained with a cobalt-based electrolyte of 85%.
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The introduction of a bulkier moiety on the donor site of the R7 motif leads to an IPCE increase to 72%, which
can be attributed to a more efficient regeneration of the oxidized dye by the copper redox mediator and effi-
cient blocking of electron recombination to the electrolyte by the introduction of bulky substituents on the
dye.® Additionally, the co-sensitized devices with Y123 presented a further improvement in IPCE to 82%, which
agrees with the higher Jsc from the J-V curves for this system. The IPCE depends on the yields of light-harvesting

efficiency (1,4), electron injection efficiency (n;,,;), and charge collection efficiency (1), as in Eq.1.25.

The 17,4 can be expected to be very close to 100% at the maximum light absorptance for the dyes R6 and R7
since they present similar high molar extinction coefficients. Therefore the 1, does not explain the differences
in the IPCE of the dyes. Moreover, as stated earlier the 1;,; can be expected to be similar for both R6 and R7
dyes, given the similarities in the dyes' LUMO level. A lower degree of aggregation can be expected for R7 due to
the bulkier donor, but the effect of dye aggregation on 7;,; is almost insignificant.’>! Consequently, the Ninj 1S
likely the most crucial reason for a lower IPCE for the dye R6, since higher electron recombination between the
CB of TiO; and the copper mediators are expected compared to the modified R7, decreasing the 1., as con-

firmed from the toolbox measurements and electrochemical impedance spectroscopy (EIS) analysis.

Table 4.2. Photovoltaic parameters of the best-performing devices under the simulated AM1.5G sunlight (100
mW cm™2).

Sun Jsc Voc FF PCE

(%] [mA cm™?] [mV] [%)] [%]

R6 100 12.65 907 76.7 8.8
52.5 6.62 881 75.5 8.4

10.2 1.2 803 65.8 6.2

R7 100 13.91 980 78.5 10.7
52.4 7.30 955 80.3 10.7

10.1 1.35 889 79.7 9.5

R7+Y123 100 16.15 1035 76.1 12.7
50.5 8.11 1003 80.1 12.9

9.9 1.56 940 77.7 11.5

The Voc differences observed for R6 and R7 dyes were studied by toolbox measurements of the photovoltage
response to a small amplitude light modulation. The charge extraction and electron lifetimes are displayed in Fig.
4.6. A slight down-shift compared to R6, was observed for the R7 and R7+Y123 co-sensitized devices. Nonethe-
less, these measurements do not show significant deviations that possibly explain Voc's differences from the J-V
measurements. However, it is significant to note from Fig 4.6b, that R7 and R7+Y123 devices presented much
longer electron lifetimes as a function of internal potential than R6, which indicates a lower recombination rate

for those systems, which does explain the higher Voc obtained by those devices.
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In the case of R7 and the co-sensitized system, the down-shift of the quasi-Fermi level observed from Fig. 4.6(a)
mplies a larger driving force for electrons' electron injection from the excited dyes to the CB of theTiO,. Conse-
qguently, a faster electron injection for these systems can explain the differences observed in the IPCE measure-

ments due to the improved 1,,; compared to R6.
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Figure 4.6. (a) Charge extraction vs. voltage curves measured (b) electron lifetime vs. voltage of DSCs with the
dyes R6, R7 and the co-sensitized system R7+Y123 and Cu(tmby),%*/* electrolyte.

EIS on complete devices under 1 sun illumination was performed to get a better insight into the devices' internal
phenomena. The typical three-channel model®® was used to fit the data using ZView® software, where the
transmission-line model developed by Bisquert et al.,*®®%152 was used to fit the Nyquist plots in the medium-

voltage range. The results from the fittings are presented in Fig. 4.7.

The EIS analysis displayed that the series resistance, Rs, for all devices ranged from 5.3-7.9 ), while the counter
electrode resistance, Rcg, presented values from 1.5-4.0 (). The recombination resistance is lower for the devices
sensitized with R6 compared to R7. These account for the loss in photocurrent observed for R6, and the lower
Voc observed in the J-V curves. Accordingly, the electrons injected from the LUMO of the dye into the CB of TiO;
easily recombine with the oxidized forms of the copper redox mediators, decreasing the electron injection rate.
Furthermore, R6 presented higher transport resistances than R7, which can be ascribed to slower electron
transport in the semiconductor layer and slower injection of electrons to the external circuit, explaining the low-
er Jsc for this dye. Moreover, higher electron lifetimes were achieved for the R7 dye and the R7+Y123 co-
sensitized system, which confirms the beneficial effect of the insertion of the bulkier HF group on the donor side

of R7 toward recombination with the copper complex [Cu(tmby),]**/*.

Additionally, in Fig. 4.7(a), the plot for chemical capacitance as a function of applied voltage shows no substan-

tial difference for devices with R6 and R7 and a slight down-shift for the co-sensitized system. The chemical ca-
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pacitance estimated from the ESI analysis was associated with the density of states (DOS) of the electrons in the
TiO; and plotted as a function of applied potential. In Figure 4.7(b), it can be observed that indeed there is a
slight down-shift for the co-sensitized system. However, the movement is minimal and does not explain the dif-
ferences in Voc, following the same trend observed from the charge extraction measurements. Thus, we may

conclude that the conduction band positions are principally equivalent.

10° — YV T—v—___ Capacitance
P TV, --o--R7+v123 2
—~v. o - 0.7
n ? o N v--R7 .5
\.\. O\o V\ —-o--R6 ’l;g/
10* ot '
o 10
a Rer P
2z —o— R7+Y123 =
g 10°y g7 3
= —m—R6 §
$10°{ Rz g
< o R7+YI123 g
v R7 ©
10" " RO
g8 i 11073
9;;;;8;;;:8.::::°.;:zz@ﬂ-'9 V .
100 T T T T T T T T T T T T T T T T T T T T T v
00 01 02 03 04 05 06 0.7 08 09 1.0
Voltage (V)
(a)
7 e 10" re
-y {/'/°/ i’ —o—R7+Y123
— —o—R7+Y123 y —v—R7
0.8 Qo 4‘ Q —v—R7 i~ . \*3'\ —m—R6
o TOR6 E 107 Twgay Ttransp
~ g g s N 0= R7+Y123
2 06 &
@ - .
%ﬁ : g 1024
5] :
T [}
; -
-3 i
02 -T 10
> he)
0.0 T T T T 10-4 T
2.0E+20 4.0E+20 6.0E+20 8.0E+20 B4 5 0T 890 z ot 8 TR
DOS / em? DOS (em-3)
(b) (c)

Figure 4.7. Electrochemical impedance spectroscopy (EIS) analysis. (a) Continuous lines with solid markers
represent the charge transfer resistance (Rcr) as a function of the applied voltage. The dotted lines with solid
markers represent the transport resistance (Rians), and the dashed lines with open markers represent the
chemical capacitance. (b) Voltage vs. density of states (DOS). (c) Electron lifetime as a function of DOS.
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Finally, transient absorption spectroscopy, TAS, was performed to determine the effect of the bulkier donor
moiety on the dye regeneration rate of the copper mediators (Fig.4.8). The data was extracted using a MATLAB
routine, normalized and fitted with a monoexponential decay function using Igor Pro 7. The dye regeneration

efficiency is then calculated using the Eq.1.34.

1.0 T T T T[—r7 1.0
R6 K T T T —— R7 + electrolyte;
\ R6 + electrolyte

0.8H g

AA/A /a.u
AA/A /au

0.2+ -

0.0
1 1 1 1 1 1 1 1

0 100 200 300 400x10° 10 20 30 40x10°

Time /s Time /s

(a) (b)

Figure 4.8. Transient absorption spectra for a) R6 and R7 with inert electrolyte of 0.1 M LiTFSI and 0.6 M NMB in
acetonitrile (ACN), b) with 0.2 M [Cu(tmby)>]**TFSI, 0.09 M [Cu(tmby),]?*(TFSI)2, 0.1 M LiTFSI and 0.6 M NMB in
ACN.

In the case of the dye R6, the photogenerated electrons recombine quite fast to the inert electrolyte, with a
recombination half-time (7,,) of 13.4 £ 0.6 us. Conversely, for the samples with R7 dye with inert electrolyte,
the recombination half-time was 13-fold faster with 7, ,,=175% 3 pus. As expected, TAS measurements confirmed
the marked effect of the HF donor's insertion in R7 for hampering the recombination of electrons in the CB of

TiO; to the electrolyte, compared to the bare R6 dye.

The dye’s regeneration by the Cu(tmby), electrolyte was found to be relatively fast for both dyes, with a regen-
eration half-time of 1.820 4+ 0.004 us for R6 and 5.100% 0.009 us for R7. The copper complexes can reach the
oxidized state of R6 faster than R7 due to the lack of the bulkier HF donor. Consequently, the regeneration effi-
ciencies are 88.1% and 97.2% for R6 and R7, respectively. These measurements confirmed that for devices with
R6 and copper electrolytes, the principal loss pathway is the recombination of electrons to the electrolyte, which

ultimately affects the device's overall performance.
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4.4 Conclusions

A new dye was engineered in combination with the auxiliary bulky HF donor, we have judiciously designed and
synthesized a new blue dye R7 with the strong electron-donating PAH core and BPT2 as the central building
block. The spectral response of the organic dye was successfully achieved by this strategy, also improving the
stability with copper complexes as redox mediators on DSSCs.The photovoltaic performance of R7-based DSSCs
with the copper-based electrolyte outperformed their counterpart ones with the dye R6. Our in-depth kinetic
studies revealed that the bulky HF donor moiety efficiently suppresses the electron recombination between the

TiO; surface and the redox shuttle.

Furthermore, the co-sensitized system of R7+Y123 presented outstanding parameters of Jsc of 16.15 mAcm™,
Voc of 1035 mV, FF of 0.76 to achieve a top PCE of 12.7%. To the best of our knowledge, this value of PCE is the
highest obtained for copper complex based-DSSCs using a blue photosensitizer not employing the conventional
electron acceptor cyanoacrylic acid. So far demonstrating that PAH building block and the HF donor and the
electron acceptor EBTBA enable successful spectral extending and interfacial tailoring in copper-based DSSCs.
Thus adding a new member to the family of highly efficient organic dyes for copper complex based DSSCs. Our
work will shed light on the future molecular engineering of other polycyclic aromatic hydrocarbon-based dyes

with bulky HF-donor and other electron-deficient segments.

4.5 Supporting Information

Experimental Section
All chemicals and solvents were purchased from Sigma-Aldrich and TCI chemicals, if not otherwise noted, and

were used without further purification.

DSSC fabrication: Glass substrates with fluorine-doped tin oxide (FTO, NSG-10, Nippon Sheet Glass) were
cleaned with 0.2% (w/w) detergent solution in an ultrasonic bath for 1 h and rinsed with water, ethanol, and
acetone, followed by a UV/O3 (Model no.256-220, Jeligth Company, Inc.) treatment for 15 min. The FTO sub-
strates were immersed for 30 min in a 40 mM aqueous TiCls solution at 70 °C, and then washed with water and
ethanol, followed by a sintering process at 250 °C for 2 h. Mesoporous TiO; films of 0.25 cm? were prepared by
screen printing a 4.5 um thick colloidal TiO; (Dyesol paste DSL 30 NRD-T) layer and drying at 120 °C in air for 5
min. Afterward, a 4 um thick light-scattering layer consisting of 400 nm size TiO; particles (Dyesol WER2-0) was
deposited on top by screen-printing. The films were then gradually heated in an oven (Nabertherm controller

P320), applying a four-level program: 125 °C (10 min), 250 °C (10 min), 350 °C (10 min), and 450 °C (30 min).
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After sintering, the electrodes were treated in aqueous TiCls at 70 °C for 30 min and washed with water and
ethanol. The thickness of the TiO; films was measured with a profilometer (Veeco Dektak 3). A final heating step
at 500 °C (30 min) was performed, followed by overnight immersion of the electrodes in the dye bath solution.
The single dye bath composition was 0.1 mM R6, R7, with 5 mM CDCA (chenodeoxycholic acid) in THF/EtOH
(1:4). For the dye bath composition of the co-sensitized system was 0.1 mM R7 and 0.1 mM Y123 (Dyenamo AB
chemicals) with 5 mM CDCA in THF/EtOH (1:4). After immersion, all films were rinsed in acetonitrile to remove
the excess of dye. Solar cells were assembled using UV glue, with a counter electrode composed of poly (3,4-
ethyl-enedioxythiophene) (PEDOT) deposited on NSG TEC8™ (Pilkington) FTO-type conducting glass. The PEDOT
electrodes were prepared by electropolymerization of 3,4-ethylenedioxythiophene (EDOT) from a micellar
aqueous solution of 0.1 M sodium n-dodecyl sulfate (SDS) and 0.01 M EDOT. The electrolyte solution was intro-
duced under vacuum through a hole predrilled in the counter electrode, which was sealed with thermoplastic
Surlyn® and a glass coverslip. The copper-based electrolyte consists of 0.2 M [Cu(tmby),] (TFSI) and 0.09 M
[Cu(tmby)2](TFSI)2 complexes with 0.1 M LiTFSI and 0.6 M 1-Methylbenzimidazole (NMB) in acetonitrile. The
inert electrolyte consists of 0.1 M LiTFSI and 0.6 M 1-Methylbenzimidazole (NMB) in acetonitrile (tmby, 4,4,6,6'-

tetramethyl-2,2’-bipyridine; TFSI, bis(trifluoromethanesulfonyl)imide).

Electrochemical Measurements: electrochemical experiments were carried out in a one-compartment cell using
an Autolab Pgstat-30. The working electrode was mesoporous TiO; (4 um thick film) deposited directly on FTO,
i.e., without any underlayer. The counter electrode was platinum, and the reference electrode was a non-
aqueous Ag/AgCl (sat. LiCl in ethanol), which was interfaced by a bridge with 0.1 M lithium trifluoromethyl-
sulfonylimde (LiTFSI) in acetonitrile. The potential was calibrated using ferrocene (200 pL of 0.1 M acetonitrile
solution per 10 mL of electrolyte solution added and tested using the Pt working electrode; the potential of the

standard (Fc*/Fc) was fluctuating between 0.499 to 0.510 V vs. the non-aqueous Ag/AgCl).

DFT and TD-DFT Calculations: Theoretical calculations were performed with Gaussian 09 program suite employ-
ing the 6-311G(d,p) basis set for all atoms. Ground state geometries optimizations for R6 and R7 were executed
using the density functional theory (DFT) method with Becke’s three-parameter hybrid exchange functionals and
the Lee-Yang-Parr correlation functional (B3LYP). The TD-MPW1K hybrid functional, which includes 42% of the
Hartree-Fock exchange, was employed for the vertical electron transition calculations. The conductor-like polar-

izable continuum model (C-PCM) was picked for the simulation of solvent effects.

Solar Cell Characterization: Current-voltage (I-V) characteristic curves and photocurrent-dynamics were meas-
ured using a 450 W Xenon lamp (Oriel USA) as light source, with a K113 filter (Schott Tempax) and matched to
AM 1.5G solar standard conditions using a reference Si photodiode. The current and voltage were measured and

controlled by a Keithley 2400 digital source meter (Keithley, USA), and the current measurement was set up to
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be delayed 80 ms from applying the potential. A set of metal mesh filters were used to adjust the light intensity
to the desired level. A black metal mask with a 0.16 cm? aperture was used to define the active area.

Incident Photon to Current Efficiency, IPCE: Data were obtained using a modulated light intensity with a fre-
quency of 1 Hz. Light from a 300 W xenon light source (ILC Technology, USA), was focused through a mono-
chromator (JobinYvon Ltd., UK) and directed to the device under test. A white light bias was used to have similar

light intensity conditions as during normal operation.

Electron lifetime measurements: The measurements were recorded with a Dyenamo AB (Sweden) toolbox using
a white LED (Luxeon Star 1W) as the light source. Voltage traces were recorded with a 16-bit resolution digital
acquisition board (National Instruments); lifetimes were obtained by monitoring photovoltage transients at dif-
ferent light intensities upon applying a small square wave modulation to the base light intensity. The photo-
voltage response was fitted using first-order kinetics to obtain time constants. The quasi-Fermi level of TiO, for
the devices was calculated by subtracting the reached values of Vqc, to the redox potential of each specific elec-

trolyte

Electrochemical Impedance Measurements (EIS): Impedance measurements were performed using a BiolLogic
SP300 potentiostat, over a frequency range from 1 MHz down to 0.1 Hz at bias potentials between 0 and 1.1 V
(with a 10 mV sinusoidal AC perturbation). All measurements were done at 20 °C. The resulting impedance spec-

tra were analyzed with Z-view software (v2.8b, Scribner Associates Inc.).

Transient Absorption Spectroscopy: Nanosecond flash photolysis was used to monitor the dynamics. A frequen-
cy-tripled (355 nm) Q-switched Nd:YAG laser (continuum Surelite, 20Hz repetition rate) was used to pump an
optical parametric oscillator (GWU) allowing the excitation wavelength to be tuned. Both R6 and R7 samples
were excited at 650 nm. The samples were probed at 900 nm by a continuous Xenon arc lamp filtered by a mon-
ochromator with filters. The probe light was collected by a second monochromator and sent to a Silicon Ampli-
fied Photodetector (PDA 100A-EC, Thorlabs), enabling the photons to be converted into electrons. The induced
transient voltage was recorded by a digital signal analyzer (DPO 7104C, Tektronix), and the data acquisition was

averaged over 3000 shots to obtain a suitable signal-to-noise ratio.

Materials

LiTFSI, EMITFSI, DMFc, Fc, TBP, tris(dibenzylideneacetone)dipalladium (Pdz(dba)s), [1,1'-
bis(diphenylphosphino)ferrocene]dichloropalladium(ll) (Pd(dppf)Cl.), palladium(ll) acetate (Pd(OAc),), 2-
dicyclohexylphosphino-2',6'-dimethoxybiphenyl  (Sphos), tris(1,1-dimethylethyl)phosphine  (P(t-Bu)s), N-
bromosuccinimide (NBS), (triisopropylsilyl)acetylene, sodium tert-butoxide (NaOt-Bu), potassium hydroxide
(KOH), potassium phosphate (KsPQs), diethyl 2,5-dibromoterephthalate, 4,4,4',4'5,5,5'5'-octamethyl-2,2'-

bi(1,3,2-dioxaborolane), and cesium carbonate (Cs,CO3) were purchased from Sigma-Aldrich and used without
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further purification. Toluene, THF, dioxane, diisopropylamine, acetonitrile, ethanol, and chloroform were dried
and distilled before use. 1 and 2 was synthesized according to the literature procedure. Other chemicals were

purchased and used without further purification. The synthetic routes to R7 are illustrated in Scheme S1 and

preparation details are described as follows.

Figure 4.9. Synthetic routes to R7. Reagents and conditions: (i) NBS, THF, R.T., 10 min.; (ii) bis(2',4'-bis(hexyloxy)-
[1,1'-biphenyl]-4-yl)amine, Pdx(dba)s, P(t-Bu)s, NaOtBu, toluene, reflux, 12 h; (iii) NBS, THF, R.T., 8 h; (iv) butyl 4-
(7-ethynylbenzo[c][1,2,5]thiadiazol-4-yl)benzoate, Pda(dba)s, P(t-Bu)s, Cs,COs, dioxane, reflux, 10 h; (v) KOH,
THF/H,0 (v/v, 3/1), reflux, 10 h; then phosphoric acid.

N,N-bis(2',4'-bis(hexyloxy)-[1,1'-biphenyl]-4-yl)-9,9,19,19-tetrakis(4-hexylphenyl)-9,19-
dihydrobenzo[1',10']phenanthro[3',4':4,5]thieno[3,2-b]benzo[1,10]phenanthro[3,4-d]thiophen-5-amine (8)

CeH130

Figure 4.10. Molecular structure of bis(2',4'-bis(hexyloxy)-[1,1'-biphenyl]-4-yl)amine.
In a three-neck round bottom flask, 4 (1.5 g, 1.30 mmol) was dissoved in chloroform (35 mL). NBS (463 mg, 2.60

mmol) was added to the reaction mixture, which was stirred at room temperature for 10 min. Then the organic

phase was washed with plenty of water and dried over anhydrous sodium sulfate to yield a red solid as the in-
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termediate product 5,15-dibromo-9,9,19,19-tetrakis(4-hexylphenyl)-9,19-dihydrodinaphtho[3,2,1-de:3',2',1'-
op]pentacene, which was used for the next reaction directly. In a dried Schlenk tube were dissolved 5,15-
dibromo-9,9,19,19-tetrakis(4-hexylphenyl)-9,19-dihydrobenzo[1',10']phenanthro[3',4":4,5]thienol[3,2-
b]benzo[1,10]phenanthro[3,4-d]thiophene (1.71 g, 1.30 mmol), 6 (3.42 g, 2.60 mmol), and NaOtBu (375 mg, 3.90
mmol) in toluene (20 mL). Then Pd;(dba)s; (48 mg, 0.052 mmol) and P(t-Bu)s (0.20 mL, 10 wt% in toluene, 0.078
mmol) were added to the reaction mixture in a nitrogen-filled glovebox, which was refluxed under argon for 12
h. The mixture was extracted three times with chloroform before the organic phase was washed with water and
dried over anhydrous sodium sulfate. After solvent removal under reduced pressure, the crude product was
purified by column chromatography (toluene/petroleum ether 60-90 °C, 1/3, v/v) on silica gel to yield a red solid
as the desired product 7 (1.37 g, 56% yield). *H NMR (400 MHz, THF-ds) 6: 8.70 (d, J = 8.9 Hz, 1H), 8.62 (d, J=9.1
Hz, 1H), 8.35 (s, 1H), 8.21 (d, J = 8.1 Hz, 2H), 7.96-7.93 (m, 2H), 7.46 (t, J = 7.6 Hz, 1H), 7.43-7.33 (m, 9H), 7.26
(d, J = 7.0 Hz, 2H), 7.15-7.08 (m, 22H), 6.54 (br, 2H), 6.48 (d, J = 8.5 Hz, 2H), 3.96-3.91 (m, 8H), 2.61-2.57 (m,
8H), 1.70-1.67(m, 4H), 1.63-1.60 (m, 8H), 1.48—1.47 (m, 4H), 1.41-1.35 (m, 20H), 1.29-1.27 (m, 28H), 0.93-0.91
(m, 6H), 0.86-0.84 (m, 18H). 3C NMR (125 MHz, THF-ds) &: 160.34, 157.75, 146.83, 144.41, 143.64, 142.99,
142.36, 142.29, 142.10, 141.83, 138.14, 137.95, 137.92, 137.75, 137.34, 133.16, 132.57, 132.09, 131.45, 131.06,
130.93, 130.71, 129.87, 129.69, 128.55, 128.51, 127.97, 127.03, 126.73, 126.29, 125.92, 125.67, 125.47, 124.44,
123.67,120.22, 105.97, 100.98, 68.79, 68.31, 67.74, 58.94, 58.90, 36.26, 36.23, 32.46, 32.45, 32.41, 32.38, 32.23,
30.45, 30.12, 29.99, 29.93, 29.86, 26.55, 26.47, 25.62, 23.35, 23.25, 23.24, 14.26, 14.23, 14.21. HR-MS (MALDI-
TOF) m/z calcd. for (C132H149NQ4S;): 1876.09280. Found: 1876.08848. Anal. Calcd. for Ci132H149NQ4S;: C, 84.43%;
H, 8.00%; N, 0.75%. Found: C, 84.44%; H, 8.01%; N, 0.76%.

4-(7-((15-(bis(2',4'-bis(hexyloxy)-[1,1'-biphenyl]-4-yl)Jamino)-9,9,19,19-tetrakis(4-hexylphenyl)-9,19  dihydroben-
zo[1',10']phenanthro[3',4':4,5]thieno[3,2-b]benzo[1,10]phenanthro[3,4-d]thiophen-5-
yl)ethynyl)benzo[c][1,2,5]thiadiazol-4-yl)benzoic acid (R7)

CeH430

Figure 4.11. Molecular structure of R7.
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In a three-neck round bottom flask, 8 (850 mg, 0.45 mmol) was dissoved in THF (30 mL). NBS (84 mg, 0.47 mmol)
was added to the reaction mixture, which was stirred at room temperature for 8 h. Chloroform was added be-
fore the organic phase was washed with water and dried over anhydrous sodium sulfate. After solvent removal
under reduced pressure, the crude product was purified by column chromatography (toluene/petroleum ether
60-90 °C, 1/3, v/v) on silica gel to yield an purple solid as the intermediate product N,N-bis(2',4'-bis(hexyloxy)-
[1,1'-biphenyl]-4-yl)-9,9,19,19-tetrakis(4-hexylphenyl)-9,19-dihydrobenzo[1',10']phenanthro[3',4":4,5]thieno[3,2-
b]benzo[1,10]phenanthro[3,4-d]thiophen-5-amine. In a dried Schlenk tube were dissolved N,N-bis(2',4'-
bis(hexyloxy)-[1,1'-biphenyl]-4-yl)-9,9,19,19-tetrakis(4-hexylphenyl)-9,19-
dihydrobenzo[1',10']phenanthro[3',4":4,5]thieno[3,2-b]benzo[1,10]phenanthro[3,4-d]thiophen-5-amine (880
mg, 0.45 mmol), butyl 4-(7-ethynylbenzo[c][1,2,5]thiadiazol-4-yl)benzoate (464 mg, 1.38 mmol), and Cs,COs (161
mg, 0.50 mmol) in dioxane (25 mL). Then Pd,(dba)s (25 mg, 0.027 mmol) and P(t-Bu)s (0.14 mL, 10 wt% in tolue-
ne, 0.054 mmol) were added to the reaction mixture in a nitrogen-filled glovebox, which was refluxed under
argon for 10 h. The mixture was extracted three times with chloroform before the organic phase was washed
with water and dried over anhydrous sodium sulfate. After solvent removal under reduced pressure, the crude
product was purified by column chromatography (toluene/petroleum ether 60-90 °C, 1/2, v/v) on silica gel to
yield yield a violet powder as the desired butyl ester. In a three-neck round-bottom flask were dissolved the
above butyl ester and KOH (252 mg, 4.50 mmol) in a solvent mixture of THF/H,O (20mL, 3/1, v/v). The reaction
mixture was refluxed for 10 h and then cooled to room temperature. Chloroform was added before the organic
phase was washed with 0.1 M phosphoric acid and deionized water in turn and then dried over anhydrous sodi-
um sulfate. After solvent removal under reduced pressure, the crude product was purified by column chroma-
tography (chloroform/methanol, 20/1, v/v) on silica gel to yield a purple powder as the desired product R5 (776
mg, 80% vield). *H NMR (500 MHz, THF-ds) &: 9.01-8.96(m, 2H), 8.66 (d, J = 8.4 Hz, 2H), 8.24-8.18(m, 6H), 8.03
(d, J = 7.4 Hz, 1H), 7.83 (d, J = 7.4 Hz, 1H), 7.67-7.59(m, 2H), 7.46-7.41(m, 2H), 7.38-7.34(m, 7H), 7.28 (d, / = 6.6
Hz, 1H), 7.16-7.08(m, 22H), 6.54—6.47(m, 4H), 3.96-3.91(m, 8H), 2.62-2.57(m, 8H), 1.79-1.76(m, 2H), 1.70—
1.66(m, 2H), 1.63-1.56(m, 8H), 1.52-1.44 (m, 4H), 1.42-1.32(m, 20H), 1.29-1.25(m, 28H), 0.93-0.90(m, 6H),
0.88-0.82(m, 18H). 3C NMR (100 MHz, THF-ds) 6: 167.20, 160.36, 157.74, 156.37, 153.74, 146.82, 144.31,
144.17, 143.53, 143.39, 143.05, 142.55, 142.45, 142.24, 141.70, 139.24, 138.68, 137.97, 137.71, 134.15, 133.65,
133.25, 132.63, 1321.60, 132.10, 131.51, 131.44, 131.07, 130.95, 130.74, 130.40, 130.03, 129.85, 129.02,
128.67, 128.62, 128.46, 128.27, 127.73, 127.45, 126.98, 126.92, 126.78, 126.72, 126.44, 126.08, 125.98, 124.52,
123.71, 120.25, 117.69, 117.47, 105.978, 100.96, 99.49, 95.39, 68.78, 68.31, 67.78, 67.57, 67.35, 59.11, 58.92,
36.25, 32.48, 32.45, 32.40, 32.38, 32.22, 30.11, 30.00, 29.93, 29.86, 26.55, 26.46, 25.66, 25.46, 25.25, 23.35,
23.28, 23.25, 23.23, 14.26, 14.23, 14.21. HR-MS (MALDI-TOF) m/z calcd. for (Cia7H1ssN306Ss3): 2154.10780.
Found: 2154.10133. Anal. Calcd. for C147H155N306S3: C, 81.89%; H, 7.25%; N, 1.95%. Found: C, 81.90%; H, 7.26%;
N, 1.96%.
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Figure 4.19. High resolution mass spectrum (MALDI-TOF) of R7.
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Figure 4.20. ATR-FTIR spectrum of R7.
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Figure 4.21. UV-Vis spectroscopy of R7 in THF.
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Table S.4.1. Statistics for photovoltaic parameters of eight solar cells measured under the simulated AM1.5G
sunlight (100 mW cm™).

JIE Jee Voe FF PCE
Dye
[mA cm2] [mA cm2] [mV] [%] [%]
R6 12.30+0.04 12.65%0.3 907+2 76.7+0.2 8.8+0.3
R7 13.75+0.04 13.91+0.2 980+3 78.5+0.3 10.740.2
R7+Y123 15.84+0.04 16.15%+0.25 103543 76.1+0.1 12.7+0.2
15
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Figure 4.22 Histogram of PCE of DSSCs with R6.
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Figure 4.23. Histogram of PCE of DSSCs with R7.

104



Chapter 4 Dye Engineering

34 — 16 R7+Y123
& 124 —— 100% sun
2l N ‘E —— 50.5% sun
o — 9.9% sun
<
e 8
3
1,
| 41
0 . | ! . 0 T T T I\ T
122 124 126 128 130 132 0.0 0.2 0.4 0.6 0.8 1.0
PCE (%) V (V)
Figure 4.24. Histogram of PCE of DSCs with R7 using Y123 as the cosensitizer.
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Figure 4.25. Exponential fit of transient absorption spectra of dye R6.
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Figure 4.26. Exponential fit of transient absorption spectra of dye R7
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Chapter 5 Carbon counter electrodes for cop-

per-based DSSCs

This chapter is adapted from ongoing work

My contribution was device preparation and characterization.

Sandy Sanchez contributed with device preparation and SEM imaging.

5.1 Motivation

A particular challenge in the field of DSSCs has been the replacement of the standard iodine redox mediator,

which led to substantial potential losses and corrosion. This limitation was successfully addressed by replacing

106 153

the iodine mediator with Co'®® or Cu'>? coordination complexes, as demonstrated in chapters 2 to 4.

In the past few years, Cu complexes demonstrated rapid electron exchange with the dye molecules with very
little energy required (overpotential) of only 0.1 eV.?>*%> Strikingly, under 1000 lux (indoor illumination), their
solar to electrical power conversion efficiency (PCE) is 34%.%° This remarkable PCE opens new areas for applica-

tions, such as self-powered electronic devices like the Internet of Things (loT) that are estimated to grow to 75

billion connected devices by 2025.142

The production of all-solid-state devices must be tackled in order to improve the commercial applications of
DSSCs. Many studies on solid-state dye-sensitized solar cells (ss-DSSC) have substituted the liquid electrolyte
with a solid hole transporting material, HTM.%*¢ The basic architecture of an ss-DSSC is shown in Fig.5.1(a). Typi-

157

cally, ss-DSSC consists of a thin light-harvesting TiO, layer sensitized by a panchromatic dye,*’ a thin layer of an

HTM material, and metallic contacts at the CE.

One of the major causes of the instability of ssDSSC is the nature of the hole transporting material (HTM). Addi-

tionally, most commonly used HTMs such as spiro-OMETAD present low pore-filling in the TiO,+Dye network,
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present high electron recombination rates, and poor charge transport at the metallic contacts. All these limita-

tions of the HTM constrain the PCE to values lower than 8%.

Copper-based HTMs have demonstrated remarkable capabilities as an alternative HTM for ss-DSSC, such as im-
proved pore filling, tunable electronic properties, and hydrophobicity. Devices employing Cu complexes as HTM,

commonly named “zombie cells,” (Fig.5.1b) have reached impressive PCEs up to 11.7%.109:149,158,159

Figure 5.1. (a) Schematic representation of a solid-state DSSC (b) Zombie cell employing a Cu complex as HTM

Nonetheless, the use of Cu complexes as HTM in ss-DSSC is limited due to insufficient charge transfer at the CE
or back contact material, which profoundly decreases the devices' stability. The commonly used CE materials,
such as gold or silver, present two main problems to solve. First, these materials are thermally evaporated under
high-vacuum conditions, which is a highly energetic process incompatible with large-scale processes.*®® Second-
ly, these materials diffuse during the device operation into the light-absorbing layer, significantly decreasing the

devices' stability.26?

Carbon materials such as carbon black, graphite, graphene, and carbon nanotubes have highlighted much atten-

tion as the most feasible alternative CE materials for HSCs.6%163 The critical properties for efficient charge trans-

164

fer, such as electrical conductivity and work function,'** can be tailored to each specific copper-based HTM by

mixtures of different carbon materials, doping, annealing temperature, and process engineering. Ultimately, the
wide range of the sources for these materials, together with their high compatibility with roll to roll and screen

165

printing processing,'®> makes them one of the best choices towards future sustainable commercialization. Re-

cently CCE for hybrid solar cells has been reported with excellent charge transport properties. 166-167

In this chapter, the use of carbon porous counter electrodes (CCE) in conjunction with Cu(tmby), as an HTM will

be studied.
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5.2 FIRA processing

To meet the aim of sustainable production of materials for solar cells, different techniques employing less ener-
gy must be implemented. An excellent strategy to minimize the energy consumed during the thermal calcination
process needed in DSSCs’ production is to use Flash Infrared Annealing (FIRA). This rapid thermal annealing can
achieve high temperatures in impressively low times by implementing short infrared flashes in the range of sec-
onds. Additionally, this low environmental impact technique is compatible with large-area deposition tech-
niques, such as slot dye or roll-to-roll processing.'®® A schematic representation of a FIRA set-up is presented in
Fig.5.2. To study the potential use of carbon-based counter electrodes, all the needed materials to ensemble a

DSSC were sintered by FIRA annealing.

—

Cold water
flow

Sample
(a) (b)

Figure 5.2. (a) Schematic representation of the Flash Infrared Annealing set-up. (b) Used equipment

A blocking or spacing layer that insulates the working electrode from the carbon CE is crucial to avoid direct
contact of the carbon CE with the electron-selective layer (TiO2) and prevent the short-circuiting of the devices.
We chose to employ ZrO; as a spacer since previous studies demonstrate its ability to suppress the devices’

short circuit effectively.®®

The versatility of FIRA annealing allows to significantly cut down the annealing time compared to a regular hot-
plate. Only 30 min at the given temperature is enough to remove all the binders in the pastes. After the heating
step is finalized, the substrates' cooling down is relatively fast (less than 5 min) since they are kept at low tem-

perature (10 °C) in the FIRA chamber by using a water recirculatory system through the set-up.

The SEM top-view images of the resulting layers are shown in Fig.5.3. The preliminary results revealed that the
use of FIRA annealing can produce highly porous and mechanically stable layers that can be used to produce ss-
DSSCs. The ZrO; presented pores in the order of 100 nm, which can later allow the infiltration of the copper-

complexes to the sensitized-TiO; layer.
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pm El .00 kV Signal A= InLens 200 nm* EHT = 3.00 k' Signal A = InLens
H WD= 6.9 mm Photo No. = 53004 1 WD= 6.9 mm Photo No. = 53002

2pm* EHT= 3.00kV Signal A= SE2 200 nm* EHT= 3004V SignalA=SE2
WD = 10.8 mm Photo No. = 53020 = WD = 10.6 mm Photo No. = 53018

10 pi EHT= 3.00kV Signal A= InLens * EHT= 3.00 kV Signal A = InLens
WD= 85mm Photo No. = 53008 WD= 8.5mm Photo No. = 53006

Figure 5.3. SEM top view images of TiO,, ZrO; and Carbon top layers after annealing at FIRA at 450 °C, 500 °C and
400 °C respectively.

5.3 DSSC with CCE for indoor light harvesting

To explore the performance of the complex Cu(tmby), in the presence of carbon-based counter-electrodes, we
deposited a 10 um layer of ZrO, on top of a 5 um TiO; layer to prepare the WE. Separately, we deposited a 10
um carbon layer on an FTO glass substrate by blading techniques using a commercially available carbon paste
from Solaronix, followed by FIRA annealing. The obtained J-V curves under 1000 lux illumination are shown in

Fig.5.4
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Figure 5.4. J-V curve for DSSCs with an active area of 2.8 cm?

The characteristic parameters for the best-performing devices are presented in Table 5.1. We found that the
devices bearing CCE showed an impressive fill factor of 0.798. These findings demonstrate that carbon-based CE
can efficiently transfer charge to regenerate the Cu(tmby),** species generated after dye regeneration. Surpris-
ingly, the Jsc obtained by the devices with CCE is relatively similar to the regular devices with PEDOT CE. Under
low lighting conditions, the amount of photoexcited electrons is low, and the copper complexes diffusion does
not represent a constraint for the devices' well-functioning. A Jsc in the same order of magnitude as the refer-
ence cells demonstrates that the copper complexes can penetrate the thick 10 um layer of ZrO; to reduce the
dye’s oxidized species effectively. However, the Voc attained by the devices with CCE showed a drastic decrease
compared to the reference cell, leading to a decrease in PCE to 17% compared to 24.5% for the cells with PEDOT
counter-electrodes. Though the use of CCEs presented lower PCE under ambient lighting conditions, these re-
sults encourage continued research on the use of carbon as a CE material, which can provide higher stability

than PEDOT.

Table 5.1. Characteristic parameters of 2.8 cm? DSSC under 1000 lux illumination

Counter Electrode Voc (mV) Jsc FF PCE(%)
(HAcm?)
PEDOT 837 118.78 0.785 24.5
CCE 676 100.22 0.798 17.01

To better understand the differences in Voc, electrochemical impedance spectroscopy (EIS) was performed.!38132
To this end, a frequency scan from 0.5 MHz to 0.2 Hz at room temperature was set for a voltage range from 0.4
V to 0.05 V further than that the Voc of each device (approx. 0.9 V). The alternating current (AC) amplitude of 10
mV. The EIS data recorded at 1000 lux illumination were fitted with the typical three-channel model, using
ZView® software. The charge transfer resistance at the CE was determined to be 5.75 Q for the CCE, and 1.35 Q

for the PEDOT CCE. The Rce value obtained for the CCE is relatively similar to that of PEDOT. These results are
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encouraging to develop long-term stable CE for DSSCs, and sheds light to future interfacial engineering to further

decrease the charge transfer resistance at the CE.

As observed from Fig.5.5(a), the devices with CCE presented much lower Rcr values compared to the PEDOT
reference, meaning higher recombination rates of electrons from the TiO, CB to the electrolyte. The low Rer
values can also be attributed to dye adsorption on the ZrO, from the spacer layer. The CB edge of ZrO; lies at a
higher energy level than the LUMO of the dye. Consequently, the photogenerated electrons in the LUMO of the
dye cannot be injected and recombine into the electrolyte.!’® On the other hand, devices with CCE presented

lower Rtrans Values than the reference cells, meaning that the electron transport in the TiOz is relatively fast.

The relation between applied bias and the density of states (DOS) in Fig 5.5(b) shows a shift of the conduction
band of TiO; toward lower values for the CCE devices compared to the PEDOT reference. The CB displacement is
directly related to the lower electron concentration at the conduction band of TiO, due to the high recombina-

tion rates, as shown in Eq.1.48. The CB’s downward shift and the low Rcr explain the drop in Voc for the carbon-

based CEs.
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Figure 5.5. Electrochemical impedance spectroscopy (EIS) analysis. (a) Continuous lines with solid markers
represent the charge transfer resistance (Rcr) as a function of the applied voltage. The dotted lines with solid
markers represent the transport resistance (Rians), and the dashed lines with open markers represent the
chemical capacitance. (b) Voltage vs. density of states (DOS). (c) Electron lifetime as a function of DOS.
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To fairly compare under the same electron occupation, the electron lifetime and transport times are plotted as a
DOS function in Fig. 5.5(c). It can be noted that the devices with CCE present lower electron lifetimes, as ex-
pected from the low Rcr values. Nonetheless, the transport time is nearly similar for both devices. Our findings
demonstrate that carbon can be used as an effective CE material and that the “spacer layer” engineering is cru-

cial to reduce the recombination rate to the electrolyte.

5.4 Monolithic DSSC based on copper electrolytes

The so-called monolithic architectural design highlights a promising prospect for fully printable ssDSSC,*”* which
uses sustainable carbon materials as CE back contacts and eliminates one glass substrate in the final device,
which can substantially decrease the production prices. Additionally, they can easily be adapted to roll-to-roll or

screen-printing processes, making them competitive for future commercialization.”?

CCEs present high electric conductivity and proper work function to be a suitable CE material for monolithic dye-
sensitized solar cells (MN-DSSC) employing copper complexes as HTMs, with good charge transfer for rapid col-
lection of electrons as observed from fast electron lifetimes in Fig.5.5(c). CCE also presents excellent hydropho-

bicity. The so-called monolithic architecture is shown in Fig.5.6(a).*’3

The MD-DSSC were fabricated with Cu(tmby),-based liquid electrolyte to improve the infiltration through the
carbon and zirconia layer. Subsequently, we let the solvent evaporate to form an HTM material. A cross-

sectional view of the resulting MN-DSSC is shown in Fig.5.6(b).

2 ym* EHT= 3.00 kV Signal A = InLens
WD= 5.7 mm Photo No. = 53078

(a) (b)

Figure 5.6. (a) Schematic representation and (b) cross-sectional SEM of a MN-DSSC with a CCE and copper
complex mediator.
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The J-V curves under AM1.5 for MN-DSSC, Fig 5.7, showed poor photovoltaic performance (PCE 0.27%) com-
pared to the reference cells employing liquid Cu(tmby), electrolyte reaching a PCE of 10.27%. The performance
under ambient light was not possible to measure due to the low values of photogenerated current. The FF signif-
icantly dropped compared to the devices with “regular” architecture and CCE in Fig.4.5, implying poor charge
transfer between the carbon layer and the copper mediators. This can also explain the poor efficiency displayed

by the MN-devices.

hY

5004 Copper HTM ~ 14
infiltration “«
gﬁ D ]

Current density (A cm™)
S o

Current density (mAcm
o

0.8 1.0

0.0 011 012 0.‘3 014 0.‘5 0‘.6 0.‘7 0‘.8 0.0 Ot2 0t4 0j6
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(a) (b)

Figure 5.7. (a) J-V curve for MN-DSSCs under 1.5 AM and (b) J-V curve for a liquid-based DSSC.

Table 5.2. Characteristic parameters of devices DSSC under AM1.5.

Architecture Voc (mV) Jsc FF PCE(%)
(mAcm?2)
Monolitic DSSC 843.809 0.444 0.439 0.27
Regular DSSC 1028 13.784 0.72 10.27

It can be noted in Fig.5.8, that the Cu(tmby), complexes filled the pores of the carbon layer. One possible reason
for the poor fill factor observed in the monolithic cells employing copper complexes, is the cristalization of the
same, decreasing the pore filling through the spacer and the titania layer. This also results in low photogenerat-
ed current as the values obtained by the MN-DSSC. the Future work on solvent engineering and design of new

copper complexes can enhance the infiltration of the HTM material from the top-carbon CE to the sensitized

TiO,.
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1 um* EHT= 3.00kV Signai A= InLens 1 pm* EHT= 3.00kV Signal A= SE2
WD= 85mm Photo No. = 53007 WD = 16.1 mm Photo No. = 53013
(a) (b)

Figure 5.8. Top view SEM images of (a) a carbon counter electrode and (b) MS-DSSC with a copper-complex as
HTM.

5.5 Conclusions

The environmentally friendly carbon material, annealed by the low-impact technique FIRA, can successfully re-
duce the copper mediator's oxidized species with an excellent fill factor and relatively low Rce values for charge
transfer. Devices employing liquid Cu(tmby),-based electrolyte reached a PCE of 17% under 1000 lux illumination
conditions. However, we found a substantial increase in the recombination resistance, Rcr, and a down-shift of
the TiO, CB, leading to low Voc values under low-light illumination conditions. The main problem to solve for
DSSCs employing copper complexes as HTM and CCEs is the optimization of the “spacer layer”. Future develop-
ments include engineering of the layer thickness, surface treatment to avoid dye-adsorption and design of new

spacer materials, among others.
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5.6 Supporting information

Experimental Section
All chemicals and solvents were purchased from Sigma-Aldrich and TCI chemicals, if not otherwise noted, and

were used without further purification.

DSSC fabrication:

Big area cells: Glass substrates with fluorine-doped tin oxide (FTO, NSG-10, Nippon Sheet Glass) were cleaned
with 0.2% (w/w) detergent solution in an ultrasonic bath for 1 h and rinsed with water, ethanol, and acetone,
followed by a UV/Os; (Model no.256-220, Jeligth Company, Inc.) treatment for 15 min. The FTO substrates were
immersed for 30 min in a 40 mM aqueous TiCls solution at 70 °C, and then washed with water and ethanol, fol-
lowed by a sintering process at 250 °C for 2 h. Mesoporous TiO> films of 2.8 cm? were prepared by screen print-
ing a 5 um thick colloidal TiO (Dyesol paste DSL 30 NRD-T) layer and drying at 120 °C in air for 5 min. The films
were then gradually heated in an oven (Nabertherm controller P320), applying a four-level program: 125 °C (10
min), 250 °C (10 min), 350 °C (10 min), and 450 °C (30 min). After sintering, the electrodes were treated in aque-
ous TiCls at 70 °C for 30 min and washed with water and ethanol. The thickness of the TiO; films was measured
with a profilometer (Veeco Dektak 3). Subsequently we deposited a 10 um thick colloidal ZrO; by bladding tech-
niques. A sintering process of 450 °C for 30 min was performed by FIRA annealing, and it was followed by over-
night immersion of the electrodes in the dye bath solution. The dye bath composition were 0.1 mM XY1b, with 5
mM CDCA (chenodeoxycholic acid) in ACN/t-BuOH (1:41). Solar cells were assembled using UV glue to seal the
counter electrode. PEDOT CE were prepared by electropolymerization of 3,4-ethylenedioxythiophene (EDOT)
from a micellar aqueous solution of 0.1 M sodium n-dodecy! sulfate (SDS) and 0.01 M EDOT on NSG TEC8™ (Pilk-
ington) FTO-type conducting glass. CCE were prepared by depositing a 10 um layer NSG TEC8™ employing the
Elcocarb B/SP carbon paste by Solaronix.

The electrolyte solution was introduced through 3 holes predrilled in the counter electrode, which was sealed
with UV glue. The copper-based electrolyte consists of 0.2 M [Cu(tmby)] (TFSI) and 0.07 M [Cu(tmby),](TFSI)
complexes with 0.1 M LiTFSI and 0.6 M 1-Methylbenzimidazole (NMB) in acetonitrile.

MN solar cells: glass substrates from Solaronix were washed with ethanol, and acetone, followed by a UV/Os;
(Model no.256-220, Jeligth Company, Inc.) treatment for 15 min. Mesoporous TiO; films were prepared by blad-
ding techniques printing a 5 um thick colloidal TiO, (Dyesol paste DSL 30 NRD-T) layer and drying at 120 °C in air
for 5 min. The films were sintered at 450 °C by FIRA annealing. The thickness of the TiO; films was measured
with a profilometer (Veeco Dektak 3). Subsequently, we deposited a 5 um thick colloidal ZrO, by bladding tech-
niques using the Zr-Nanonide ZR/SP from solaronix. A sintering process at 550 °C for 30 min was performed by
FIRA annealing. Subsequently, we deposited a carbon layer of 10 um on top, by bladding techniques followed by

annealing at 400 °C for 30 min. The electrode was dip
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overnight in the dye bath solution composed of 0.1 mM XY1b, with 5 mM CDCA (chenodeoxycholic acid) in
ACN/t-BuOH (1:41). Afterward, 100 uL of a diluted copper-based electrolyte of 0.07 M [Cu(tmby),] (TFSI) and
0.023 M [Cu(tmby),](TFSI); complexes with 0.1 M LiTFSI and 0.6 M 1-Methylbenzimidazole (NMB) in acetonitrile
we deposited on top by drop casting.

Solar Cell Characterization: Current-voltage (I1-V) characteristic curves and photocurrent-dynamics were meas-
ured using a 450 W Xenon lamp (Oriel USA) as light source, with a K113 filter (Schott Tempax) and matched to
AM 1.5G solar standard conditions using a reference Si photodiode. Additionally, the indoor light was delivered
by an Osram 930 Warm White tube light or Warm White 3000 K LED (EGLO). The light intensities were calibrated
by a light meter (TES-1334, TES). The current and voltage were measured and controlled by a Keithley 2400 digi-
tal source meter (Keithley, USA), and the current measurement was set up to be delayed 80 ms from applying
the potential. A set of metal mesh filters were used to adjust the light intensity to the desired level. A black met-
al mask with a 0.16 cm? aperture was used to define the active area.

Electrochemical Impedance Measurements (EIS): Impedance measurements were performed using a BiolLogic
SP300 potentiostat, over a frequency range from 1 MHz down to 0.1 Hz at bias potentials between 0 and 1.1V
(with a 10 mV sinusoidal AC perturbation). All measurements were done at 20 °C. The resulting impedance spec-

tra were analyzed with Z-view software (v2.8b, Scribner Associates Inc.).
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Figure 5.9. Nyquist plots for a device Cu-reference electrolyte with CCE at 1000 lux illumination.
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Figure 5.11. Nyquist plots at 700 mV for DSSCs fabricated with a copper-based electrolyte under 1000 lux.

Figure 5.12. Monolithic solar cells.
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Chapter 6  Conclusions

6.1 Achieved results

Decreasing the recombination rates from the electrons in the conduction band of the TiO; layer to the redox
mediator in the electrolyte is vital to improve the performance of DSSCs and boost its commercialization. Inter-
facial engineering approaches can provide significant enhancements. We successfully demonstrated that the
charge transfer processes at the TiO,+dye/electrolyte interface could be tuned to enhance the devices' overall

performance.

We engineered tandem electrolytes containing two redox species in the liquid solvent; the organic radical 2-
azaadamante-N-oxyl (AZ°/AZ*) and the well-known redox pair [Co(bpy)s]**/3*. DSSCs fabricated with this electro-
lyte reached Voc values up to 1007 mV and higher performance than the DSSC devices with single redox media-
tors. It was determined that the Voc improvement is due to two main factors, the more positive redox potential
of the AZ*/° redox couple and the lower recombination rates of the electrons from the CB to the electrolyte.
From studying different composition systems, an optimal concentration for AZ°/AZ* was obtained. It was deter-
mined that high concentrations of AZ decrease the fill factor and may also result in the adsorption of AZ* mole-
cules on the oxide surface. The advantages of using tandem electrolytes containing two redox mediators to en-
hance of the dye regeneration rates and for recombination suppression at the TiO;'s interface with the electro-

Ill

lyte were demonstrated. Future work improving the steric hindrance of small “auxiliary” donors could further
improve the Voc and overall performance of DSSCs. Additionally, it was determined that the use of small electron
donors such as TEMPO and TPAA in conjunction with copper complexes such as Cu(tmby), causes a detrimental
effect on the overall performance of DSSC. Future studies on tandem electrolytes with copper complexes should

include the design of new small mediators that do not react with Cu(l) species.

Another strategy to decrease the electron recombination rates was hyperbranched networks' design by in-situ
photopolymerization of a thiol-siloxane with an acrylate monomer, such as PEGMA and PEGDA. The formed
hyperbranched networks denoted HB1 (thiol-siloxane and PEGMA), and HB2 (thiol-siloxane and PEGMA) were

studied in conjunction with [Co(bpy)s]*/3*-based electrolyte. It was found that the diffusion coefficients for Co3*
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in the electrolytes decrease with polymer content. The highest performance was reached by a 10%(w/w) of HB1
with a Voc of 875 mV, Jsc of 14.75 mAcm, and FF of 0.66 for a PCE of 8.52% under 1 sun illumination, compara-
ble to a PCE of 9.36% for the cobalt reference electrolyte. For higher polymeric contents, the low PCEs under 1
sun result from mass-diffusion problems in the electrolyte. An upward-shift compared to the [Co(bpy)s]3*/** elec-
trolyte as a reference was observed for all the electrolytes containing the hyperbranched electrolytes, together
with longer electron lifetimes compared to the Co3*/2* electrolyte, explaining the higher Voc values obtained for
the HB electrolytes. EIS analysis under 1 sun illumination revealed that the polymer network formation leads to a
slight enhancement in recombination suppression compared to the cobalt reference. Additionally, under 1 sun
illumination, the Warburg resistance for the cobalt species in the electrolytes increases exponentially with the
polymer content. EIS analysis also revealed that the higher performance for all the devices with HB1 and HB2
under low light intensity is attributed to higher Rcr and lower Rirans, leading to a PCE of 23.19% under 1000 lux

for devices containing 15% of HB1 compared to 20.37% for the Co-reference.

To increase the recombination resistance of blue dyes in devices with copper complexes, we judiciously designed
and synthesized a new blue dye R7 with the strong electron-donating PAH core and BPT2 as the central building
block and the auxiliary bulky HF donor. The spectral response of organic dyes was successfully enhanced with
this strategy, also improving the stability with copper complexes as redox mediators on DSSCs. The photovoltaic
performance of R7-based DSSCs with copper-based electrolyte outperformed their counterpart ones with the
dye R6. Our in-depth kinetic studies revealed that the bulky HF donor moiety efficiently suppresses the electron
recombination between the TiO, surface and the redox shuttle. Furthermore, the co-sensitized system of
R7+Y123 presented outstanding parameters of Jsc of 16.15 mAcm2, Voc of 1035 mV, FF of 0.76 to achieve a top
PCE of 12.7%. To the best of our knowledge, this value of PCE is the highest obtained for copper complex based-
DSSCs using a blue photosensitizer not employing the conventional electron acceptor cyanoacrylic acid. We
demonstrated that the HF donor and the electron acceptor EBTBA could successfully extend the dye's spectral

response and improve and interfacial electron recombination.

Lastly, to implement environmentally friendly carbon-based materials, the use of carbon as CE for DSSC employ-
ing copper complexes in the electrolyte was studied. The low-impact technique FIRA to anneal the carbon coun-
ter electrodes was implemented in the fabrication of DSSCs. The CCEs were found to successfully reduce the
copper mediator's oxidized species with an excellent fill factor and relatively low Rce values for charge transfer.
Devices employing liquid Cu(tmby),-based electrolyte reached a PCE of 17% under 1000 lux illumination condi-
tions. However, we found a substantial increase in the recombination resistance, Rcr, and a down-shift of the

TiO, CB, leading to low Voc values under low-light illumination conditions.

120



Chapter 6 Conclusions

6.2 Future development

The use of tandem systems can potentially lead to Voc exceeding 1.2 V. The synthesis of new organic stable radi-
cals or small electron donors with improved steric hindrance can also boost the regeneration rate, with im-
proved recombination rates could lead to PCEs beyond 15%. Future work on small electron donors judiciously
design for enhanced stability in conjunction with copper complexes should also be the next interfacial engineer-

ing strategy for highly-efficient devices.

One of the best approaches for decreasing the electron recombination at the interface TiO/electrolyte is design-
ing new polymeric materials for their use in electrolytes. Future work should address the polymerization of cop-

per-based electrolytes, with improved recombination rates to boost the Voc beyond 1.2 V.

The main problem for DSSCs employing copper complexes as HTM and carbon counter electrodes is optimizing
the “spacer layer”. Future developments include engineering the layer thickness, surface treatment to avoid

dye-adsorption, and design of new materials.

The next breakthrough in ssDSC requires efficient counter electrodes based on carbon-blend materials. They
should overcome charge-transport limitations, high recombination rates, limited tunability, and processability.
This can be achieved by innovating carbon porous-composites with all the necessary credentials for printable
solar cell production. The formation of the hybrid-composites can be achieved by adding functionalized carbon
allotropes such as graphite, graphene, reduced graphene oxides, and carbon nanotubes to carbon black. This
approach can improve the charge transfer at the CE in MN-DSSC. The use of carbon black as a base material is
vital for maintaining high porosity and low sheet resistance. At the same time, the additives can enhance the

charge transfer rates with the copper complexes.
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Figure 6.1. Rational design of new carbon-based materials with enhanced charge transfer properties.
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